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Abstract

A key requirement for seamlessly integrating robots into our daily lives lies not only in their
ability for skillful manipulation but also in their nuanced capacity for physical interaction
with the environment, including humans. Tactile manipulation, the term encompassing
both, remains a challenge. So far, only task-specific solutions have been implemented, often
necessitating complete task remodeling and pursuing new solutions when there are changes
in manipulation objectives or the task environment. To enable the execution of diverse
real-world tasks, robots should be equipped with a control framework that facilitates the
generalizability of solutions in a robust and stable manner. This dissertation hypothesizes
that constructing a transferable and scalable solution hinges on identifying a minimal set
of fundamental elements. Accordingly, a modular architecture is pursued, building on the
paradigm of force-motion controllers and policies ultimately grounded in an energy-based
framework. Embarking from these classical concepts and building on the recent rise of energy-
based interaction control, the developed framework achieves high-performance manipulation
objectives with minimal complexity.

The foundation of constructing the proposed framework is based on the premise that
effective tactile manipulation relies on carefully controlled force and motion. Despite decades
of research on force or motion control, the simultaneous control of both has consistently
encountered stability-related constraints, including space reciprocity or the necessity for a
flawless environment model. Here, by employing the passivity concept, the consolidation of
the two standard interaction controllers—impedance control and force control—into a unified
system has been generalized to the tracking case. This step overcomes the aforementioned
constraints and forms the core of the proposed framework. Generally, achieving entirely
independent control of force and motion is not possible in the absence of reciprocity. In fact,
if both control objectives do not inherently support each other, a decision must be made
regarding their respective priority. In this regard, this dissertation extends the standard
unified force-impedance control by introducing a compliance adaptation law that dynamically
determines dominance, thereby forging a modular multi-manual control architecture tailored
to the task of object manipulation.

Upon achieving robust control of force and motion, the execution of manipulation tasks
relies on the proper planning of desired force and motion trajectories, i.e., policy design.
Beyond the foundational policies that enable the accomplishment of various tactile manipu-
lation tasks, this dissertation introduces a set of novel reactive policies tailored to navigate
more intricate scenarios, particularly those entailing human involvement in the loop. These
human-robot interaction challenges span from situations requiring the avoidance of collisions
with intended body parts to scenarios involving continuous contact, encompassing aspects
such as ergonomic haptic guidance of robot motion or support-adaptive robot-aided move-
ment rehabilitation. A crucial aspect in crafting these policies involves the incorporation
of an auxiliary one-dimensional variable—phase. This not only enables the consideration
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0. Abstract

of geometric task constraints but also minimizes the planning space, thereby facilitating a
more straightforward derivation of adaptive policies. Lastly, it is also shown that force-
motion policies can be accepted by purely impedance-controlled robots using a preceding
interpretable coupling term.
Force and motion are typical instances of effort and flow within the Port-Hamiltonian

framework, where their dual product determines the transferred power. This forms the
root concept underlying the passivity-based approach employed throughout this dissertation,
wherein the proposed systems are represented as a well-structured modular network of energy
entities. Such energy-based modeling serves not only as a powerful tool for stability analysis
and stabilization, e.g., via virtual tank augmentation, but also provides a robust means to
perceive the manipulation tasks from an alternative perspective. In this context, with the
goal of enhancing previous energy-aware manipulation control, this dissertation extends the
conventional concept of virtual energy tanks by introducing valves that can be modulated
to regulate the energy flow in the system. Furthermore, various approaches are introduced
to derive and learn the required budget and evolution of energy in robot behaviors, a core
ability to deal with unknown environments.
In essence, this dissertation generalizes the classical encoding of manipulation tasks from

motion to include not only force but also phase and energy under the passivity-based
paradigm umbrella. With this unified approach, one can express the complex nature of
tactile manipulation with an elegant yet rigorous formalism. This claim is substantiated
by experimentally solving challenging manipulation problems with surprisingly simple im-
plementations. Owing to its interpretable and constructive nature, the developed unified
approach allows for future seamless integration with data-driven methods, such as founda-
tion models, offering a synergy that captures the best of both worlds.
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Zusammenfassung

Eine wesentliche Anforderung für die nahtlose Integration von Robotern in unseren All-
tag liegt nicht nur darin ihnen die Fähigkeit zur geschickten Manipulation zu geben, son-
dern auch zur physischen Interaktion mit der Umgebung, vor allem mit dem Menschen.
Taktile Manipulation, der Begriff, der beide Aspekte umfasst, bleibt eine Herausforderung.
Bisher wurden nur aufgabenbezogene Lösungen gefunden, die bei Änderung des Manipu-
lationsziel oder der Aufgabenumgebung stets komplett neue Lösungen benötigen. Um die
Ausführung vielfältiger realer Aufgaben zu ermöglichen, sollten Roboter jedoch mit einer
Regelungsarchitektur ausgestattet sein, die die Verallgemeinerbarkeit von Lösungen auf ro-
buste und stabile Weise erleichtert. Diese Dissertation postuliert, dass die Konstruktion einer
transferrier- und skalierbaren Lösung die Identifikation einer minimalen Menge grundlegen-
der Funtionselemente benötigt. Zudiesem Zweck wird eine modulare Architektur angestrebt,
die im Paradigma der Kraft-Bewegungsreglung und -Policies fusst, die wiederum Teil des
energiebasierten Frameworks sind. Ausgehend von diesen methodischen Konzepten und auf-
bauend auf dem Erfolg der jüngst aufgekommenen energiebasierten Interaktionsregelung er-
reicht das entwickelte Framework hochperformante Manipulation bei minimaler Komplexität
selbst für anspruchsvolle Manipulationsaufgaben.

Die Grundlage der Methodik beruht auf der Annahme, dass eine effektive taktile Manip-
ulation auf sorgfältig gleichzeitig geregelter Kraft und Bewegung beruht. Trotz jahrzehn-
telanger Forschung zur Kraft- oder Bewegungsregelung stieß die gleichzeitige Regelung bei-
der immer wieder auf Stabilitätsbeschränkungen, einschließlich Raumrekursivität oder der
Notwendigkeit eines fehlerfreien Umgebungsmodells. Unter Nutzung des Passivitätskonzepts
wird in dieser Arbeit die Fusion der beiden Standard-Interaktionsregler - Impedanzregelung
und Kraftregelung - zu einem einheitlichen Ansatz für den Führungsfall verallgemeinert. Hi-
ermit werden die genannten Beschränkungen überwunden und das Herzstück des vorgeschla-
genen Frameworks gebildet. Im Allgemeinen ist es nicht möglich, eine völlig unabhängige
Steuerung von Kraft und Bewegung ohne Reziprozität zu erreichen. Tatsächlich muss, wenn
beide Regelziele sich nicht inhärent gegenseitig unterstützen, eine Entscheidung über ihre
jeweilige Priorität getroffen werden. In diesem Kontext erweitert die vorliegende Disserta-
tion die traditionelle vereinheitlichte Kraft-Impedanz-Regelung durch die Einbindung einer
Nachgiebigkeitsadaption. Dieses Gesetz bestimmt dynamisch die Dominanz und ermöglicht
somit die Schaffung einer modularen multimanualen-Steuerungsarchitektur für die Manipu-
lation von Objekten.

Nachdem die robuste Steuerung von Kraft und Bewegung erreicht wurde, beruht die
Ausführung von Manipulationsaufgaben auf der richtigen Planung gewünschter Kraft- und
Bewegungstrajektorien, d.h. der Policies. Neben den grundlegenden Richtlinien, die die
Durchführung verschiedener taktiler Manipulationsaufgaben ermöglichen, führt diese Disser-
tation eine Reihe neuartiger reaktiver Richtlinien ein, die darauf abzielen, komplexere Szenar-
ien mit besonderem Fokus auf die physische Mensch-Roboter Interaktion zu bewältigen. Mit
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0. Zusammenfassung

diesem Ansatz werden die Kollisionsvermeidung mit Menschen, Aufgaben mit kontinuier-
lichem Kontakts, die ergonomisch haptische manuelle Führung der Roboterbewegung, oder
unterstützend-adaptive robotergestützte Bewegungsrehabilitation gelöst. Ein Augenmerk
bei der Entwicklung dieser Policies liegt auf der Integration einer zusätzlichen eindimen-
sionalen Variable - der Phase. Diese Integration erlaubt nicht nur die Berücksichtigung
geometrischer Aufgabenbeschränkungen, sondern reduziert auch den Planungsraum und
erleichtert hiermit die Entwicklung der adaptiven Policies. Schließlich wird demonstriert,
dass sogar rein impedanzgesteuerte Roboter mit Kraft-Bewegungs-Policies durch einen in-
terpretierbaren Kopplungsterm verbunden werden können.
Kraft und Bewegung sind typische Beispiele für Aufwand und Fluss im Kontext des Port-

Hamiltonischen Frameworks, wobei ihr duales Produkt die übertragene Leistung bestimmt.
Dies bildet das Grundkonzept des passivitätsbasierten Ansatzes, der in dieser Dissertation
durchgehend verwendet wird, in der die vorgeschlagenen Systeme als gut strukturiertes
modulares Netzwerk von Energieeinheiten dargestellt werden. Eine solche energiebasierte
Modellierung dient nicht nur als leistungsfähiges Werkzeug für Stabilitätsanalyse und Sta-
bilisierung, z.B. mittels Augmentierung durch virtuelle Energietanks, sondern bietet auch
eine robuste Möglichkeit, die Manipulationsaufgaben aus einer alternativen Perspektive zu
interpretieren. In diesem Kontext, mit dem Ziel, die bisherige energiebasierte Manipulation-
sregelung zu verbessern, erweitert diese Dissertation das konventionelle Konzept virtueller
Energietanks durch die Einführung von Ventilen. Diese können moduliert werden, um
so den Energiefluss im System aktiv zu steuern. Darüber hinaus werden verschiedene
Ansätze vorgestellt, um das erforderliches Energiebudget und Energietrajektorie des Robot-
ers abzuleiten und zu lernen; eine Kernfähigkeit für die Interaktion mit unbekannten Umge-
bungen.
Im Wesentlichen verallgemeinert diese Dissertation die klassische Kodierung von Ma-

nipulationsaufgaben in Bewegung auf die Integration von Kraft unter dem Dach des pas-
sivitätsbasierten Paradigmas. Darüber hinaus werden auch auch Phase und Energie gleicher-
maßen berücksichtigt. Mit diesem vereinheitlichten Ansatz kann die komplexe Natur der tak-
tilen Manipulation mit einem äußerst eleganten und gleichzeitig strengen Formalismus aus-
gedrückt werden. Diese Behauptung wird durch die erfolgreiche experimentelle Umsetzung
anspruchsvoller Manipulationsaufgaben mit überraschend einfachen Implementierungen un-
termauert. Aufgrund seines interpretierbaren und konstruktiven Charakters ermöglicht der
entwickelte einheitliche Ansatz eine zukünftige nahtlose Integration mit datengesteuerten
Methoden, wie z. B. Foundation Models, und bietet so ein Synergiepotential, die beiden
Welten vereinen kann.
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Notation

Symbol Dim. Description

Assoc. — Associated with the

CDMP — Coupled Dynamic Movement Primitive

CoR — Center of rotation, usually coinciding with the end-effector
unless explicitly defined otherwise

DMP — Dynamic Movement Primitive

DoF — Degrees of freedom

EMG — Electromyography

ee — End-effector

ns. — If not specified

I□ — Identity matrix of size □

1□×△ — Matrix of ones with size □×△
0□×△ — Matrix of zeros with size □×△
diag(□) — Diagonal matrix of vector □

N□ — Number of dimensions of the space assoc. □

□T — Transpose of the matrix □

□−1 — Inverse (or if not invertible, right-hand Moore-Penrose
pseudo-inverse) of the matrix □

[□]× — Skew-symmetric matrix representation of vector □

□ ◦ △ — Element-wise multiplication of vectors □ and △
|□| — Absolute value of □

∥□∥ — Euclidean 2-norm of the vector □

□̇ — Time-derivative of □ (except for ẋ□ representing a twist)

□̈ — Second time-derivative of □

□̄ — Average or normalized value of □

□̃ — Error variable (□d −□), exception: f̃ = fd + f ext

□† — Nominal reference (e.g., initially demonstrated) value of □

□′ — Adapted □ according to the passivity-based control

□̆ — Controller variable before applying the shaping function
(□ ∈ {eeKC,v, ff ,

eefo})

1



Notation

□∗ — Shaped component in the context of the flexible-joint robot
(□ ∈ {τ j ,Bm,Dj})

□a — Assoc. admittance control

□C — Assoc. or represented in the Cartesian space

□c — Assoc. compliance control or Coulomb friction

□d — Desired value of □

□diss — Assoc. energy dissipation effect

□ee — Assoc. end-effector

□env — Assoc. environment

□ext — Assoc. external effects (e.g., external wrenches)

□f — Assoc. force control

□fri — Assoc. friction effect

□fu — Assoc. collision-preventing fused approach

□g — Assoc. gravity effect

□h — Assoc. human

□i — Assoc. impedance control or index i

□in — Assoc. input

□io — Assoc. collision-preventing Impulse Orb approach

□j — Assoc. flexible-joint robots

□m — Assoc. robot motors or human muscles

□max — Maximum value of □

□min — Minimum value of □

□o — Assoc. force control for grasping an object

□pw — Assoc. collision-preventing Prognosis Window approach

□r△ R Rotational component of □ along △ axis (△ ∈ {x, y, z})
□sys — Assoc. overall system (without an augmented energy tank)

□T — Assoc. virtual energy tank

□t△ R Translational component of □ along △ axis (△ ∈ {x, y, z})
□v — Assoc. variable impedance control or Viscous friction

am R Muscle activation component

âm R≥0 EMG measurement

âm,0 R Quiescent EMG baseline

Bm Rn×n Motor inertia matrix

C□ RN□×N□ Coriolis and centrifugal matrix assoc. □ (ns.: rigid-body
robot dynamics model in joint space)

2



Notation

Cz Rm×m Coupling matrix in a CDMP

cz Rm Coupling term in a CDMP

cϕ R Phase-based non-linear term coefficient

D□ RN□×N□ Damping matrix assoc. □

da R>0 Damping coefficient of a 1-dimensional admittance law

dc Rm Coulomb friction coefficient vector

dh Rnh Human limb (with nh DoF) dissipation vector

dv Rm Viscous friction coefficient vector

dϕ R>0 Phase-based damping coefficient

E R≥0 Phase-based deviation metric

E□i R≥0 Velocity adaptation threshold of index i in the positive/neg-
ative side of the cascading shaped map (□ ∈ {P,N})

Ê R Path-centric patient physical effect metric

eT RNT Effort variable assoc. potentially passivity-violating power

f□ Rm Wrench vector assoc. □ (ns.: net torque represented in the
Cartesian space)

fma R Active muscle force

fN Rm Normal wrench to the surface

fs R Steering force in phase-based admittance law

fT RNT Flow variable assoc. potentially passivity-violating power

f z Rm Forcing term in DMP formulation

fϕ R External wrench mapped into the phase domain

gz Rm DMP goal

Hs R3n×3n Matrix function used in the state-space representation of a
rigid-body robot

hs,□ R3n×1 Vector function assoc. state-space representation (ns.: as-
soc. rigid-body robot)

□
⃝J△ RN△×N⃝ Jacobian matrix from space ⃝ (ns.: joint) to space △ (ns.:

CoR) represented in □ (ns.: CoR) frame

K□ RN□×N□ Stiffness matrix assoc. □

Kf,□ Rm×m Force control proportional/integral/derivative gain matrix
(□ ∈ {p, i, d})

k□△ R≥0 Translational/rotational stiffness coefficient along x/y/z axis
(□ ∈ {t, r},△ ∈ {x, y, z})

kC R≥0 Diagonal stiffness matrix elements with equal values

kC,ϕ R>0 Cartesian stiffness mapped into phase domain

3



Notation

kh Rnh Human limb musculo-tendon elasticity vector

kϕ R>0 Coefficient of the phase-based deviation metric

l R≥0 Projection norm (i.e., pseudo-ellipsoid radius)

ld R>0 Length of the desired path

li R Projection length assoc. ellipsoid i-th principal radius

lmf R>0 Muscle fiber length

M Rn×n Mass matrix in joint space

M□ — Set of agonist/antagonist muscles (□ ∈ {ag, ant})
Ma Rm×m Admittance control mass

m N Dimensions number of the Cartesian space (m ≤ 6)

mC,ϕ R>0 Cartesian mass mapped into phase domain

ma R>0 Mass coefficient of a 1-dimensional admittance law

mϕ R>0 Phase-based mass coefficient

N□ N Dimensions number of the frame or space □

n N Number of DoF in an articulated body

nΛ R>0 Number of non-zero eigenvalues of the matrix Λ

P□ R Power assoc. □

PT R Potentially passivity violating power

P□
T R Tank lower/upper power limit (□ ∈ {low,up})
P□i
T R Tank lower/upper power limit for the port i (□ ∈ {low,up})
p [0, 1] P-value (statistical measure)

□
⃝p△ RN□ Translation from point ⃝ (ns.: base) to point △ (ns.: CoR)

represented in □ (ns.: base) frame (N□ ≤ m)

pi R Value of the i-th region in the reference power trajectory

q Rn Vector of joint angles

□
⃝R△ RN□ Rotation from frame ⃝ (ns.: base) to frame △ (ns.: CoR)

represented in □ (ns.: base) frame (N□ ≤ m)

R2 [0, 1] Coefficient of determination (statistical measure)

r□,△ R>0 Radius of the inner/outer sphere (□ ∈ {in, out}) in approach
△ of the collision-preventing policy (△ ∈ {io, pw})

ri R≥0 Length of the ellipsoid i-th principal radius

S□ R≥0 Storage function assoc. □ (ns.: storage function of a general
system or support level of a rehabilitation robot)

ST,□ R≥0 Storage function of tank assoc. with □ (ns.: general tank)

S□
T R≥0 Tank energy lower/upper energy limit (□ ∈ {low,up})
S∆
T R≥0 Tank energy lower limit threshold
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Notation

Sϕ R≥0 Storage function of the phase-based admittance law

Sh,l R≥0 Storage function of the human limb

Sh,l,□ R≥0 Value of the human limb storage function at the begin-
ning/end of a motion cycle (□ ∈ {start, end})

Sj Rn×n Matrix representing the inertial coupling between the rotors
and the preceding link in a flexible-joint robot chain

T R≥0 Kinetic energy

U R≥0 Potential energy

Wm R≥0 Active work performed on the human limb by the human

Ŵm,□ R≥0 Estimation of the active work by the human, provided by
the robot or EMG sensors (□ ∈ {rob, emg})

Ŵ ∗
m,emg R≥0 Estimation of the active work by the human, provided by

EMG sensors for fma,max = 1, κm = 1, âm,0 = 0

x□ Rm Pose vector assoc. □ (ns.: CoR)

xell Rm Points on the surface of the manipulability ellipsoid

xθ Rm Motor position vector represented in the Cartesian space

xψ Rm Auxiliary vector for control design in flexible-joint robots

ẋ□ Rm Twist vector assoc. □ (ns.: CoR)

zz Rm assoc. DMP velocity

zz,c Rm Auxiliary variable in CDMP formulation

αz R>0 Gain term in DMP formulation

β□,pw R≥0 Inner/outer braking boundaries (□ ∈ {in, out}) in the
collision-preventing prognosis window approach

βz R>0 Gain term in DMP formulation

Γl R Term for sensitivity analysis of the pseudo-ellipsoid radius

Γr R Term for sensitivity analysis of the ellipsoid radius

γdiss [0, 1] Tank valve gain for dissipation power

γlow [0, 1] Tank valve gain for lower energy limit

γp [0, 1] Tank valve gain for total power limit

γpi [0, 1] Tank valve gain for power limit of port i

γT [0, 1] Tank overall valve gain

γup [0, 1] Tank valve gain for upper energy limit

∆pw [0, 1] Length of the prognosis window

δ□ R≥0 Shaping function maximum distance parameter for con-
trol law □ (□ ∈ {i, f, o}) or Estimated joint angle vari-
ation assoc. manipulability ellipsoid and pseudo-ellipsoid
approaches (□ ∈ {r, l})
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Notation

ϵ□i R≥0 Multiplier relating robot support level to E□i

εpw [0, 1] Length of prognosis window sections

η□ [0, 1] Phase braking gain variable assoc. approach □ (□ ∈
{io, pw, fu, rsz})

θ Rn Motor position vector

θh R Angle between the robot desired velocity and the vector to
the human

θi R Angle between the path direction vector and the manipula-
bility ellipsoid principal radius of index i

κ□ R≥0 Learning/forgetting factor (□ ∈ {l, f})
κm R>0 Scaling factor for EMG measurement

Λ Rm×m Core matrix of the manipulability ellipsoid

λi R≥0 Eigenvalue of index i

µ R≥0 Rate limiter of the admittance mass adaptation

µenv R2×2 Coulomb friction coefficient matrix of the environment

ν Rm Unit-vector along the encoded path

νi Rm Eigenvector of index i

ξ□ R≥0 Weight of each approach in the collision-preventing fused
approach (□ ∈ {io, pw})

ξ□,io R>0 Radius of the inner/outer sphere (□ ∈ {in, out}) in the Im-
pulse Orb approach for a unit-norm desired velocity

ξi,pw R≥0 Weight of i-th section in a prognosis window

ξT,i R≥0 Weight (priority) of the i-th port of a tank

ρ Rn Momentum vector

ρ□,△ [0, 1] Shaping function gain for control law □ (□ ∈ {i, f, o}), for
the translational/rotational terms (△ ∈ {t, r})

σ□ R Phase velocity adaptation gain corresponding to policy □
(□ ∈ {CDMP, coll, aan})

σ□,max R≥0 Maximum value of phase velocity adaptation gain in the
positive/negative directions (□ ∈ {P,N})

τ□ Rn Torque vector assoc. □ (ns.: net torque) acting on links

Υ Rm×m Inner matrix of the manipulability ellipsoid’s core matrix

Φi — Phase region of index i

ϕ [0, 1] Phase variable

ϕi [0, 1] Starting phase value of the i-th phase region

ϕ∆ [0, 1] Margin length of phase regions

ψi,pw R≥0 Weighted proximity of the i-th section in a prognosis window
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Notation

ψpw R≥0 Overall weighted proximity of the Prognosis Window ap-
proach

Ω R Phase velocity (equivalent to the DMP velocity)

7



1 Introduction

Today’s world is experiencing transformative technological advancements in Artificial Intel-
ligence (AI) and Robotics. Since 2003, the annual growth rate of publications related to
AI has consistently outpaced global scientific activity, indicating an accelerating academic
interest in these transformative fields [1]. The advancements made by AI and robotics in in-
dustry are equally noteworthy. In 2022, the industry produced nearly ten times the number
of significant machine learning models compared to academia, marking a continuous pro-
gression [2]. The industrial sector has experienced remarkable growth in the deployment of
AI and robotics, with the number of operational industrial robots nearly tripling since 2011
[2]. The current global robot-to-human ratio in the manufacturing industry, at 1 to 71, is
projected to increase rapidly, underscoring the transformative impact of these technologies
on industrial operations [3]. Forecasts indicate that by 2027, approximately 75 percent of
companies will have adopted AI, with 50 percent integrating robotics into their operations
[4]. These substantial shifts are also evident from a marketing perspective. In 2022, the
robotics industry generated a staggering $32.41 billion in revenue, a substantial increase
from $18.47 billion in 2016, with projections reaching $43.32 billion by 2027 [5]. Meanwhile,
the AI market is poised for a compound annual growth rate of 17.3 percent until 2030 [6].
The profound influence of Artificial Intelligence and Robotics has become integral to global
affairs, as exemplified by their inclusion in the 2023 World Economic Forum top 10 list of
impactful technologies [7]. This significance has been further underscored in recent state-
ments from G20 and G7 summits [8, 9], emphasizing the crucial need for the responsible
global deployment of these technologies to ensure ethical and sustainable progress.

Despite the strides in technological progress, our present reality still falls short of the
Earth 2023, as witnessed by Susan Calvin1, where mankind was no longer alone. The jour-
ney to a world where intelligent robots coexist harmoniously with humans is still a con-
siderable distance away. Along this path, the advancement of AI appears to outpace that
of robotics. Each day, we become increasingly accustomed to the rapidly expanding array
of AI applications in our lives. These range from conversational AI models like ChatGPT
to our smartphones seamlessly converting images to text, social media offering personalized
recommendations, and the integration of AI in smart homes. Nevertheless, witnessing a me-
chanical arm adeptly preparing a salad in our kitchen is still a surreal image. Despite recent
advances, only a small subset of robots—designed for specific tasks and environments—can
achieve performance levels comparable to average humans [10]. Hence, robots have not yet
fulfilled their mission of enhancing productivity in our actual lives [11]. The observed and
persistent decline in labor productivity rates could present substantial long-term challenges
for the global economy [12]. Specifically, across G7 nations, productivity growth has exhib-
ited a slowdown since 2005, with the majority of countries witnessing declines ranging from

1Referring to the interview (year 2057) with Dr. Susan Calvin, a fictional well-known roboticist in Isaac
Asimov’s collection “I, Robot,”, particularly from the short story “Little Lost Robot.”
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Figure 1.1: Diverse scenarios where robots could enhance daily life challenges.

0.6 to 1.6 percentage points [13]. A major contributor to low productivity is confirmed to
be the shortage of skilled workers [14], a well-known challenge of our era. It is anticipated
that by 2030, the world will experience a shortage of human talent exceeding 85 million
people, approximately equivalent to the population of Germany [15]. Measures addressing
skill shortages, evident even in more developed regions such as Europe [16], re-emphasize the
importance of employing robots to fill the gaps. According to the World Economic Forum,
technologies like AI and automation not only have the potential to address the challenge of
labor scarcity but also to create additional jobs and opportunities [17].

Given the recognized benefits, along with dedicated attention and substantial investment,
a pertinent question arises: why have we not yet witnessed robots at the anticipated level in
our everyday lives? What factors have hindered robots from more prominently undertaking
tasks either autonomously or in collaboration with humans, and what strategies can be im-
plemented to overcome these barriers? Exploring these questions involves considering diverse
perspectives, ranging from technical challenges such as mechanical or mechatronics design
to managerial and production-related aspects. However, a prevailing approach to addressing
the current challenges in robotics is from the control perspective. To date, the conventional
method for designing a control algorithm for a robotic task is to initially understand the
task objective and its environment and then derive the algorithms accordingly. Yet, this
approach often results in isolated solutions. Altering the task goal or conditions necessitates
the design of alternative algorithms from the ground up, significantly compromising robust-
ness and confining robots to laboratory settings. For robots to effectively perform a wide
range of real-world tasks, they need a framework that promotes the efficient generalization
of solutions, addressing both control objectives as well as robustness and stability.

For a solution to be effectively generalizable, it should minimize the number of involved
elements to avoid unnecessary implementation complexity while ensuring that these elements
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1. Introduction

remain fundamental enough to address a broad spectrum of task objectives. This disserta-
tion contends that the essential, minimal set of building blocks required to address tactile
manipulation can be established by drawing upon core concepts from physics. In his book2

“Principia,” Isaac Newton demonstrated that force and motion are the two vital elements
for modeling physical interactions. Accordingly, for a robot to seamlessly interact with
its environment—regardless of its mechanical or mechatronics design—it must ultimately
possess the capacity to deliver the requisite levels of interaction force and motion. This
fundamental observation serves as the core principle in constructing a modular planning
and control framework centered on the pivotal pair of force and motion and their dynamic
interplay. In line with this perspective, this dissertation endeavors to develop minimal yet
effective elementary modules for the execution of a wide range of tactile manipulation tasks.
Further referring to Newtonian mechanics, any physical interaction can be associated with
an exchange of energy, which can be explicitly characterized by the interaction force and
motion (i.e., wrench and twist), yielding the transferred power. Such energy-based obser-
vation, utilizing a variety of dual variables, forms the bedrock for an intuitive yet potent
stability investigation method known as passivity analysis. Consistent with this approach,
in constructing the proposed framework, energy—a domain-independent entity—serves as an
intrinsic yet pivotal element for developing and interconnecting the involved building blocks
across diverse domains.
Building upon the fundamental concepts related to force and motion, their dynamic inter-

play, and their energy-based attributes is already a well-established practice in robot control.
Indeed, the initial studies on these principles form the foundation of classical approaches in
robotics dating back to the 1980s and 1990s. Yet, this dissertation aims to harness insights
from past achievements in the field in the quest for a generalizable and scalable solution.
By standing on the shoulders of giants, it endeavors to construct a modular, expandable
framework capable of robustly addressing diverse tactile manipulation problems in real-world
settings. The goal is to progressively build a minimal control architecture rooted in classical
concepts, capable, on the one hand, of executing manipulation tasks involving robust physi-
cal interactions and, on the other hand, serving as a suitable core for future integration into
data-driven methods.

2Philosophiæ Naturalis Principia Mathematica, Isaac Newton, Royal Society in London, 1687.
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1.1 Problem Statement
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Figure 1.2: High-level architecture of the proposed framework.

1.1 Problem Statement

In the pursuit of versatile robots capable of diverse physical interactions with their envi-
ronment, the primary challenge in this dissertation lies in determining how to construct a
modular control framework utilizing the fundamental concepts from physics. In particular,
how can a minimal set of reusable building blocks3 be formed and interconnected through
the concept of energy, ultimately yielding stable and scalable solutions for a wide range of
real-world tactile manipulation tasks?
In essence, such a foundational research problem can be broken down into three main

challenges. First, considering the role of force and motion in shaping physical interactions, the
question is how to enable a robot to robustly deliver the intended interaction force and motion
(developing controller blocks). Second, given a robot capable of simultaneously controlling
force and motion, the challenge is how to determine the appropriate desired values fulfilling
the task objectives (developing policy blocks). Finally, for enhanced task performance and
assured stability, how can the developed modules be structured and integrated with an
energy-aware approach? Figure 1.2 illustrates a schematic representation of the envisioned
framework.
Guided by this categorization, the dissertation systematically develops the proposed frame-

work, beginning with the fundamental challenges of controlling force and motion. The frame-
work is then progressively expanded to encompass a range of applications, from autonomous
control in industrial and service robotics to human-centered robotics, addressing critical as-
pects such as safety, ergonomics, and rehabilitation. Each step is meticulously aligned with
a well-defined objective, supported by identified gaps in the existing state-of-the-art related
work. The next section articulates these objectives through ten precisely formulated research
questions derived from a thorough literature review.

3Conceptualized as energy capsules.
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1.2 Related Work

Navigating through the related literature follows the framework’s bottom-up construction
policy. Accordingly, the relevant studies are systematically classified into three primary
categories aligned with the three key elements of the proposed framework: control, policy,
and energy; see Figure 1.2.

The review initially focuses on approaches enabling the control of force and motion. In
this context, simultaneous force-motion controllers are explored in the Force/Motion Control
for Interaction section. To illustrate how the control block can be expanded for more in-
tricate objectives, the Multi-Manual Object Manipulation section scrutinizes relevant works,
addressing scenarios where multiple cooperating robots manipulate an object. With a con-
troller facilitating force and motion commands, the subsequent step involves determining
their desired values by designing policy blocks aligned with the task objective. Yet, if the
command of only one value (either force or motion) is allowed, such as when using only a
motion controller, these policies become impractical. The Force-Encoded Motion Policies
section outlines various approaches addressing this specific challenge when only the desired
motion can be commanded to the robot controller.

Subsequently, the focus of the literature review shifts to designing policies for complex
scenarios, incorporating humans into the loop. Initially focusing on safe collision-free human-
robot collaboration in confined spaces, such as small workshops, the Human-Robot Collision
Avoidance in Confined Spaces section details relevant works. Presuming geometrical con-
straints, the following scenario involves continuous interaction for haptically guiding robot
motion by humans. The Haptic Motion Guidance with Geometric Constraints section ex-
plores related works, followed by the Manipulability Analysis for Ergonomic Human-Robot
Interaction section, covering methods using the manipulability concept to enhance human
ergonomics in continuous human-robot interaction scenarios. The next stage considers robot-
aided rehabilitation with a patient-centric approach. The Support-Adaptive Robot-Aided
Movement Rehabilitation section enumerates various methods for adapting the robot control
behavior to enhance the rehabilitation process.

The third aspect of the literature review revolves around the concept of energy. The
emphasis is first on utilizing energy to ensure stability. The Energy Tanks in Passivity-
Based Robot Control section delves into stability analysis methods, focusing on tank-based
approaches. Expanding energy-based approaches, the Energy-Based Reference Behaviors
section explores more advanced concepts in this context. Finally, to incorporate energy
into a more real-world application, robot-aided rehabilitation is revisited in the Performance
Monitoring in Movement Rehabilitation section, aiming to monitor the patient’s involvement
level in the rehabilitation task to indicate recovery progress.

In this extensive literature review, the objective is to identify significant research gaps
that the proposed framework seeks to address. These gaps are translated into three sets of
targeted research questions, with each set associated with one of the three main components
of the framework. Each question is posed at the end of the corresponding literature review
section. The overarching goal of this dissertation is to systematically develop a generalizable
framework, addressing identified challenges in a simple yet robust manner and extending its
applicability to effectively handle tactile manipulation scenarios not explicitly covered within
the confines of this study.
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Controller

The initial focus of the literature review revolves around approaches concerning the control
of force and motion. The ultimate aim is to facilitate the simultaneous commanding of force
and motion for the controlled robot. The research gaps identified in this section give rise to
three research questions enumerated as C.1, C.2, and C.3.

Force/Motion Control for Physical Interactions

The ability to physically interact with the environment is fundamental in today’s robot
design. Position-controlled robots were not capable of doing so because they could not
provide the necessary compliance for physical contacts, let alone the ability to track a desired
wrench profile. As a result, over the past decades, continuous progress has been made in
both hardware and software design to enable reliable force and motion control suitable for
contact/non-contact scenarios. One of the most significant advancements came with the
introduction of Impedance Control in [18], enabling torque-controlled robots not only to
follow desired trajectories in free space but also to establish and shape desired interaction
behaviors when in physical contact. Additionally, if the task is to regulate the interaction
wrench, one approach is to shape the impedance or the desired trajectory based on the sensed
wrench, known as Indirect Force Control [19–21]. Yet, to avoid energy over-accumulation
in the motion controller’s compliance, the Direct Force Control approach, where the robot
input torque is directly linked to the wrench error, can be used [22–24]. The similarity and
distinction between these two approaches are highlighted in [25] and [26], respectively.

As the diversity of tasks that a robot should perform autonomously increases, having a
single interaction controller capable of controlling both motion and force can eliminate the
need for constant controller switching and the associated instability issues [27]. Moreover,
there are numerous manipulation tasks where force and motion must be controlled simul-
taneously. Therefore, the development of simultaneous force-motion controllers has drawn
considerable attention for a long time. One of the most well-known approaches is the Hybrid
Force-Motion Control, initially introduced in [28], where the output of a direct force control
is superimposed onto the motion controller output. The approach was further improved in
subsequent works. In [29] and [30], the dynamics effects of the manipulator and the force
sensor were incorporated into the motion control loop. The singularity-related instabilities
of the motion control were tackled by incorporating the robot dynamics in [31], adjusting
motion controller gains in [32], and implementing null space controllers in [33]. In [34], an
impedance controller was employed in the motion control loop. This was the case also for
more recent works [35, 36] for fully actuated aerial vehicles. In [37], the robot desired motion
was defined in the joint space. Finally, another common approach is based on the use of
indirect force control, known as the external force feedback loop [38–42]. In this method,
the force is regulated in an outer loop, and its output is added to the input of the inner loop
motion controller.

Irrespective of the specific controller used, a fundamental restriction exists in simultane-
ously regulating force and motion: it is generally not possible to independently control both
in the same direction [18]. This limitation led to the incorporation of the Selection Ma-
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trices4 right from the earliest attempts in simultaneous force-motion control designs. The
selection matrix ensures that the force and motion control tasks are performed in orthogonal
(reciprocal) spaces. Typically, force control is applied in the direction of the environment
constraints, while motion is controlled in unconstrained directions [44].

Using a selection matrix introduces some inherent issues. First, as expounded in [45], the
investigation of orthogonality between force and motion spaces is subject to fundamental
limitations, notably the dependence on the choice of units and reference frames. Moreover,
the selection matrix must be compatible with the constraints imposed by the environment,
necessitating a precise model of the environment for its derivation. However, as stated in
[46], one of the biggest challenges in force-motion control is the lack of a perfect environment
constraint model. That is why another class of controllers, known as Parallel force-motion
controllers, was introduced. These controllers relax the strict requirement for orthogonality
by imposing higher priority on either the force or motion control task. Examples include
[47–51], where the force controller takes higher priority by incorporating an integrator part
in the feedback loop. Such a policy is not always practical. Specifically, if the force controller
takes over in an unconstrained direction (e.g., during a contact loss), the robot can accelerate,
resulting in a hazardous situation. Similarly, if the motion controller takes higher priority in
a constrained direction, significant penetration of the setpoint into the surface can lead to
extreme contact wrenches. Hence, to avoid such unstable scenarios, it is crucial to incorporate
a good enough environment model even in the parallel control policies.

There have been adaptive force-impedance control approaches aimed at addressing uncer-
tainties in the environment model. One of the pioneering examples is [52], where the selection
matrix continuously changes according to the newly imposed constraints. In [53], an adap-
tive hybrid controller is proposed, and the environment geometry is continuously estimated
under certain assumptions, such as the maximum slope on the surface. In [54, 55], a soft
hemispherical tip is assumed for the robot end-effector, and an adaptive term is introduced
in the control input to handle uncertainties in the estimated surface normal direction. Other
recent works on handling uncertainties in the environment model when using impedance
control include [56–58].

Existing Gaps: Simultaneous control of force and motion may result in two distinct
stability-compromising actions: force control in unconstrained directions and motion con-
trol in constrained directions. Traditionally, addressing these challenges involves decoupling
force and motion control into two reciprocal spaces, aligning with environmental constraints.
However, apart from reservations about the space reciprocity concept, a significant draw-
back to this approach lies in its reliance on a precise environmental model. This model must
either be pre-existing or learned during the task. The dependence on the environmental
model knowledge poses a limitation, mainly when dealing with diverse and unpredictable
real-world scenarios featuring unknown non-ideal environments, therefore significantly erod-
ing system robustness. The concept of Unified Force-Impedance Control (UFIC) ensures
stable simultaneous force and impedance control. Nevertheless, in existing works, stability
is guaranteed only for the regulation case. Hence, scenarios that encompass desired motions
not reciprocating with the intended or actual interaction wrenches remain unexplored.

4Also known as the Task Specification matrices in the Operational Space Control terminology [43].
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Research Question C.1: How can the Unified Force-Impedance Control concept be
extended to include not only regulation but also tracking tasks for both rigid-body and
flexible-joint robots?

Achieving stable control over interaction forces and motion is pivotal for executing a myriad
of tactile manipulation tasks. The subsequent question that arises is whether the control
block can be expanded to tackle more intricate scenarios, such as orchestrating a team of
robot arms to manipulate an object collaboratively.

Multi-Manual Object Manipulation

For decades, impedance control [59] has been the established method for governing the behav-
ior of manipulators during movement and interaction with their surrounding environment.
This concept has found extensive use in scenarios involving multi-manual manipulation [60].
In the early stages of this exploration, [61] represents one of the pioneering works where the
desired impedance is defined between the manipulated object and the environment. Sub-
sequently, in [62] and [63], additional impedance behavior is introduced between the arms’
end-effectors and the object. This modification in the control strategy aims to prevent the
accumulation of large forces imposed on the object by adapting the desired trajectories. Fol-
lowing a similar approach, [64] defines desired admittance dynamics for the possible surface
deformation of the object at the contact points, leading to the adaptation of the robot tra-
jectories to enhance the overall grasp. Lastly, in [65], an impedance is designed between the
contact force and the desired trajectory for each arm. This impedance is then integrated into
the control law to enforce trajectory adaptation implicitly. Imposing a desired impedance
between the object and its surrounding environment typically involves incorporating the
object dynamics into the control policy. Nevertheless, when the objective is to manipulate
unknown objects, such a dependency diminishes robustness.
An alternative application of the impedance control concept in multi-manual systems in-

volves regulating the relative pose of end-effectors with respect to each other, maintaining a
desired coupled impedance. In one of the earliest instances, [66] introduces a virtual spring
model between the end-effectors of a set of leader/follower arms. In this setup, while the
leader arms follow their designated trajectories, the follower arms pursue them correspond-
ingly. In [67], relative impedance in a dual-arm system is utilized to control the motion of
one arm relative to the other, enabling the execution of cooperative tasks independent of the
absolute motions of the arms (e.g., one arm drawing on a board attached to another moving
arm). A dual-arm control architecture is presented in [68], featuring conventional impedance
for each arm and coupling impedance between them. However, the authors caution against
potential interference between these two types of impedance characteristics, emphasizing the
importance of choosing compatible parameters, such as rest lengths and stiffness. This ar-
chitecture is later applied to various bimanual systems [69]. Similarly, [70] employs a similar
approach with an additional force coordination factor to limit the applied force on the object.
In [71], coupled impedance is modeled as a damper that maps the object deformation force
into the arm velocity. Additionally, in [72], a spring-damper system is considered between
the two end-effectors of a dual-arm system to update the desired trajectories. The role of
coupling impedance is generally to secure the object during manipulation [73]. However,
this requires the desired impedance to align with the object size and dynamics, which can
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compromise the robustness of the policy. Furthermore, maintaining continuous coupling be-
tween arms may lead to computational and communication overload when the number of
cooperating arms is large. Additionally, there remains a compatibility constraint between
the coupling impedance and the individual motion control laws.

In principle, an object manipulation control law may involve two cooperating main compo-
nents: one to move the object and one to hold the object during movements. In this context,
[74] stands as one of the earliest works that segmented object contact forces into manipu-
lating force and grasping force for a multi-fingered robotic hand. This concept was further
expanded in [75] by introducing the notion of Internal Forces as the object contact forces
that do not contribute to object motion. Subsequently, in [76], the concept was further ana-
lyzed, and the internal forces were defined as the end-effector wrenches belonging to the null
space of the grasp matrix, for which the total virtual work is zero. Several works have delved
into determining the proper internal force for effective object grasping. In [77], an online
algorithm was developed to derive the minimum desired internal force. An admittance con-
troller in [78] increased the internal force upon detecting object slip. Similarly, [79] developed
a tactile sensor for slip detection, using position-based force control to adjust the internal
force accordingly. Additionally, in [80], an online approach was proposed to determine the
internal force preventing object deformation. Finally, in [81], a model-based approach was
presented for deriving both the required internal force and the motion-inducing force. Inte-
grating force control for the establishment and maintenance of grasp with impedance control
for the movements gives rise to a distinct class of controllers known as Hybrid Controllers.

An early example of hybrid controllers in the context of multi-manual object manipula-
tion is proposed in [82], where a model-based motion controller is coupled with a PI force
controller. The same control law is employed in [83], where the internal force is initially
represented using the concept of a virtual truss model [84]. In [85], a decentralized control
architecture is defined for each arm using the concept of virtual linkage [86] as a model of
internal forces associated with multi-grasp manipulation. In [87], the authors justify that
the desired force to grasp an object can be a constant value under the condition of being
perpendicular to the desired motion. Building on this assumption, they present a linearizable
hybrid control algorithm. The multi-manual system in [88] incorporates an arm enhanced
with the object dynamics model to compensate for its gravity, while the other arms utilize
a hybrid control policy. In [89], contact forces are categorized into two orthogonal groups,
active and passive forces, based on their ability to perform work on the object. Each manipu-
lator employs a null space motion controller alongside the hybrid motion/force controller. In
another work [90], the concept of squeeze force is introduced for a dual-arm system based on
the internal force concept, accompanied by a hybrid controller. However, in the experimen-
tal results, the force feedback loop is circumvented in the force controller. As highlighted in
several works, a primary limitation of force/motion hybrid control policies in object manipu-
lation is the potential conflict between the desired force and the desired motion. For instance,
in a scenario where the desired motion opposes the grasp force, pursuing the desired motion
could lead to a loss of contact with the object and, consequently, potential grasp failure.

Existing Gaps: For the complex task of multi-manual object manipulation, model-based
approaches prove impractical when confronted with unknown arbitrary objects due to their
reliance on the object dynamics model. Similarly, control approaches rooted in the concept of
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coupled impedance encounter two primary challenges: (i) the coupling diminishes modularity,
making the addition or removal of arms during a task challenging; (ii) if the desired motion
conflicts with the coupled impedance wrench, it compromises either the motion-following
or grasp-maintenance task. This latter issue also persists in hybrid control approaches,
particularly when the force control action required to sustain the grasp opposes the intended
motion.

Research Question C.2: How can the force-motion control law extend into a modular
single-arm controller, empowering a team of robots to manipulate objects robustly while
mitigating potential conflicts between grasp and movement actions?

A versatile force-motion controller facilitates the accomplishment of diverse tactile manip-
ulation tasks. This is achieved by defining desired force and motion trajectories through the
design of appropriate policy blocks. A follow-up inquiry arises: Can these policies remain
effective when the control block is constrained to a singular command value, such as desired
motion, as might occur when employing only a motion controller?

Force-Encoded Motion Policies

In scenarios where the robot is restricted to motion commands only, controlling force can
be achieved indirectly by modulating the motion trajectory based on the desired and sensed
wrenches. In principle, online trajectory adaptation can serve different goals, as elaborated in
[91]. However, as originally demonstrated in [59], one objective can be to use force feedback as
an input to a virtual system (e.g., with standard mechanical characteristics) for determining
the motion command. Since then, the concept of Admittance Control has become a standard
in robotics [92]. To enable the control of both force and motion, several works in the literature
employ a parallel architecture [93–95]. One loop comprises an admittance control in series
with a position controller, while the parallel loop incorporates an impedance controller. A
switch consistently determines which loop should be active based on the task objective.
However, for simultaneous control of force and motion, such a switching policy becomes
impractical.

To systematically use an admittance law to adapt the desired motion, standard motion
generators can be employed. One of the most well-established ones is the Dynamics Move-
ment Primitive (DMP), introduced in [96]. Over the past two decades, DMPs have been a
common method for encoding desired trajectories [97]. Aligned with the objective above, the
adaptation of the DMP output based on the interaction wrench has already been addressed
in the literature. In [98], a coupling term defined at the acceleration level, driven by force
feedback, demonstrated the robot’s ability to grasp an object even with deviations from the
predicted position. A similar approach was applied in [99] using a sequence of movement
primitives to handle larger uncertainties. Other works, such as [100] and [101], used coupling
terms with parametric temporal probabilistic models, respectively. The coupling term was
defined at the velocity level in [102] and was used to adapt to unmodeled curved surfaces in
[103]. Although the interaction wrench can modify the motion command in all these works,
none of them incorporated a physically interpretable formulation, such as an admittance
behavior, for trajectory adaptation.
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Existing Gaps: Integrating force information into the motion trajectory allows the uti-
lization of force-motion policies, even when the controller block accepts only the motion
command. Admittance control stands out as a robust and physically interpretable approach
for determining or adjusting the desired motion trajectory based on a specified force profile.
Despite its efficacy, standard motion generators have yet to systematically incorporate the
admittance policy in a manner that ensures stability. Notably, well-established motion gen-
erators like DMP have successfully integrated force information in various works, but none
have employed the admittance law.

Research Question C.3: How can an admittance law be seamlessly integrated into
the DMP formulation with guaranteed stability, ensuring the encoding of both desired
force and motion information into the generated motion command?

Throughout the dissertation, the focus of the control aspect will be on addressing the
enumerated three research questions. The remainder of the literature review will delve into
the other two aspects of the proposed framework, namely, policy and energy.

Policy

Expanding beyond the basic policy elements that are already effective for numerous ma-
nipulation tasks, this part concentrates on crafting policies for scenarios involving humans.
Consequently, four research questions are posed regarding the policy aspect of the proposed
framework, enumerated as P.1–4. In the initial scenario envisioned, a robot is engaged in
manipulation tasks within a confined workspace, e.g., a small workshop, alongside a human.
In this context, the primary emphasis is on the robot executing tasks without collisions,
ensuring the safety of both the human and the environment.

Human-Robot Collision Avoidance in Confined Spaces

According to ISO standard regulations [104, 105], one of the four designated modes for
human-robot interactions addressing safety is known as Speed and Separation Monitoring
(SSM). This mode stipulates the maintenance of a protective separation distance at all
times, ensuring that the robot halts before a potential collision can occur. This separation
distance is determined by considering the relative speed between the robot and the human,
often relying on worst-case values for added precaution. Effectively implementing SSM ne-
cessitates the integration of robust human detection and distance evaluation methods with
swift robot control mechanisms to facilitate prompt reactions. Notably, various approaches
in this domain leverage vision-based systems, as comprehensively reviewed in [106]. The
current landscape also witnesses the introduction of integrated devices dedicated to human
detection [107] or supporting robot evasion and speed limitation [108]. Many of these ap-
proaches trace their origins to the Potential Field approach for obstacle avoidance [109, 110].
This methodology has evolved to incorporate obstacle-based repulsive fields, which, in the
context of physical human-robot interaction, have been further refined into robot-based re-
pulsive vectors or danger fields [111, 112]. Repulsive vectors find application in humanoid
robotics, particularly in conjunction with peripersonal space representations [113]. To dy-
namically calculate the necessary separation distances, these approaches take into account
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various system properties such as velocities, stopping times, and distances [114, 115]. An al-
ternative approach, the Kinetostatic Danger Field (KDF) [116, 117], employs a precalculated
safety field updated with the robot velocity and the human position to generate appropri-
ate evasive actions. Another strategy involves swept volumes based on a human kinematic
model, predicting the space occupied by the human. This predictive model enables the robot
to generate effective evasive trajectories [118].

Existing Gaps: In confined spaces, generating or adjusting evasive trajectories based on
repulsive fields around the tracked human body could inadvertently lead to collisions with
the surrounding environment. A potential remedy involves concurrently applying the earlier-
mentioned collision avoidance strategies to multiple entities, encompassing both the human
body and the environment. However, this approach becomes impractical when obtaining a
precise geometric model of the environment proves challenging.

Research Question P.1: How can collision prevention policies be devised for human
interactions without necessitating geometric modifications in robot motion?

In tasks where motion compliance is crucial, such as those involving geometric constraints,
the robot can assist in achieving the required precision. In scenarios where the trajectory
cannot be predetermined, the human may guide the motion. This guidance can occur through
continuous physical contact, with the human haptically steering the robot motion. The next
section delves into instances where the robot accuracy in adhering to geometric constraints
can be integrated with human guidance.

Haptic Motion Guidance with Geometric Constraints

Human motion guidance intentions can be conveyed to robots through various interfaces, such
as smartphone applications [119], speech commands [120], visual cues [121], brain-computer
interfaces [122], haptic joysticks [123], pedals [124], and essentially any teleoperation system
[125–128]. Unlike the aforementioned methods, several alternative approaches eliminate the
need for supplementary interfaces to provide guidance. In these methods, operators can
convey their guidance intentions by directly interacting with the guided robot. For instance,
in [129], an intention recognition approach is proposed based on the grip force applied by
the human when using a walking helper. A similar strategy is employed in [130], where
the estimated handle grasp force exerted by the human is utilized to infer their intention.
Several studies have introduced trajectory modification policies based on human-applied
wrenches. For instance, in [131], the robot intended motion is altered whenever the operator
applies force, causing the robot to deviate from its predefined path. Similarly, the robot is
kinesthetically taught in [132], and the control parameters are adjusted to ensure adherence
to task-oriented constraints. In [133], a quadratic optimization approach is employed to
modify the trajectory of an impedance-controlled exoskeleton in response to the human-
applied wrenches. Likewise, in [134], a trajectory modification approach is presented aiming
at minimizing both motion-tracking errors and interaction force magnitudes. In [135], various
motion policies are proposed based on the designated level of human guidance. In all these
methods, the applied wrench either selects a predefined motion policy or modifies the desired
trajectory. Thus, they do not allow for enabling exhaustive guidance by the operator.
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A commonly embraced strategy to facilitate motion guidance involves the utilization of
admittance controllers [136], where an input wrench results in the generation of a desired
motion. A thorough overview of the application of admittance control in scenarios involving
physical human-robot interaction can be found in [137]. Recent developments in the use
of admittance control for motion guidance include works such as [138], where control pa-
rameters are adjusted to modify the robot compliance in critical areas, especially close to
singularities. In [139], the standard admittance controller is extended by damping feedback
to decrease peak contact force during collisions with the environment. In [140], a variable
admittance controller is employed to navigate a cluttered environment, especially when the
operator’s view is obstructed. In [141], collision detection schemes are incorporated into the
guidance policy, while in [142], adaptation policies are used to handle uncertainties, such
as an unknown payload. In these approaches, although the operator can guide the robot
motion, they do not account for the imposition of stringent geometric constraints that the
robot must adhere to.

Numerous works in the literature have delved into constraining robot motion. A well-
established approach is the use of Virtual Fixtures, as initially introduced in [143] and ex-
panded upon in [144]. In this approach, a repulsive wrench, normal to a predefined surface,
is virtually applied to the robot. Typically, the magnitude of the wrench is proportional to
the inverse of the distance between the robot and the surface. For instance, in [145], a virtual
fixture defined along the spinal cord prevents the robot from getting too close, particularly
in the context of robot-aided orthopedic surgery. Similarly, in [146], virtual fixtures are
employed to counteract surgeon hand tremors during delicate micro-surgeries. In situations
where the geometric constraint is exceptionally stringent, requiring the robot to adhere to
a specific path strictly, the application of a repelling force, as employed in these methods,
becomes impractical. For such scenarios, the adapted concept of virtual fixtures, referred
to as Virtual Guides, can be utilized. Virtual guides offer a more relevant framework for
maintaining the robot trajectory along a predefined path. One of the pioneering works in
this context is [147], where desired motion directions are determined based on a predeter-
mined path. In this approach, admittance control gains are adjusted such that high gains
are applied when the force aligns with the desired direction, and low (ideally zero) gains
are used otherwise. This method has two primary drawbacks. First, in practical scenar-
ios, adjusting admittance controller gains based on path direction, especially with frequent
changes or slight communication delays, does not guarantee that the output trajectory re-
mains precisely on the constrained path. Second, typically in these approaches, when the
robot deviates from the path, e.g., due to controller compliance, the robot is redirected to
the nearest point on the predefined path while being guided by the human [148]. However,
accurately determining the suitable point on the path to establish the desired direction can
be challenging. This challenge is shared by approaches like [149] and [150], where motion
control gains along the path are adapted for user-guided robot movement. Continuous as-
sessment of the robot actual pose in relation to the intended path is necessary to verify its
alignment and, if not maintained, to select the nearest path point for adjusting controller
gains. This process adds computational burden, and in some cases, identifying the closest
path point is nontrivial. For instance, consider the robot end-effector falling on the bisector
of an angular line along the intended path, resulting in two potential closest points.
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To kinesthetically teach geometric constraints, virtual guides were combined with 6D XS-
plines in [151], Gaussian mixture models in [152], and dynamic movement primitives in [153].
Lastly, a practical approach for representing rotational virtual guides was proposed by [154].
The concept of virtual guides has evolved into Virtual Mechanisms, initially introduced in
the context of teleoperation in [155]. This approach treats the setpoint as a massless particle
positioned on the constrained path linked to the robot end-effector through a spring-damper
system. When the human applies force to the robot end-effector, this force is transferred to
the particle, allowing it to glide along the path. However, a limitation of this approach is
its lack of modularity; it is tightly coupled with the employed motion controller. Consider
a scenario where the human is not guiding the robot, yet there is an offset between the
setpoint and the robot end-effector. Ideally, the motion controller would move the robot
toward the setpoint. However, the virtual spring force could still influence the setpoint, even
without actual human input. A similar consideration is made in [156], where the impact of
the virtual mechanism force on the robot is shaped based on a reference velocity profile. This
approach aims to reduce human guidance when the robot speed is excessive and enhance it
when the speed is too slow. To keep the modularity of the guidance policy in the presence of
geometrical constraint, [157] presents a strategy for minimally invasive surgery by dividing
the robot joint space into constrained and unconstrained subspaces, effectively filtering out
admittance-generated motions conflicting with the specified constraints. Similarly, in [158],
any change in the orientation of the output motion from the admittance control is neglected,
particularly in the context of a drilling task. Nevertheless, these approaches do not ensure
that the robot setpoint invariably conforms to a stringent geometric constraint, such as a
predefined path.

Existing Gaps: Within the existing literature, motion guidance methods granting the
human operator full control over the robot motion commonly do not address stringent geo-
metric constraints, like adhering to a predetermined path. On the contrary, guidance policies
tailored to handle such constraints are often closely intertwined with the motion controller,
compromising practicality due to a lack of modularity.

Research Question P.2: How can a modular haptic motion guidance policy be devel-
oped in such a way that the generated desired trajectory for the robot is guaranteed to
adhere to stringent geometric constraints, such as a predefined path?

Continuous interaction with a human, especially during manipulation tasks that may
induce changes in the body configuration, requires consideration of human ergonomics. One
approach is through manipulability analysis, as explored in the next section.

Manipulability Analysis for Ergonomic Human-Robot Interaction

While one of the earliest articles on the concept of ergonomics is [159], the term5 was intro-
duced later in 1949, with an emphasis on equipment and workspace design [160]. However,
modern ergonomics also contribute to the design and evaluation of work systems and prod-
ucts [161], leading to standards and guidelines such as [162], which studies ergonomics in

5The Greek term εργος means work and νοµος means law.
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manual pushing and pulling. Other related conventions for the evaluation of ergonomics
include the Rapid Upper Limb Assessment (RULA) [163], evaluating the exposure of indi-
vidual workers to ergonomic risk factors associated with upper limbs, the National Institute
for Occupational Safety and Health (NIOSH) guidelines [164], assessing ergonomics in weight
lifting tasks, the Rapid Entire Body Assessment (REBA) [165], a scoring system for mus-
cle activity caused by static, dynamic, or unstable postures, and finally, the Strain Index
(SI) [166], evaluating tasks based on exerted force, movement frequency, and wrist posture.
An ergonomics assessment toolkit was created in [167] based on standard analysis methods
for a virtual manufacturing environment. Alternatively, [168] conducted movement analysis
along with inverse dynamics modeling of a set of tasks to build a dataset for upper limb
joint involvement during daily-life tasks. Furthermore, user studies have been conducted to
evaluate the comfort level for basic tasks such as mouse or joystick guidance [169] or hand
tool grips [170].

A recent literature review on the use cases of ergonomics in human-robot interaction from
both physical and cognitive perspectives can be found in [171]. Similarly, [172] analyzes
typical ergonomics-endangering factors in human-robot collaboration scenarios, with a focus
on agriculture. In the realm of human-robot interaction scenarios, most ergonomics assess-
ment tools rely on standard metrics. For example, the NIOSH equation is employed for
an ergonomics-aware task planning policy in [173]. The assessment in [174] incorporates
NIOSH and RULA, along with considerations of muscle strains and human recovery time af-
ter task execution, to evaluate enhanced ergonomics within their proposed robotic assembly
cell. In [175], a gesture control system is evaluated according to the RULA metric, as well
as through questionnaires addressing physical workload, intuitiveness, and comfort. Addi-
tionally, REBA is utilized for human ergonomic posture assessment in [176], and the SI is
applied to assess human physical stress in [177] and [178]. Most of the aforementioned tech-
niques for assessing human ergonomics are offline [179]. In [180] and [181], Electromyography
(EMG) sensors measure individual muscle fatigue in real time, allowing for the assessment of
task ergonomics. In [182] and [183], the ergonomics evaluation factor is human joint torque
overload, estimated by monitoring body posture with either a wearable sensory suit or a
vision system, respectively. Additionally, learned task-specific minimized musculoskeletal
simulations, as discussed in [184], can be employed for computationally efficient ergonomics
evaluation.

The Manipulability concept, introduced in [185] and further developed in [186], has been
a valuable tool for evaluating the effectiveness of the force/motion mapping between differ-
ent spaces (e.g., operational and actuator spaces) of a manipulator. Over time, it has been
applied to more sophisticated systems, including dual-arm setups [187] and parallel manip-
ulators [188]. One of the earliest applications of this concept to the human body can be
found in [189]. In this context, the manipulability metric was introduced in [190] and later
used to assess human force exertion ability in [191]. In their subsequent work [192], a strong
relationship was demonstrated between the spatial characteristics of force manipulability and
so-called Human Operational Comfort. In another study [193], a high correlation was found
between human manipulability and muscle activation determined by EMG signals. Manipu-
lability, represented as an ellipsoid, has more recently found application in human-centered
robotics. In [180] and [194], the robot task frame was assigned based on the direction of
the human force manipulability ellipsoid. Similarly, in [195], robot motion controller gains
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were adjusted based on the configuration of the manipulability ellipsoid. An assistive robot
control scheme based on manipulability, aiding the human in applying forces in problematic
directions, was presented in [196]. This approach was later extended to human muscular
force manipulability in [197] and [198] to consider muscular space ergonomics. In [199], the
manipulability ellipsoid volume was used as an assessment metric to optimize multi-arm
multi-human collaboration scenarios ergonomically. Finally, in [200], the limitations of the
conventional manipulability analysis approach were highlighted and addressed by consider-
ing both kinematic and inertial parameters in the derivation of the manipulability ellipsoid.
The authors extended their method in [201] by including the inertial parameters of virtual
constrained tasks counteracting against the motion.

In human-robot interaction, adapting the robot behavior can enhance human ergonomics.
In general, adaptive interaction control design has been a foundational aspect in human-
robot interaction scenarios, with examples ranging from early works like [202], where the
co-manipulator stiffness adapts according to the desired task, to teleoperation scenarios such
as [203], where the guidance dynamics change by adjusting the impedance of the leader
robot. In the context of human-controlled robotics applications, [204] proposes an adaptive
control policy that shapes the perceived admittance based on the task or user character-
istics. An optimization approach for impedance controller adaptation to minimize human
control effort while maintaining tracking performance is introduced in [205]. Additionally,
an adaptive impedance controller based on the level of human muscle fatigue is proposed in
[194] and [206]. Specifically focusing on guidance policies, [134] and [207] propose admittance
control gain adaptation laws based on the contact situation with the environment. In [208],
admittance controller gains are adapted based on the perceived human steering intention via
the interaction forces. Most adaptive steering policies primarily shape the damping part of
the guidance law, as seen in [209], which uses a reinforcement learning algorithm to learn the
proper damping for minimum jerk movements, or [210], which develops a neural network to
estimate the best damping coefficient associated with a minimum jerk.

Existing Gaps: To tailor robot behavior for improved human ergonomics, it is essential
to assess human ergonomics first. Manipulability analysis serves as a well-established ap-
proach to evaluate the configuration-based manipulation capabilities of articulated bodies.
Despite its successful application in robotics, its direct transfer to the assessment of human
bodies faces significant challenges. This is primarily attributed to the inherent absence of
proprioceptive sensors and, thus, the potential for data inaccuracies in the estimation of the
body configuration, upon which manipulability analysis heavily relies. Such limitation has
not been adequately addressed in the existing literature.

Research Question P.3: How can manipulability analysis be effectively employed to
create a robust approach for assessing human ergonomics that is less sensitive to the
body configuration measurement and estimation data?

Another application of human-centered tactile manipulation, which already bears signif-
icant relevance in today’s society, is robot-aided movement rehabilitation. In this realm,
the next mission is to formulate an adaptive policy that empowers a rehabilitation robot to
transcend the conventional role of passively moving a patient’s limb.
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Support-Adaptive Robot-Aided Movement Rehabilitation

Despite significant progress in stroke prevention, the overall incidence of strokes has surged by
70 percent from 1990 to 2019, primarily attributed to population growth [211]. Consequently,
acknowledging the pivotal role of rehabilitation in the recovery of stroke survivors [212, 213],
an escalating commitment to therapy delivery is imperative year by year. In today’s world,
physiotherapy and rehabilitation play a crucial role in enhancing recovery and well-being.
Specifically, movement rehabilitation is targeted at individuals with movement dysfunction,
demonstrating efficacy in treating motor impairments associated with neurological conditions
such as post-stroke and Parkinson’s disease [214–216]. The significance of repetition in
movement therapy cannot be overstated, as studies on neuroplasticity suggest that a high
number of repetitions can lead to cortical reorganization and functional improvement [217,
218]. However, as the number of patients and repetitions increases, manually guiding a
patient’s limb along a therapeutic trajectory can become burdensome for a physiotherapist.
This is where rehabilitation robots come into play; leveraging technological advancements,
they aim to provide reliable, repetitive movements for physical therapy, alleviating potential
burdens often associated with human physiotherapists [219, 220]. For an in-depth exploration
of various types of rehabilitation robots, refer to [221]. Numerous studies have refuted the
efficacy of relying solely on passive, repetitive movements for patients [222], underscoring
the benefits of active patient engagement in the therapeutic process [223–226]. This raises
a crucial question: how can patients be encouraged to actively participate in movement
exercises when they are already receiving assistance from a robot? One approach is to
dynamically adjust the level of assistance based on patient performance, aiming to maintain
a Challenge Point—providing sufficient support to prevent discouragement but not so much
that they become bored and unmotivated. This adaptive modulation of robot assistance,
termed Assist-As-Needed (AAN) control in the literature [227], strives to deliver only the
minimum support necessary to the patient [228].

The adaptive support of the robot is facilitated through various methods, including tunnel-
based approaches such as [229, 230], where a virtual tunnel is established within the workspace,
e.g., by using multiple force fields. Within this tunnel, a virtual moving wall guides and as-
sists the patient along the therapeutic path. Similarly, in [231, 232], patients are guided
within a virtual moving window along the path. Taking a distinct route, [233] determines
the remaining effort needed to move the robot based on the estimated human joint torque.
Likewise, in [234], the detected torque exerted by the human is amplified to provide support
in an arm exoskeleton. Implementing the model-based adaptive controller from [235], the
AAN control policies in [228, 236, 237] gradually reduce the feedforward control term. In
[238, 239], a motion adaptation law is utilized to minimize interaction torque during gait
training. However, the most prevalent approach for adjusting the robot support level has
traditionally involved adapting the control parameters of impedance control [240]. Examples
include [238, 241–243] for lower-limb rehabilitation and [229, 244–246] for upper-limb reha-
bilitation scenarios. Generally, in these methodologies, the stiffness of the controller signifies
the extent of assistance provided by the robot to the patient. A shared characteristic among
the aforementioned approaches is the necessity of online adaptation of the robot controller for
adjusting the support level. Consequently, they lack the modularity that would be attained
by formulating an approach at a policy level, as opposed to the control level.
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A crucial requirement for enhancing recovery is to allow the Central Nervous System to ex-
perience the accurate mapping between neural outflow (motor commands) and neural inflow
(sensory signals), including an efference copy of its own outflow. This facilitates learning or
re-adaptation of how to produce neural outflow to achieve the desired action [247]. Conse-
quently, for effective recovery, a rehabilitation robot should exhibit sufficient Permissiveness,
i.e., the capacity to facilitate, rather than impede, the patient’s intended movement in the
correct direction. In essence, enabling unrestricted movements demands minimal impedance
from the robot [248]. One strategy involves the utilization of direct-drive electromechani-
cal robots, as exemplified in [249], which demonstrate superior back-drivability and reduced
mechanical inertia. Nevertheless, this approach entails a considerable expense, particularly
in terms of the torque-to-weight ratio and the time-varying dynamics behavior, particularly
inertia. To virtually reduce the mechanical effects of the robot, a common approach involves
inertia shaping through joint torque feedback [250]. Alternatively, external wrench feedback
can be employed to attain the desired Cartesian impedance behavior [251]. However, com-
pensating for all naturally dynamic effects of a robot demands highly precise measurements
and accurate model knowledge. This, in turn, may result in reduced practicality or even
instability if these requirements are not sufficiently met [252, 253]. Moreover, even with ad-
vanced methods, achieving complete compensation of the robot inertia remains a challenging
task in practical applications [254]. As detailed earlier, this limitation can adversely impact
the effectiveness of robot-aided rehabilitation therapy, stemming from a deficiency in the
necessary permissiveness.

Existing Gaps: In achieving effective robot-aided rehabilitation, the ability to dynamically
adjust the level of support proves beneficial. Although this aspect has received attention in
the literature, it alone is insufficient. It is equally crucial for the robot to exhibit permis-
sive behavior when the patient moves in an appropriate direction. Existing literature lacks
a modular approach that comprehensively addresses the control of both the support and
permissiveness aspects of the robot.

Research Question P.4: How can an adaptive movement rehabilitation policy be
formulated to systematically adjust and learn the appropriate levels of robot support
and permissiveness along a therapeutic path, facilitating an effective recovery?

Having explored the existing literature pertaining to the control and policy blocks, the
subsequent review will center on the third aspect—energy.

Energy

In the development of the proposed framework, energy does not merely serve as an indepen-
dent aspect but is consistently employed as a dual perspective in the construction process
of the involved building modules. The following sections explore different facets of energy
utilization in the literature, giving rise to three research questions enumerated as E.1–3.
Within this context, a recurring application of energy is its role in ensuring stability. The
next section delves into this crucial aspect.
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Energy Tanks in Passivity-Based Robot Control

Designing a control system requires a comprehensive examination of system stability. Within
the existing literature, the Lyapunov concept [255] emerges as a widely used method for as-
sessing the stability of controlled robots. Notable applications of the Lyapunov stability
theorem include its implementation in adaptive motion control for teleoperation [256], de-
veloping adaptive impedance controllers mainly for human-robot interaction [257–259], and
designing controllers for robots with Series Elastic Actuators (SEA) [260]. The Lyapunov
concept is also utilized for learning adaptive control parameters within motion-constrained
human-robot systems [261]. An alternative approach to stability analysis in robot control in-
volves frequency domain analysis. This method was applied to a haptic teleoperation system
[262], adaptation of admittance controller parameters [263], and shaping control parameters
in response to variations in the stiffness of the interacting environment [264]. Other notewor-
thy approaches include Nyquist/Bode plots, as demonstrated in teleoperation setups with
variable stiffness [265], Root Locus analysis as employed to examine the impedance charac-
teristics of a cooperative robot [266], the absolute stability problem, also known as the Lur’e
problem, in [267], and, even experimental stability investigations such as [268].

An increasingly popular approach for investigating the stability of controlled systems is
the Passivity-Based Control approach. It was initially introduced for adaptive control in
robot manipulators in the 80s in [269], followed by [270], and [271]. However, the concept of
passivity traces its roots back to the 1950s in the realm of network analysis [272]. Passivity-
based control has gained widespread application in robotics as a means to ensure controller
stability. Systematic approaches for investigating the passivity of controlled systems are de-
tailed in [273] and [274]. Teleoperation stands out as one of the most common applications
of passivity-based approaches. For instance, in [275], passivity is employed to counteract
position drift during the remote motion control of a robot. Particularly in scenarios involv-
ing time delays, passivity analysis emerges as a robust tool to ensure stability [276–279].
Moreover, passivity-based control is applied in collaborative multi-robot scenarios [280–282].
In the realm of flexible-joint robots, passivity analysis is addressed in [283–285]. In [286], the
authors have used the passivity analysis to develop a guidance method allowing the human
operator to modify the learned trajectories. In [287], a passivity-based admittance controller
is proposed that enhances the robot to have a more natural interaction with an unknown
environment. In the domain of humanoid robots, passivity-based control has predominantly
been explored in the context of gait stabilization and posture control [288–290]. In the
specific realm of impedance-controlled robots, passivity has been scrutinized in contact loss
scenarios [291], as well as in cases involving regulation [250]. Finally, in [292], passivity is
employed for force and motion regulation when interacting with compliant surfaces.

Passivity analysis serves as a crucial tool for identifying sources of unbounded energy
within a controlled system. To guarantee stability, addressing and managing such passivity-
violating energy is imperative. A well-established approach involves the utilization of virtual
Energy Tanks. While the concept of energy tanks was implicitly utilized in [293], one of the
pioneering instances of their explicit application was documented in [294]. In this work, vir-
tual energy tanks were employed to ensure the passivity of scattering-based communication
channels. The same approach was implicitly applied in [294], incorporating power-continuous
control terms to ensure stability. Over time, the concept of energy tanks has gained popu-
larity, finding applications in various control design strategies. In [295], tanks were utilized
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to stabilize teleoperation setups with time-varying delays. An innovative approach was pre-
sented in [296], where dissipated energy was fed back into the tank as part of a two-layered
control architecture. In [297], a hierarchical framework is presented, consisting of multiple
local and global energy tanks. In general, energy tanks have seen widespread use across differ-
ent contexts, contributing to the stabilization of cooperative multi-robot systems [298–300],
time-varying impedance control [301–305], control of aerial vehicles [36, 306], implementation
of controller switching policies [307], and enhancing safety measures [308]. In [309], energy
tanks are employed to perceive human guidance, enabling the robot to passively follow the
human. To counteract the destabilizing impact of the human’s actions, the robot controller
parameters are adaptively adjusted based on the observed energy that violates passivity, as
explored in [134, 310–312]. Furthermore, a reformulation of the robot’s admittance control
policy is presented in [313], casting it as an energy optimization problem. Other admittance
control policies utilizing energy tanks are outlined in [314–317].

Existing Gaps: In all the referenced works, the primary focus revolves around ensuring sta-
bility. For this purpose, passivity analysis is employed to detect any potentially unbounded
energy source, and energy tanks are utilized to constrain such energy by deactivating asso-
ciated control actions. Yet, none of these works extends the use of energy tanks beyond this
application. In essence, rather than solely halting the energy flow by deactivating associated
actions, the flow can be shaped in alignment with the task objective. This grants the overall
framework a distinctive energy-awareness feature.

Research Question E.1: How can the standard configuration of virtual energy tanks
be expanded to ensure both stability and active control over the energy flow, imparting
enhanced energy awareness to accomplish a broader range of objectives?

The capability to exert control over an entity raises a pivotal question: what should be the
reference value for regulating that entity? This crucial query is explored in the subsequent
section, particularly within the realm of energy and virtual energy tanks.

Energy-Based Reference Behaviors

One of the earliest instances where the concept of reference energy in the passivity domain
was applied is evident in [318], specifically for determining the desired damping term in a
haptic teleoperation setup. While this approach saw further development in [319], the original
idea of monitoring energy to investigate passivity can be traced back to [276]. The general
practice of shaping control parameters to regulate energy and power to desired values has
been addressed in numerous robot control works, ranging from seminal contributions like
[320] to subsequent works such as [321–325]. More recent contributions, like [326, 327],
introduced the concept of energy budgets, for example, to enhance safety in physical human-
robot interaction scenarios. Finally, an overview of energy-aware robot control approaches
is presented in [328].

Existing Gaps: Possessing the capability to control energy flow within a system raises the
immediate question of determining an appropriate reference profile for its regulation. This
remains a challenge not fully addressed in the literature, especially in the realm of energy
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tanks. In this context, insufficient exploration has been undertaken to identify or adapt the
associated reference values, which, if addressed, could significantly improve the robustness
of interactions with unmodeled environments.

Research Question E.2: How can model-based and learning-based approaches be
devised to determine or adapt the reference values and trajectories of virtual energy
tanks, thereby enhancing control performance?

Examining yet another application of energy in tactile manipulation, the robot-aided reha-
bilitation context is revisited. This iteration aims to assess the level of patient participation
in the movement, serving as a key indicator of the extent of their recovery.

Performance Monitoring in Movement Rehabilitation

Numerous methods for evaluating patient performance in robot-assisted rehabilitation are
available in the literature, with a focus on physiological measurements. In [329], four psy-
chophysiological responses, namely heart rate, respiration, skin conductance, and skin tem-
perature, were employed to assess the physiological state during post-stroke upper extremity
rehabilitation. The motor cortex neural drive, the origin of movement, can be theoretically
evaluated using Electroencephalography (EEG). At least one research group has demon-
strated that EEG can distinguish between active and passive walking with a robotic de-
vice [330]. For a more movement-specific measure of neuromotor activity, electromyography
(EMG) is widely utilized in laboratory settings [331]. In [236, 332], EMG data is utilized
to estimate joint torques during rehabilitation, incorporating it as input for computational
models of the musculoskeletal system. This approach allows for the estimation of actual
joint torque, which, in turn, aids in determining deficient joint torque [233]. In another
study [333], EMG data is fused with interaction forces to assess the patient’s condition and
establish an exoskeleton control mode for lower-limb rehabilitation in early post-stroke pa-
tients. As electrophysiological sensors are deemed impractical for routine use in Intensive
Care Unit (ICU) settings [334], it becomes crucial to explore methods that involve sensors
integrable into the robotic system only.
In [335], force/torque information is proposed as an alternative to EMG data to circumvent

associated preparation complications. This sensory data has been applied in other studies
[238, 239] to comprehend the patient’s intended motion and respond accordingly in a gait
rehabilitation scenario. Another study [336] monitors the alignment of interaction force
with the therapeutic path direction as an input for their control adaptation policy. Motion
tracking error serves as another method for assessing performance. For instance, in [337, 338],
the average tracking error during each movement cycle is employed to adapt the robot
support. Similarly, in [339], the tracking error in the velocity domain, and in [340], the
total movement duration for reaching the target is considered, respectively. Additionally,
model-based approaches [241] utilize combined robot and human dynamics to extract human-
generated torque. Another approach [341] estimates gains of the assumed PD controller of
the human, while in [342], a musculoskeletal model of the human is employed to estimate
required assistance. Estimating active participation becomes challenging when relying solely
on force or motion sensing, particularly when the robot support undergoes changes. For
example, variations in interaction force may become less apparent when support is low, and
a similar phenomenon occurs with motion observation metrics when support is high.
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Existing Gaps: The existing methods for assessing patient performance, based on robot
sensors, are confined to either force or motion data. However, in instances of altered control
behavior, depending solely on either type of information proves impractical. A resolution to
this challenge entails the integration of both force and motion data into a holistic metric, such
as energy. The concept of transferred power, introduced in [343] for analyzing human-robot
interaction, is utilized in [229] within the context of rehabilitation as a feedback metric to
iteratively adjust robot control parameters. However, the current literature lacks a compre-
hensive approach for the derivation and validation of an energy-based patient performance
monitoring metric through a systematic clinical study.

Research Question E.3: How can an energy-based method be developed for a re-
habilitation robot to continuously monitor the active participation of the patient in
therapeutic motion?

In pursuit of the overall ten research questions within the three considered main aspects,
the objective of this dissertation is to construct a modular control framework progressively.
Addressing these inquiries results in a series of contributions and impacts provided by this
dissertation, as enumerated in the following section.
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1.3 Contribution and Impact

This dissertation endeavors to build upon the existing groundwork in the field and extend
standard approaches in robot control. The ultimate goal is to construct a well-organized
framework capable of effectively addressing diverse real-world manipulation and physical
interaction scenarios. Through this endeavor, the dissertation aims to make several contri-
butions to the state of the art, as highlighted in the following, leading to various real-world
impacts.

Contribution

Addressing the research questions raised in accordance with the identified gaps during the
literature review yields the following contributions to the field.

As the foundational building module in the proposed architecture, aiming to control force
and motion during physical interactions, the Unified Force-Impedance Control framework
(UFIC) is presented and significantly extended in this dissertation. While the basic con-
cept was introduced in earlier work [344], patented [345], and commercialized via the Franka
Emika robot [346], the extension made in this dissertation represents the first systematic
effort to unify impedance with force control under a single paradigm for a more general class
of control tasks, overcoming the conventional limitations typically associated with such in-
tegration. In this regard, the expansion encompasses both regulation and tracking tasks for
both rigid-body and flexible-joint robots. This serves as the first contribution of the disser-
tation, corresponding to the research question C.1. As the second contribution, the UFIC is
extended to tackle a complex class of systems—multi-manual object manipulation. In this
context, a direction-dependent compliance adaptation law is introduced to alleviate the po-
tential conflict between two actions: maintaining contact and moving opposite to the contact
wrench, as outlined in research question C.2. This stiffness-adaptation strategy results in a
modular single-arm control law, eliminating the typical coupling between the involved arms
and significantly enhancing the scalability of the approach. The third contribution of the
dissertation, linked to research question C.3, involves enabling the utilization of force-motion
policies in scenarios where the robot controller only accepts motion commands. To achieve
this, a new type of Dynamic Movement Primitives (DMP), known as Admittance-Coupled
DMP, is introduced. Unlike other modified DMPs, the coupling term in this approach has a
clear physical interpretation, facilitating improved tuning and stability analysis.

The subsequent contributions of the dissertation focus on the design of human-centered
policies. A recurring aspect of the targeted research questions is the presence of strict ge-
ometrical constraints. To tackle this challenge, the dissertation introduces reactive policies
utilizing an auxiliary one-dimensional variable phase, determining the temporal aspect of the
desired trajectories while keeping their values intact. This not only ensures that trajectory
adaptation avoids violating constraints but also enhances the adaptation process by reducing
the space dimension to only one. Following this approach, the fourth contribution of the dis-
sertation, associated with research question P.1, introduces two phase modulation policies,
namely Impulse Orb and Prgnosis Window. These policies are defined to prevent collisions
with humans while maintaining the robot setpoint on a predefined constrained path. Ad-
dressing research question P.2, the fifth contribution of the dissertation involves introducing
an adaptive phase-based haptic motion guidance policy. This policy enables a human opera-
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Figure 1.3: Proposed framework architecture – Each building module is annotated with its corre-
sponding section number for clarity. Elements introduced later in the associated chapter
are depicted in lighter colors.

tor to steer the robot motion while ensuring that the generated desired trajectory adheres to
a constrained path. The guidance law is modular and applicable to any robot equipped with
a rigid or compliant motion controller and the capability of sensing or estimating external
wrenches. Its formulation is designed such that its actual physical behavior can be likened to
a standard mass-damper system, facilitating intuitive online adaptation methods with stabil-
ity investigation. Leveraging the manipulability analysis approach to evaluate and enhance
human ergonomics, particularly during physical human-robot interactions, this dissertation
introduces the novel concept of the Manipulability Pseudo-Ellipsoid as its sixth contribu-
tion. As addressed in research question P.3, the objective is to decrease the sensitivity of the
conventional manipulability ellipsoid approach to body configuration data. The subsequent,
i.e., seventh, contribution of the dissertation pertains to the field of robot-aided movement
rehabilitation. In response to research question P.4, a phase-based adaptation and learning
method is introduced, automatically adjusting the support level of the robot based on the
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patient’s involvement in the therapeutic motion. This approach allows for the fine-tuning
of the robot behavior along the therapeutic path, ranging from supportive to permissive.
Similar to the aforementioned methods, as the approach operates on the policy level, it is
agnostic to the controller choice.

The final set of contributions focuses on the energy aspect. These energy-based methods
do not function as independent entities but rather offer a dual theoretical perspective. In this
context, energy tanks consistently serve as a tool to ensure the stability of developed blocks.
Yet, in this dissertation, for the first time to the best of the authors’ knowledge, energy
tanks are utilized beyond the scope of ensuring stability. As the eighth contribution of the
dissertation, associated with research question E.1, a novel class of Valve-Based Energy Tanks
is defined. The formulation enables the control of energy flow, allowing for energy-based
task objectives, such as energy allocation for the prioritization of control actions. The ninth
contribution of the dissertation involves various explorations in the concepts of reference
energy-based behavior. First, model-based estimation methods for initializing energy tanks
are introduced. Next, to enhance robustness, learning methods are presented and validated
for updating the tank reference power when the robot interacts with a changing environment.
These efforts are closely tied to research question E.2. Finally, as the tenth contribution of the
dissertation, corresponding to research question E.3, energy is utilized to assess and monitor
the active participation of a patient during rehabilitation. The validity of the proposed
approach is confirmed through a systematic clinical study wherein electromyography (EMG)
was employed to assess muscle activation patterns. The approach is independent of the
choice of policy and control blocks and does not rely on sophisticated sensory devices such
as EMG.

All the contributions outlined in this work underwent rigorous experimental validation to
ensure their applicability in real-world scenarios. The stability of the derived control and
policy blocks is systematically confirmed through passivity analysis, and virtual energy tanks
are designed to rectify the identified passivity-violating components. Each of these contribu-
tions addresses a specific facet of the proposed architecture, culminating in the construction
of a versatile framework whose use cases are poised to extend beyond the confines of the
targeted research questions. The subsequent section delves into the noteworthy impact this
framework already had.

Impact

The impact of the control framework proposed in this dissertation spans four distinct per-
spectives, ranging from applications where a single arm must robustly perform tactile ma-
nipulation tasks to more intricate scenarios involving multiple robots or even human-robot
interactions.

Single-Robot Tactile Manipulation: The initial set of impacts from this dissertation
centers around the concept of UFIC—a robust solution for the simultaneous control of force
and motion. Illustrating only a fraction of its potential use cases, particularly in industrial
applications, a permanent demonstration setup titled “Future of Work” has been established;
see Figure 1.4. This setup incorporates various tactile manipulation tasks and features
additional concepts proposed in the dissertation, including energy awareness and safety-
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enhancing speed adaptation. The Future of Work demonstrator has already been showcased
at prestigious technological exhibitions, including the Hannover Messe, one of the world’s
largest trade fairs dedicated to the topic of industry development, and Automatica, the
world’s leading trade fair for smart automation and robotics. These exhibitions provided a
platform to reach a crucial audience spanning from the scientific to the governmental world.
UFIC constitutes the foundational component of the MIRMI Institute’s robot control library,
MIOS, and numerous recent published research and developments have continually built
upon it. UFIC serves as the core component of the European Union project ReconCycle
(Nr. 871352), aimed at developing robotic workcells for the recycling of electronic waste
(see Figure 1.4). The robust control of force and motion enabled by UFIC facilitates the
disassembly of sub-parts that should not undergo the typical crushing process. ReconCycle
follows the success of another European Union project, ReconCell (Nr. 680431), focusing
on automated assembly processes. Notably, the Admittance-Coupled DMP concept was
developed and used in the ReconCell project.

Figure 1.4: UFIC Framework Applications. Left: Future of Work demonstration setup; Right:
Electronic waste disassembly work-cell for the ReconCycle project.

Multi-Robot Tactile Manipulation: A consistent approach used throughout the disserta-
tion is energy-based control, with a major application focused on stabilizing the developed
systems. This encompasses diverse applications, ranging from a single pneumatic actua-
tor as part of the European project SoftPro (Nr. 688857), aimed at developing assistive
devices like prosthetics, to a telepresence setup consisting of two separated arms designed
for an infection-free medical examination during the peak of the Covid-19 era, as part of
the BMBF national project ProteCT (Nr. 16SV8569), see Figure 1.5. One outcome of the
energy-based approach is the introduction of Valve-Based Energy Tanks, enabling the al-
location of energy among multiple actions and components. This concept is systematically
applied in another national project named VERITAS (Nr. 16SV7987), which focuses on the
design of distributed control for dynamically cooperating smart machines. The next analo-
gous scenario in this dissertation, involving multiple cooperative robots, revolves around the
challenge of multi-manual object manipulation. The extended UFIC, with the capability of
direction-dependent compliance adaptation, offers a highly modular and scalable solution,
allowing for the addition or removal of cooperative arms on the fly (see Figure 1.5). This
approach has been applied in the national project KoBo34 (Nr. 16SV7987), with the aim of
developing bimanual assistive robots.
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Figure 1.5: Manipulation tasks demanding multiple arms. Left: Telemedicine setup for the ProteCT
project; Right: Multi-Manual Object Manipulation demonstration setup.

Human-Robot Interaction: A crucial aspect considered in the Future of Work demon-
strator involves the coexistence of working humans and robots in close proximity. To bolster
safety, the phase-modulation approaches introduced in this dissertation are employed to ad-
just the robot speed based on the proximity of the human intended body part (e.g., the
wrist). This proximity is detected by an embedded depth camera in the setup equipped
with the OpenCV3 software [347]; see Figure 1.6. These advancements in safe physical
human-robot interaction played a pivotal role in the European project ILIAD (Nr. 732737),
aiming to safely integrate robotic solutions with existing warehouse facilities. The subsequent
human-robot interaction scenario addressed in this dissertation involves the development of
the haptic motion guidance law. Utilizing this modular policy allows for human-robot co-
manipulation tasks, where the robot strength and accuracy can be combined with human
guidance and decision-making capability. A practical application of this approach is demon-
strated in a dedicated setup (see Figure 1.6). Furthermore, this approach contributed to
the Geriatronics project (Nr. 5140951), which aims to enhance the lives of elderly people
through the use of intelligent robotics.

Figure 1.6: Human-robot interaction. Left: Safety-enhancing speed modulation in the Future of
Work demonstrator; Right: Precision-improved co-manipulation in wood engraving.

Movement Rehabilitation: The proposed framework has a significant impact on the field
of rehabilitation. The novel support-adaptive policy introduced in this dissertation not only
facilitates Assist-As-Needed therapy (providing optimum support to the patient) but also
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enables even minimally back-drivable robots to exhibit permissive behavior—a crucial com-
ponent in the process of neural recovery. The controller-agnostic nature of the approach,
coupled with the absence of a requirement for precise force sensing or additional sensors
like Electromyography (EMG), significantly enhances its practicality, making movement re-
habilitation more accessible to the growing population in need. This patented invention
has been implemented on a lower-limb rehabilitation device (see Figure 1.7), obtained CE
certification, been commercialized, and today is globally available. Several subsequent clin-
ical studies have acknowledged the effectiveness of the approach [348]. Among these, this
dissertation also investigates the proposed approach through a series of clinical studies uti-
lizing two innovative patient monitoring metrics. With such a learning-based technology,
rehabilitation can be conducted by individuals without specialized therapy training, such as
those in home care settings. The approach has garnered acknowledgment from governmental
and scientific organizations and is recognized with numerous awards, including the annual
European Technology Transfer award [349] for the best research-based commercialized tech-
nology in Europe. Finally, another impactful contribution to the field of rehabilitation is the
development of the energy-based method for observing patient participation in therapeutic
motion. This approach alleviates the typical need for sophisticated sensory devices such as
EMG, making it practical for environments like the Intensive Care Unit (ICU). These strides
in robot-aided rehabilitation have significantly contributed to national projects, including
MobIPaR (Nr. 16SV7987), aiming for the mobilization of those in need of intensive care
through adaptive robotics, and AI.D (Nr. 16ME0539K), aiming to use robotic devices to
help neurologically ill patients regain their motor functions.

Figure 1.7: VEMOTION®: The commercialized lower-limb rehabilitation robot featuring the inno-
vative CE-certified support adaptation/learning method (Reactive Robotics GmbH).
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1.4 Dissertation Structure

The dissertation begins by exploring the foundational concepts in Chapter 2 necessary to
build the proposed framework. It then systematically applies these concepts to derive each of
the comprising blocks of the framework. Chapter 3 presents the derivation of the controller
modules, showcasing how even simple policies can enable the performance of numerous tactile
manipulation tasks. In Chapter 4, three phase-based human-centered policies are presented,
addressing more intricate objectives. Finally, Chapter 5 presents energy-based methods
beyond those used throughout the entire dissertation for stability analysis. The specific
details covered in each chapter are outlined in the following.
In Chapter 2, the foundational concepts are introduced. First, in Section 2.1, the terms and

preliminaries necessary for modeling rigid-body and flexible-joint manipulators are presented.
Next, Section 2.2 outlines the Port-Hamiltonian framework, serving as the cornerstone for the
consistently-employed port-based modeling approach. Port-based modeling is crucial for the
passivity analysis and the valve-based virtual energy tank augmentation methods presented
in Section 2.3. These approaches are pivotal for ensuring the stability of the developed
algorithms throughout the dissertation. Chapter 3 focuses on empowering the command of
desired force and motion values for a manipulator. To achieve this goal, it introduces an
extension and generalization of the unified force-impedance control (UFIC) in Section 3.1 for
tracking and regulation tasks applicable to both rigid-body and flexible-joint robots. Moving
forward, Section 3.2 further extends UFIC to enable a cooperating team of robots to hold
and transport an object. Finally, in Section 3.3, the derivation of admittance-coupled DMPs
is presented, allowing the utilization of force-motion policies when the robot controller only
accepts motion commands.
In Chapter 4, the focus shifts to planning aspects, particularly in scenarios involving hu-

mans. In Section 4.1, the concept of phase is introduced to encode desired force and motion
trajectories, rendering them time-independent. Subsequently, two distinct phase modula-
tion methods are introduced in this section to prevent collisions between the robot and the
human. In contrast, the phase modulation law introduced in Section 4.2 aims to enable
path-constrained haptic motion guidance. This section also introduces the concept of ma-
nipulability pseudo-ellipsoid for assessing the ergonomics of the human and adapting the
guidance law accordingly. Finally, in Section 4.3, the support-adaptive movement rehabilita-
tion policy is derived using the third phase modulation strategy proposed in the dissertation.
In Chapter 5, the challenges of control and planning are approached through a distinct lens:
energy. In this context, valve-based virtual energy tanks are used for task prioritization
in Section 5.1. Following that, in Section 5.2, both model-based and learning-based meth-
ods are presented for planning the reference behaviors of the energy tanks. Ultimately,
in Section 5.3, the robot-aided rehabilitation is revisited, introducing an energy-based ap-
proach for monitoring the patient participation actively during therapy. Figure 1.3 provides
a schematic representation of the proposed control framework constructed throughout the
dissertation. Having explored the fundamentals in Chapter 2 and subsequently crafted the
proposed framework in Chapters 3 to 5, Chapter 6 concludes the dissertation, encapsulating
the key findings and elucidating the avenues for future work.
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Below, the publications, peer-reviewed conferences, and patents whose findings significantly
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their relevance to the associated sections.
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2 Foundations: Passivity-Based Modeling and
Stabilization in Manipulation

To effectively utilize a device, a thorough understanding of its functioning is imperative.
This involves identifying a suitable model for the device, which ultimately enables the proper
formulation of approaches for its optimal usage. In the case of a manipulator, there are al-
ready standard methods for its modeling. Among these, similar to any rigid-body object, a
widely used modeling approach involves deriving the dynamic relation between the gener-
alized forces acting on the robot and the resulting motion. Here, this established approach
is integrated with another modeling technique known as port-based modeling. Rooted in
the port-Hamiltonian paradigm, this methodology not only facilitates the development of a
modular architecture comprising the manipulator’s physical components but also allows the
design and incorporation of virtual components, such as control and policy modules, in a
stable manner. The key principle underlying this approach is the conservativity of energy,
providing a robust foundation for stability analysis, particularly through the lens of passiv-
ity. Passivity analysis offers an intuitive means to verify system stability. For components
where stability cannot be guaranteed, straightforward approaches like virtual energy tank
augmentation methods can be employed. This chapter introduces fundamental concepts in
modeling and passivity analysis, subsequently presenting an innovative enhancement to the
virtual energy tank formulation. These concepts are a central tool throughout the disserta-
tion to construct the proposed control architecture.
The chapter initiates with the exploration of kinematics and dynamics modeling, covering

both rigid-body and flexible-joint robots. Following this, a brief historical overview of the
port-Hamiltonian approach is provided, laying the groundwork for the introduction of its
fundamental concepts. Subsequently, the port-based modeling of a flexible-joint manipulator
in contact with the environment is systematically derived. The next section introduces the
concept of passivity, specifically within the context of port-based modeling. Passivity is
then correlated with the well-established Lyapunov stability approach, providing a better
understanding of the concept. The chapter culminates in the presentation of the foundational
formulation of a novel concept: valve-based virtual energy tanks. Virtual tanks are employed
extensively throughout the dissertation for the design and stabilization of control and policy
modules.
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2.1 Manipulator Modeling

2.1 Manipulator Modeling

In this section, fundamental concepts related to the kinematics and dynamics modeling
of a manipulator are introduced. The discussion begins with the characterization of robot
motion in different spaces. Subsequently, the dynamic relation between the generalized forces
acting on a robot and the resulting motion is explored through the development of the robot
dynamics model. Finally, the potential influence of joint elasticity on the derived models is
discussed, presenting a control law that allows for shaping such effects.

2.1.1 Rigid-Body Robot

Consider a robot with n degrees of freedom, as exemplified in Figure 2.1, where its joint
angles are indicated by q ∈ Rn. Additionally, let x ∈ Rm represent the pose of the robot
center of rotation, defining the robot motion and typically coinciding with the robot end-
effector, in an m-dimensional Cartesian space with the origin at the robot base frame. For
such a robot, a configuration-dependent Jacobian matrix J(q) ∈ Rm×n can be identified
from the robot kinematics model, relating the joint velocity q̇ ∈ Rn to the center of rotation
twist ẋ ∈ Rm via [365]

ẋ = J(q)q̇. (2.1)

Please note that throughout the dissertation, rotation matrices1 R ∈ R3×3 are utilized to
identify the rotational component of a pose, for instance, in determining the tracking error

1Elements of the special orthogonal group SO(3); refer to [366].
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Figure 2.1: Kinematics variables of a manipulator

for motion control. However, for a clearer representation of the derivation of the proposed
approaches, a pose is presented as a vector comprising the translational component xt ∈ Rmt
as well as the rotational part2 xr ∈ Rmr , using Euler angles as an example. Note that the
rotational component of a twist ẋr (i.e., angular velocity) is related to the rotation matrix
via

RT Ṙ = [ẋr]× (2.2)

where [.]× is the skew-symmetric matrix representation of a vector. For more information,
please refer to [366].

In cases where the robot center of rotation is aligned but not coincident with its end-
effector, let xee ∈ Rm indicate the pose of the end-effector. Additionally, let ee

eepcr ∈ Rmt
be the vector connecting the end-effector to the center of rotation, represented in the end-
effector frame. Under this consideration, the Jacobian matrix can be deconstructed as

J(q) = eeJ Jee(q), (2.3)

where Jee(q) ∈ Rm×n is the robot Jacobian matrix to the end-effector such that

ẋee = Jee(q)q̇, (2.4)

with ẋee ∈ Rm denoting the end-effector twist. Moreover, eeJ ∈ Rm×m is the Jacobian
matrix relating the end-effector twist to the center of rotation twist as

ẋ = eeJ ẋee, (2.5)

which is derived as

eeJ =

[
Imt [eeeep]

T
×

0mt×mt Imt

]
. (2.6)

2mt +mr = m.
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Considering M(q),C(q, q̇) ∈ Rn×n as the symmetric positive-definite mass (inertia) ma-
trix as well as the centrifugal and Coriolis matrix of the robot, respectively, the robot dy-
namics equation is well-known [367] to be

M(q)q̈ +C(q, q̇)q̇ = τ , (2.7)

where q̈ ∈ Rn is the joint acceleration vector, and τ ∈ Rn represents the net torque being
applied on the robot links derived as

τ = τm + τ ext − τ fri − τ g. (2.8)

Here, τm, τ ext ∈ Rn represent the torques applied to the links by the motors (equivalent
to the control input) and the external wrenches, respectively. Additionally, τ fri(q, q̇) ∈ Rn
denotes the friction torque3, ensuring the satisfaction of

q̇Tτ fri(q, q̇) ≥ 0. (2.9)

Finally, with Ug ∈ R≥0 representing the gravitational energy of the links, the gravity torque4

τ g(q) ∈ Rn is derived as

τ g(q) =
∂Ug
∂q

. (2.10)

The dynamics equation (2.7) can be expressed in the Cartesian space as [368]

MC(q)ẍ+CC(q, q̇)ẋ = f , (2.11)

in which ẍ ∈ Rm denotes the acceleration twist vector of the center of rotation. Additionally,
matrices MC(q), CC(q, q̇) ∈ Rm×m, and vector f ∈ Rm represent the robot mass matrix,
Coriolis and centrifugal matrix, and the joint torque vector, respectively, expressed in the
Cartesian space and derived as [368]

MC(q) = J−T (q)M(q)J−1(q), (2.12)

CC(q, q̇) = J−T (q)C(q, q̇)J−1(q)−MC(q)J̇(q)J
−1(q), (2.13)

f = J−T (q)τ . (2.14)

Here, J̇(q) ∈ Rm×n is the time derivative, and JT (q),J−1(q) ∈ Rn×m are the transpose and

the inverse of the Jacobian matrix, respectively, and J−T (q) =
(
J−1(q)

)T
. If the Jacobian

matrix is not invertible, one viable option, as suggested in [369], is to employ the right-
hand Moore-Penrose pseudo-inverse J−1 = JT (JJT )−1. Furthermore, while acknowledging
the non-uniqueness of the centrifugal and Coriolis matrix, as highlighted in [367], in this
dissertation, a specific selection is made in such a way that

CC(q, q̇) +CT
C(q, q̇) = ṀC(q, q̇), (2.15)

3Please note that, in general, the friction torque can be considered as a function of joint angles and velocities,
denoted as τ fri(q, q̇). However, for the sake of brevity, throughout the dissertation, this dependency is
often omitted in its notation, and thus τ fri is used.

4Please note that the gravity torque is a function of joint angle, denoted as τ g(q). However, for the sake of
brevity, throughout the dissertation, this dependency is often omitted in its notation, and thus τ g is used.
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Figure 2.2: A single-link flexible-joint robot

yielding the skew symmetry of the matrix ṀC(q, q̇)− 2CC(q, q̇). Finally, akin to (2.8), the
vector f in (2.11) can be interpreted as

f = fm + f ext − f fri − fg, (2.16)

where fm,fg,f fri ∈ Rm denote the motor, gravity, and the friction torques, respectively,
represented in the Cartesian space, and f ext ∈ Rm is the external wrench applied to the
robot. The individual torque and wrench vectors in (2.8) and (2.16) can be mapped and
converted into each other through the Jacobian matrix, as

τm = JT (q)fm, (2.17)

τ ext = JT (q)f ext, (2.18)

τ fri = JT (q)f fri, (2.19)

τ g = JT (q)fg. (2.20)

2.1.2 Flexible-Joint Robot

For lightweight or Series Elastic Actuator-type systems, the modeling presented above lacks
the necessary precision to describe the inherent dynamics, mainly due to the presence of
a flexible transmission. The joint elasticity induced by gears (e.g., Harmonic Drive gear)
and integrated joint torque sensors cannot be overlooked and must be considered. Referring
to (2.8), while a rigid-body robot directly transmits the motor torque τm to the links, a
flexible-joint robot exhibits elasticity between the motors and the links, as discussed in [370];
see Figure 2.2. Consequently, the joint angles q deviate from the motor angles θ ∈ Rn,
leading to the mass matrix and the centrifugal and Coriolis matrix no longer incorporating
the motor inertia. The net torque in the dynamics equation (2.7) is then derived as

τ = τ j + τ ext − τ fri − τ g, (2.21)

where τ j ∈ Rn represents the torque generated by the elastic joints, derived as [370]

τ j = Kj(θ − q) +Dj(θ̇ − q̇), (2.22)

in which θ̇ ∈ Rn denotes the motor velocity and Kj ,Dj ∈ Rn×n are diagonal positive
definite matrices representing the lumped joint stiffness and damping, respectively. Lastly,
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considering Bm ∈ Rn×n as the diagonal positive definite motor inertia matrix, the motor
angles θ would evolve according to the motor torque τm and the elastic joint torque τ j via

Bmθ̈ = τm − τ j . (2.23)

Notably, for the sake of simplicity, motor friction is omitted in (2.23).

Inertia Shaping Through Joint Torque Feedback

Flexible-joint robots, when equipped with joint torque sensing, provide the capability to
shape both motor inertia and joint damping. This can be achieved by implementing the
following low-level control law [283].

τm = BmB
∗−1

m τm,j + τ j,K +DjK
−1
j τ̇ j,K −BmB

∗−1

m (τ j,K +D∗
jK

−1
j τ̇ j,K). (2.24)

Here, τ j,K = Kj(θ − q), and B∗
m,D

∗
j ∈ Rn×n represent the intended shaped values of the

motor inertia and joint damping, respectively. Additionally, τ ∗
m,j denotes the new auxiliary

high-level control input, which can be assigned according to the manipulation task. As a
result, the shaped motor and flexible-joint dynamics equations become

B∗
mθ̈ = τm,j − τ ∗

j , (2.25)

τ ∗
j = Kj(θ − q) +D∗

j (θ̇ − q̇). (2.26)

Complete Dynamics Model of a Flexible-Joint Robot

Note that (2.22) and (2.23) are associated with the reduced dynamics model of a flexible-joint
robot. The complete model is typically represented as [251, 371][

M j(q) Sj(q)

STj (q) Bm

] [
q̈

θ̈

]
+Cj(q, q̇)

[
q̇

θ̇

]
+

[
τ g −Kj(θ − q)−Dj(θ̇ − q̇)

Kj(θ − q) +Dj(θ̇ − q̇)

]
=

[
τ ext − τ fri

τm

]
,

(2.27)

where

M j(q) = M(q) +Mm(q) + Sj(q)B
−1
m STj (q). (2.28)

Here, Mm(q) ∈ Rn×n encompasses the rotor masses and possible rotor inertial components
along other principal axes. The matrix Sj(q) ∈ Rn×n denotes the inertial couplings between
the rotors and the preceding links in the robot chain, and Cj(q, q̇) ∈ R2n×2n represents the
centrifugal and Coriolis matrix of the flexible-joint robot. Note that, similar to (2.23), the
effects of motor-side friction are excluded in (2.27).
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2.2 Port-Based Modeling in Manipulation

This section explores the port-based modeling approach and its application in modeling
a tactile manipulator. Rooted in the port-Hamiltonian framework, the section begins with
a brief history of the approach and the fundamental concepts. Subsequently, an exemplary
modular architecture is derived, encompassing various elements involved in a flexible-joint
manipulator in contact with the environment, utilizing the introduced concepts.

2.2.1 Port-Hamiltonian Systems

The concept of a port originated in electrical circuit theory in the late 1940s, introduced by
Wheeler and Dettinger [372]. However, it was Henry M. Paynter who extended this notion
to encompass arbitrary power ports, applicable universally, and introduced the concept of
a bond as the connecting line between two ports. Paynter finalized and presented the bond
graph notation during a lecture in 1959 at the MIT Mechanical Engineering department
[373]. This development was inspired by the American philosopher Charles Sanders Peirce,
who reversed the conventional interpretation of graphs by associating edges with objects and
nodes with operations5.
A port functions as a conceptual interface facilitating interaction between systems. This in-

teraction, intrinsically tied to the exchange of energy (i.e., power), is symbolized as a (power)
bond. Consequently, a bond signifies a bilateral relationship between two ports of the inter-
acting systems. The bidirectional nature of this energy-coupled relation implies the existence

5See also https://sites.utexas.edu/longoria/hmp.
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of two variables associated with the power represented by the bond. These variables, termed
power-conjugate variables, typically yield transferred power through a product operation and
are known as effort and flow in a domain-independent scenario. In domain-dependent in-
stances, examples of effort and flow encompass voltage and current in the electromagnetic
domain, pressure and volume flow in hydraulic and pneumatic domains, entropy flow and
temperature in the thermal domain, and force and velocity in the mechanical domain.
In the early 1990s, Maschke and Van der Schaft [374] discovered that by integrating the

bond graph formalism with Hamiltonian dynamics, it becomes possible to model and control
physical systems interacting with their environment in a well-defined manner. They termed
this approach a port-controlled Hamiltonian system and demonstrated several advantages
of such modeling. Hamiltonian dynamics modeling shares similarities with the Lagrangian
method, with a significant advantage in handling a larger number of interacting systems
[375]. The key advantage lies in the Hamiltonian formulation’s close correlation with energy.
Since energy is an accumulative term, Hamiltonian models of a network of subsystems can
seamlessly merge into a unified system model. These characteristics suggest inherent sim-
ilarities between Hamiltonian dynamics modeling and the bond graph formalism. In fact,
any bond graph can be associated with a Hamiltonian representation [376]. The integration
of Hamiltonian dynamics with the port-based bond graph formalism creates a powerful tool
for describing dynamical systems through a generalizable and modular geometric structure
[377]. Systems represented using such modeling are referred to as port-Hamiltonian systems
and prove particularly advantageous in modeling a network of interacting dynamical systems.
Figure 2.3 illustrates a general port-Hamiltonian system. Central to the derivation of port-

Hamiltonian systems is the concept of a Dirac structure, denoted6 by D in Figure 2.3, which
unifies the description of interactions in physical systems. Its role is to connect the ports in a
power-conservative manner, ensuring that the total power associated with the port variables
is zero. Considering F as the finite-dimensional linear space of flows (e.g., F = Rk), and
E as its dual linear (efforts) space, i.e., E := F ‡ (e.g., F = (Rk)‡), the total space of flow
and effort variables is F × F ‡. Now, considering f ∈ F and e ∈ E as the elements of such
spaces, the power associated with the total space of port variables is defined as

P = ⟨e|f⟩, (f , e) ∈ F × F ‡, (2.29)

where ⟨.|.⟩ denotes the dual product operation. In the case where efforts and flows are defined
as column vectors, it becomes

⟨e|f⟩ = eTf . (2.30)

A Dirac structure on the space F × F ‡ is the largest subspace D ⊂ F × F ‡ such that for
all (f , e) ∈ D , the associated power is zero (i.e., ⟨e|f⟩ = 0). Therefore, considering the port
variables in Figure 2.3 as column vectors, the depicted Dirac structure D implies

eTSfS + eTRfR + eTPfP = 0. (2.31)

Figure 2.3, potentially representing a single physical entity, illustrates three distinct ele-
ments with unique physical behavior types, interconnected through the Dirac structure D .

6Please note that the variables associated with the Dirac structure formulation presented in Section 2.2.1
are not explicitly listed in the Notation section.
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Figure 2.3: Dirac structure D, connecting the energy storage S, energy dissipation R, and external
elements P in a power-conservative manner

This categorization, rooted in fundamental elementary behaviors in physical systems, can
significantly enhance the modeling process. According to the bond graph formalism, any
physical system (or subsystem) can be perceived as an interconnection of components from
a relatively small set of dynamic elements. The three elements in Figure 2.3 represent three
energy-based behaviors of a physical system and are explained in the following.

Energy Storage: The energy storage element corresponds to all system components ca-
pable of storing energy. Examples specific to domains include the spring and mass in the
mechanical domain or the capacitor and inductor in the electrical domain. These elements
are characterized by a state space manifold X with coordinates x, and a Hamiltonian func-
tion H : X → R≥0 representing their stored energy. The port variables eS ,fS are connected
to their energy and state variables as follows:

eS =
∂H(x)

∂x
, fS = −ẋ. (2.32)

Thus, the power associated with the energy storage ports becomes

PS = eTSfS = −
(
∂H(x)

∂x

)T
ẋ = −Ḣ(x), (2.33)

indicating that the transferred power from the energy storage element corresponds to the
rate of change of stored energy. For instance, in the case of an ideal capacitor, where the
state variable is the electrical charge x = q and the stored energy is H = q2/2C (with C
as the capacitance parameter), the effort and flow variables are es = ∂H/∂x = q/C = v
and fs = −q̇ = −i, where v and i represent the capacitor voltage and electrical current,
respectively. The electrical power from the capacitor is then PS = −vi = −Ḣ(x).

Energy Dissipation: The energy dissipating (resistive) element corresponds to the behavior
of energy dissipation, also known as irreversible energy transformation. Examples include
friction in the mechanical domain or resistance in the electrical domain. Typically, the energy
dissipation port variables adhere to a static resistive relation R(eR,fR) = 0, such that for
all (fR, eR)

PR = ⟨eR|fR⟩ ≤ 0. (2.34)

In essence, the energy dissipation element consistently injects negative power into the port-
Hamiltonian system. For instance, in the case of an electrical resistor, the port variables
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Pin

Figure 2.4: Compact port-based representation of a general (passive) system

are eR = v = iR and fR = −i, where R ≥ 0 is the resistance parameter. Accordingly, the
resistive relation is R(eR, fR) = eR + RfR = 0, and the power emanating from the resistor
is PR = eRfR = −Ri2, which is consistently negative.

External Ports: In a general context, the energy storage and energy dissipation elements
are regarded as the internal components of a port-Hamiltonian system. The system engages
with external elements through its external ports, which might be linked to controller actions,
energy sources, or other port-Hamiltonian systems. The power corresponding to the external
ports is

PP = eTPfP . (2.35)

The port-Hamiltonian system, characterized by the state space X and Hamiltonian H
associated with the energy storage port S , energy dissipation port R, external ports P,
and the Dirac structure D , can be explicitly represented as Σ = (X , H,R,P,D). The
dynamics of the port-Hamiltonian system are derived from the constraints imposed by the
Dirac structure

(eS ,fS , eR,fR, eP ,fP ) ∈ D , (2.36)

which according to (2.31) and (2.33) results in

Ḣ = eTRfR + eTPfP . (2.37)

To construct a more compact representation for a network model of interacting physical
systems, the conventional depiction of Figure 2.3 can be replaced. Figure 2.4 illustrates an
alternative port-based representation, where the circle corresponds to the storage element
of the system with the stored energy S ∈ R≥0, equivalent to the Hamiltonian function H.
The zigzag arrow indicates the dissipation power Pdiss ∈ R≥0, equivalent to (−PR) in (2.34),
associated with the dissipation element. The system interacts with its outer world via its
interaction port(s), through which the transferred power Pin is injected into the system.
The arrow drawn on the interaction port indicates the power flow direction when the dual
product of the port variables has a positive sign. Finally, the dynamics equation (2.37) is
rewritten for the new port-based representation as follows:

Ṡ = Pin − Pdiss. (2.38)

Consistently throughout this dissertation, the geometric structure illustrated in Figure 2.4
and the associated energy dynamics equation (2.38) are employed to construct energy-based
system models and design energy-aware, stable controllers.
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Ṡ

Figure 2.5: Port-based model of a rigid-body robot

2.2.2 Port-Based Modeling of a Tactile Manipulator

In this section, a port-based representation of a flexible-joint7 manipulator in contact with
the environment is developed, along with the associated energy dynamics equations (2.38),
following the modeling approach outlined in Section 2.1. As mentioned earlier, modularity
is one of the main advantages of port-based modeling. Consequently, the subsystem models
involved are derived individually and then interconnected in a power-conservative manner.

Rigid-Body Robot: The energy storage element of a rigid-body robot, similar to any
rigid-body object, is associated with two energy types: kinetic energy8 T and gravitational
potential energy Ug. Accordingly, the storage function S becomes

S = T + U =
1

2
q̇TM(q)q̇ + g0

n∑
i=1

mihi(q), (2.39)

where g0 ≈ 9.81 m/s2 is the gravity acceleration. For the i-th link, mi ∈ R>0 is the weight,
and hi ∈ R≥0 is the height of its center of mass. The energy dissipation element is associated
with the friction torque, and considering (2.9), the dissipation power becomes

Pdiss = q̇Tτ fri. (2.40)

Finally, considering (2.21) and (2.23), the external ports of the rigid-body robot represent
its interaction with the joints and the surrounding environment. The associated power is

Pin = q̇Tτ j + q̇Tτ ext. (2.41)

7The port-based model of a flexible-joint manipulator encompasses the rigid-body manipulator model.
8Please note that, in this context, without compromising the validity of the approach, the robot velocity
was utilized in the derivation of the kinetic energy instead of the generalized momenta vector ρ = M(q)q̇.
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Figure 2.6: Port-based model of a flexible joint

The energy dynamics (2.38) should be consistent with the derived storage function and
powers. To confirm this, the time evolution of the storage function S can be analyzed.

Ṡ = Ṫ + U̇g (2.42)

=
1

2
q̇TṀ(q)q̇ + q̇TM(q)q̈ + q̇T

∂Ug
∂q

(2.43)

=
1

2
q̇TṀ(q)q̇ − q̇TC(q, q̇)q̇ + q̇Tτ + q̇Tτ g (2.44)

=
1

2
q̇T
(
Ṁ(q)− 2C(q, q̇)

)
q̇︸ ︷︷ ︸

0

+ q̇Tτ j + q̇Tτ ext︸ ︷︷ ︸
Pin

− q̇Tτ fri︸ ︷︷ ︸
Pdiss

−q̇Tτ g + q̇Tτ g︸ ︷︷ ︸
0

(2.45)

= Pin − Pdiss. (2.46)

Here, (2.7) and (2.10) are used to derive (2.44), and the skew-symmetry of the matrix(
Ṁ(q)− 2C(q, q̇)

)
is considered in (2.45). Moreover, the non-negativity of Pdiss in (2.46)

is observed in (2.9). Figure 2.5 shows the port-based modeling of the rigid-body robot.

Flexible Joint: The storage element of the flexible joint system, as explained in Section 2.1,
is associated with the motor inertia Bm and the joint elasticity Kj , with the storage function
Sj as

Sj =
1

2
θ̇
T
Bmθ̇ +

1

2
(θ − q)TKj(θ − q). (2.47)

The dissipation element corresponds to the joint damping Dj , with the dissipation power

Pdiss,j = (θ̇ − q̇)TDj(θ̇ − q̇) ≥ 0. (2.48)

Finally, the external ports are connected to the motor and the rigid-body robot with the
following input power to the flexible joint.

Pin,j = θ̇
T
τm − q̇Tτ j . (2.49)
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Figure 2.7: Port-based model of a viscoelastic surface

Accordingly, the derivative of the storage function Sj becomes

Ṡj = θ̇
T
Bmθ̈ + (θ̇ − q̇)TKj(θ − q) (2.50)

= θ̇
T
(τm − τ j) + (θ̇ − q̇)T

(
τ j −Dj(θ̇ − q̇)

)
(2.51)

= θ̇
T
τm−θ̇

T
τ j + θ̇

T
τ j︸ ︷︷ ︸

0

−q̇Tτ j − (θ̇ − q̇)TDj(θ̇ − q̇) (2.52)

= Pin,j − Pdiss,j , (2.53)

where (2.23) and (2.21) are considered to derive (2.51). The port-based modeling of the
flexible joint system is illustrated in Figure 2.6.

Contact: Here, a simplified model of a spring-damper system is considered to be used in
modeling the contact surface of the environment (e.g., a wall) that is touched by the robot.
Let xenv ∈ Rm represent the stationary rest pose of the contact surface (i.e., ẋenv = 0), and
Kenv, Denv ∈ Rm×m denote the stiffness and damping matrices of the surface, respectively.
The external wrench applied to the robot is then given by

f ext = Kenv(xenv − x)−Denvẋ, (2.54)

where x is the robot end-effector pose in the Cartesian space. The storage function of such
a contact model is

Senv =
1

2
(xenv − x)TKenv(xenv − x), (2.55)

and the dissipation power associated with the contact damping is

Pdiss,env = ẋTDenvẋ ≥ 0. (2.56)

Moreover, the input power injected into the system through its external port is

Pin,env = −ẋTf ext. (2.57)

Finally, the time evolution of the storage function becomes

Ṡenv = (ẋenv︸︷︷︸
0

−ẋ)TKenv(xenv − x) (2.58)

= −ẋT (f ext +Denvẋ) (2.59)

= −ẋTf ext − ẋTDenvẋ (2.60)

= Pin,env − Pdiss,env, (2.61)
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Ṡj

<latexit sha1_base64="+8WZnCbtcwB3aX2q9/pj4oCtAxQ=">AAAB/HicbVDNS8MwHE3n15xf1R29BIfgabTi523gRW8T3AespaRpuoUlbUlSoZT5r3jxoIhX/xBv/jemXRF1Pgh5vPf7kZfnJ4xKZVmfRm1peWV1rb7e2Njc2t4xd/f6Mk4FJj0cs1gMfSQJoxHpKaoYGSaCIO4zMvCnV4U/uCdC0ji6U1lCXI7GEQ0pRkpLntl0/JgFMuP6yh2F0pnHPbNlta0ScJHYFWmBCl3P/HCCGKecRAozJOXIthLl5kgoihmZNZxUkgThKRqTkaYR4kS6eRl+Bg+1EsAwFvpECpbqz40ccVnk05McqYn86xXif94oVeGFm9MoSRWJ8PyhMGVQxbBoAgZUEKxYpgnCguqsEE+QQFjpvhplCZcFTr+/vEj6x237rH1ye9Lq3FR11ME+OABHwAbnoAOuQRf0AAYZeATP4MV4MJ6MV+NtPlozqp0m+AXj/QvA3pWn</latexit>⌧m

<latexit sha1_base64="nbl9um4SbvBRGGRrcUtBLapni30=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5JIfe0KbnRXwT6gCWUymbRDJw9mboQSght/xY0LRdz6Fe78GydpELUeGOZwzr0z9x435kyCaX5qlYXFpeWV6mptbX1jc0vf3unKKBGEdkjEI9F3saSchbQDDDjtx4LiwOW0504uc793R4VkUXgL05g6AR6FzGcEg5KG+p7tRZDabsQ9OQ3UldowpoCzbKjXzYZZwJgnVknqqER7qH+ot0gS0BAIx1IOLDMGJ8UCGOE0q9mJpDEmEzyiA0VDHFDppMUKmXGoFM/wI6FOCEah/uxIcSDzAVVlgGEs/3q5+J83SMA/d1IWxgnQkMw+8hNuQGTkeRgeE5QAnyqCiWBqVoOMscAEVGq1IoSLHCffK8+T7nHDOm00b5r11nUZRxXtowN0hCx0hlroCrVRBxF0jx7RM3rRHrQn7VV7m5VWtLJnF/2C9v4FyTyYfg==</latexit>

✓̇

<latexit sha1_base64="f0ZGwR42rzhMgQDkOVxqZpCdmkI=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZRE6mtXcKO7CvYBbQiTyaQdOpmEmYkQQpZu/BU3LhRx6ye4829M0ihqPTBw5px7ufceJ2RUKsP40Cpz8wuLS9Xl2srq2vqGvrnVlUEkMOnggAWi7yBJGOWko6hipB8KgnyHkZ4zucj93i0Rkgb8RsUhsXw04tSjGKlMsvXdtp0MfaTGwk9cKmV6CL++MpZpaut1o2EUgLPELEkdlGjb+vvQDXDkE64wQ1IOTCNUVoKEopiRtDaMJAkRnqARGWSUI59IKykOSeF+prjQC0T2uIKF+rMjQb6Use9klfmS8q+Xi/95g0h5Z1ZCeRgpwvF0kBcxqAKYpwJdKghWLM4IwoJmu0I8RgJhlWVXK0I4z3H8ffIs6R41zJNG87pZb12VcVTBDtgDB8AEp6AFLkEbdAAGd+ABPIFn7V571F6012lpRSt7tsEvaG+fKPma4Q==</latexit>

Pdiss,sys

<latexit sha1_base64="+8WZnCbtcwB3aX2q9/pj4oCtAxQ=">AAAB/HicbVDNS8MwHE3n15xf1R29BIfgabTi523gRW8T3AespaRpuoUlbUlSoZT5r3jxoIhX/xBv/jemXRF1Pgh5vPf7kZfnJ4xKZVmfRm1peWV1rb7e2Njc2t4xd/f6Mk4FJj0cs1gMfSQJoxHpKaoYGSaCIO4zMvCnV4U/uCdC0ji6U1lCXI7GEQ0pRkpLntl0/JgFMuP6yh2F0pnHPbNlta0ScJHYFWmBCl3P/HCCGKecRAozJOXIthLl5kgoihmZNZxUkgThKRqTkaYR4kS6eRl+Bg+1EsAwFvpECpbqz40ccVnk05McqYn86xXif94oVeGFm9MoSRWJ8PyhMGVQxbBoAgZUEKxYpgnCguqsEE+QQFjpvhplCZcFTr+/vEj6x237rH1ye9Lq3FR11ME+OABHwAbnoAOuQRf0AAYZeATP4MV4MJ6MV+NtPlozqp0m+AXj/QvA3pWn</latexit>⌧m

<latexit sha1_base64="nbl9um4SbvBRGGRrcUtBLapni30=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5JIfe0KbnRXwT6gCWUymbRDJw9mboQSght/xY0LRdz6Fe78GydpELUeGOZwzr0z9x435kyCaX5qlYXFpeWV6mptbX1jc0vf3unKKBGEdkjEI9F3saSchbQDDDjtx4LiwOW0504uc793R4VkUXgL05g6AR6FzGcEg5KG+p7tRZDabsQ9OQ3UldowpoCzbKjXzYZZwJgnVknqqER7qH+ot0gS0BAIx1IOLDMGJ8UCGOE0q9mJpDEmEzyiA0VDHFDppMUKmXGoFM/wI6FOCEah/uxIcSDzAVVlgGEs/3q5+J83SMA/d1IWxgnQkMw+8hNuQGTkeRgeE5QAnyqCiWBqVoOMscAEVGq1IoSLHCffK8+T7nHDOm00b5r11nUZRxXtowN0hCx0hlroCrVRBxF0jx7RM3rRHrQn7VV7m5VWtLJnF/2C9v4FyTyYfg==</latexit>

✓̇

<latexit sha1_base64="vCzKye7sR3+1z1qejvKuQvVK6iw=">AAAB/XicbVBLS8QwGEx9ruurPm5egovgaWllfd0WvHiSFd0H7JaSZtPdsGlaklSopfhXvHhQxKv/w5v/xrRbRF0HAsPM9yWT8SJGpbKsT2NufmFxabmyUl1dW9/YNLe2OzKMBSZtHLJQ9DwkCaOctBVVjPQiQVDgMdL1Jhe5370jQtKQ36okIk6ARpz6FCOlJdfcHQxDld5k7iBAaiyCVCYyc82aVbcKwFlil6QGSrRc80Nfg+OAcIUZkrJvW5FyUiQUxYxk1UEsSYTwBI1IX1OOAiKdtEifwQOtDKEfCn24goX6cyNFgZRJ4OnJPKP86+Xif14/Vv6Zk1IexYpwPH3IjxlUIcyrgEMqCFYs0QRhQXVWiMdIIKx0YdWihPMcx99fniWdo7p9Um9cN2rNq7KOCtgD++AQ2OAUNMElaIE2wOAePIJn8GI8GE/Gq/E2HZ0zyp0d8AvG+xfDUpZC</latexit>

Ṡsys

a b

Figure 2.8: Two equivalent port-based models of a flexible-joint robot in contact; note that
(Sj + S + Senv) in model a○ is equal to Ssys in model b○.

where (2.54) is taken into account to achieve (2.59). Figure 2.7 depicts the port-based
representation of the contact model.
Having derived the three subsystems, the overall system can now be constructed by inter-

connecting them in a power-conservative manner. To achieve this, the external ports of the
subsystems need to be made compatible with each other. For the rigid-body robot model,
the existing representation is retained. However, for the flexible joint model, the power flow
direction associated with the external port (q̇,−τ j) in Figure 2.6 is reversed by changing
the port variables notation to (q̇, τ j). This results in the new port-based representation
without affecting the input power Pin,j in (2.49) and the energy dynamics equation (2.53).
Similarly, for the contact model, the external port variables (ẋ,−f ext) are replaced with
(q̇, τ ext), resulting in a reversed power flow direction with respect to Figure 2.7. Now, the
port-based models of the three subsystems can be merged into a unified model. As shown in
Figure 2.8, there is a Jacobian conversion between the external ports of the rigid robot and
the contact models. Considering (2.1) and (2.18), this conversion has no effect on the power
flow and does not violate the power-conservation constraint.

ẋTf ext = q̇TJT (q)f ext = q̇Tτ ext. (2.62)

Finally, the overall system can be represented as a compact port-based model with the
storage function Ssys defined as

Ssys = Sj + S + Senv. (2.63)

Taking into account the equations (2.41), (2.46), (2.49), (2.53), (2.57), (2.61) and (2.62),
the time evolution of the storage function Ssys becomes

Ṡsys = Ṡj + Ṡ + Ṡenv (2.64)

= Pin,j + Pin + Pin,env − Pdiss,j − Pdiss − Pdiss,env (2.65)

= θ̇
T
τm−q̇Tτ j + q̇Tτ j︸ ︷︷ ︸

0

+ q̇Tτ ext − q̇Tτ ext︸ ︷︷ ︸
0

−(Pdiss,j + Pdiss + Pdiss,env). (2.66)

Now, considering Pin,sys and Pdiss,sys as the input power and dissipation power of the overall
system, respectively, and defining them as

Pin,sys = θ̇
T
τm, (2.67)

Pdiss,sys = Pdiss,j + Pdiss + Pdiss,env, (2.68)
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the energy dynamics equation for the compact port-based model of a flexible-joint manipu-
lator in contact becomes

Ṡsys = Pin,sys − Pdiss,sys. (2.69)

Its schematic representation is also depicted in Figure 2.7. The interpretation of such a

model is as follows: The input power θ̇
T
τm coming from the motors is partially dissipated

due to the damping effects of the flexible joints and the contact surface, along with robot
friction. The remaining power is used to alter the energy levels stored as kinetic energy in
the motor and the links, gravitational energy in the links, and elastic energy in the flexible
joints and the contact surface. This provides a comprehensive view of the power flow and
energy transformations within the interconnected system.
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2.3 Stabilization via Passivity-Based Control

Energy, a fundamental element in the port-based modeling approach, offers the opportunity
to investigate system stability through an intuitive yet powerful method—passivity analysis.
This section introduces the concept of passivity and its relation to the well-established Lya-
punov stability analysis. Additionally, an enhanced formulation of the well-known virtual
energy tanks is introduced to ensure stability in non-passive systems.

2.3.1 Passivity Analysis

Consider a system with the state variable xs ∈ Rk, and the state space model

ẋs = hs,1(xs,us), (2.70)

ys = hs,2(xs,us), (2.71)

where us,ys ∈ Rs are the system input and output, respectively. The system is said to be
passive with respect to the pair (us,ys), if there exists a continuously differentiable positive
semi-definite so-called storage function S : Rk → R≥0 such that for all inputs us(t = σ),
with σ ∈ R>0, and for all initial states xs(t = 0), the following holds [274].

S(xs(σ))− S(xs(0)) ≤
∫ σ

0
yTs (t)us(t)dt. (2.72)

Thus, considering (2.72), to establish the passivity of the system (2.70)–(2.71) with respect
to the pair (us,ys), it is imperative to identify an appropriate storage function S(xs) such
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that

∀(xs,us), Ṡ(xs) ≤ uTs ys. (2.73)

Remark: For a rigid-body robot, the system state can be chosen as xs = [q̇T , qT ]T .
Accordingly, considering (2.7) and (2.8), by assigning us = τm+τ ext and ys = q̇, the system
dynamics equations (2.70) and (2.71) can be combined into the following representation [325]:[

ẋs
ys

]
= Hs(xs)

[
xs
us

]
+ hs(xs), (2.74)

where

Hs(xs) =

−M−1(q)C(q, q̇) 0n×n M−1(q)
In×n 0n×n 0n×n
In×n 0n×n 0n×n

 , (2.75)

and

hs(xs) =

−M−1(q) (τ g(q) + τ fri(q, q̇))
0n×1

0n×1

 . (2.76)

Considering the storage function S derived in (2.39) and replacing the input torque τ j with
τm in the derivation of the storage function’s time evolution (2.45), it can be deduced that

Ṡ ≤ uTs ys, (2.77)

demonstrating the passivity of a rigid-body robot.
Considering the storage function S as the stored energy of a port-Hamiltonian system

whose input port variables are (us,ys), i.e., Pin = uTs ys, the energy dynamics equation
(2.38) simplifies to (2.73). Thus, Figure 2.4 represents a passive system with respect to its
input port. The fundamental concepts of port-based modeling introduced in the previous
section are also applicable to passivity analysis. For instance, assembling N individual
systems with the storage functions {S1, . . . , SN}, each passive with respect to the input
powers {Pin,1, . . . , Pin,N}, results in a new system with the storage function (

∑N
i=1 Si), which

is passive with respect to the input power (
∑N

i=1 Pin,i). In case some input powers cancel

each other out, i.e., when
∑M

i=j Pin,i = 0, the overall system becomes passive with respect
to fewer input ports. The composite system of a flexible-joint manipulator in contact with
a viscoelastic surface, presented in the previous section, is an example of this situation.
Considering (2.66), while the flexible joint, the rigid-body robot, and the surface contact each
represent a passive system with respect to its individual input port(s), the overall system is
also passive, yet with respect to only one input port, i.e., (τm, θ̇). In a more special case,
if all input powers cancel each other out, the overall system would not have any input port.
Such a system is called an autonomous passive system for which, considering (2.72), the
overall stored energy

∑N
i=1 Si is never larger than the initial energy

∑N
i=1 Si (xi(0)). In other

words, a system is said to be autonomously passive if its storage function always satisfies the
following condition:

∀xs, Ṡ(xs) ≤ 0. (2.78)
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Equivalently, considering (2.73), a system is autonomously passive if the input power to the
system is always non-positive.

In passivity-based control design, two aspects should be considered. First, the storage
functions should be selected in a way that their minimum values correspond to the states
associated with the desired control behavior. Second, the control framework should be
designed in such a way that the overall controlled system is guaranteed to be autonomously
passive. This ensures that there is no positive input power, causing the storage function
to increase. As a result, the system states would not simultaneously diverge from their
desired values. While there is no unique solution for finding a suitable storage function
that satisfies the first condition, the main challenge arises from the second condition. What
if the autonomous passivity of the controlled system is not guaranteed? As discussed in
the following section, there are standard approaches to address this problem. Yet, before
delving into the next section, it is worthwhile to compare the passivity analysis approach
with another standard stability investigation method, i.e., the Lyapunov stability.

Lyapunov Stability vs. Passivity

Consider an autonomous system with the state variable xs ∈ Rk, and the equilibrium point
xe ∈ Rk defined as

ẋs = f s(xs), (2.79)

f s(xe) = 0. (2.80)

This system is said [378] to be Lyapunov stable at xs = xe, if for all t ∈ R≥0

∀ϵ ∈ R>0, ∃δ ∈ R>0, s.t. ∥xs(0)− xe∥ < δ =⇒ ∥xs(t)− xe∥ < ϵ. (2.81)

Moreover, such system is called asymptotically stable at xs = xe, if it is stable, and:

∃δ ∈ R>0, s.t. ∥xs(0)− xe∥ < δ =⇒ lim
t→∞

xs(t) = xe. (2.82)

Finally, the system is considered globally asymptotically stable if it is asymptotically stable
for any initial state xs(0). Intuitively speaking [379], if the system’s initial state xs(0) is close
enough to the equilibrium xe, the Lyapunov stability condition (2.81) implies that it will
remain near xe, and the asymptotic stability condition (2.82) implies that it will converge
to xe. The global asymptotic stability condition, however, waives the requirement for the
initial state to be close to the equilibrium.
The Lyapunov theorem enables the verification of system stability without explicitly find-

ing the system solutions. Given a continuously differentiable Lyapunov function defined as
V (xs) : Rk → R, with V (xe) = 0 and V (xs ̸= xe) > 0, the system (2.79)-(2.80) is stable,
if [378]

∀xs, V̇ (xs) ≤ 0, (2.83)

and is asymptotically stable if in addition to (2.83),

∀xs\{xe}, V̇ (xs) < 0. (2.84)
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Finally, the system is globally asymptotically stable if, in addition to (2.83) and (2.84), the
following condition holds.

lim
|xs|→∞

V (xs) = ∞. (2.85)

Given a storage function S(xs) whose minimum value is only at the system equilibrium
xe, by setting xs = xs, the following Lyapunov candidate function can be defined.

Vs(xs) = S(xs)− S(xe). (2.86)

Function Vs(xs) is a proper Lyapunov function as Vs(xe) = 0 and Vs(xs ̸= xe) > 0. Its time
derivative for a stationary equilibrium state xe becomes

V̇ (xs) = Ṡ(xs). (2.87)

Considering (2.78), the time derivative of the proposed Lyapunov function is always non-
negative. Thus, it can be deduced that an autonomous passive system is Lyapunov stable.
Considering (2.38) with Pin = 0, in case there is always a non-zero dissipation effect (i.e.,
Pdiss ̸= 0) for non-equilibrium states, inequality (2.78) becomes a strict inequality. In that
scenario, the time derivative of the proposed Lyapunov function consistently remains nega-
tive, except for the equilibrium, indicating that an autonomous passive system is asymptot-
ically stable. Finally, if the storage function is defined such that the condition (2.85) holds9,
an autonomous passive system can be assumed to be globally asymptotically stable.

2.3.2 Valve-Based Virtual Energy Tanks

When a system cannot be proven to be autonomously passive, the question arises: How can
its passivity be ensured? Consider a passive system with the storage function Ssys ∈ R≥0

such that

Ṡsys ≤ PT , (2.88)

where PT ∈ R is the power being transferred to the system. Considering (2.78), if PT ≤ 0,
the system autonomous passivity condition holds. However, for a positive PT , this is not the
case. One way to ensure that the system always remains autonomously passive is to only
allow non-negative values of PT and damp out any positive value. This approach, however,
would significantly affect the system’s behavior. Another possibility is to allow positive
power PT yet in a limited way. This can be done by attaching a secondary passive system
with the storage function ST ∈ R≥0 such that

ṠT ≤ −PT . (2.89)

By defining the storage function S = Ssys + ST for the combination of these two systems,
the following can be deduced considering (2.88) and (2.89).

Ṡ = Ṡsys + ṠT ≤ 0. (2.90)

9This is usually the case due to the common quadratic form of the storage functions, e.g., in (2.39), (2.47),
and (2.55).
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ṠT

Figure 2.9: From left to right: virtual energy tank, passive system, autonomous passive system with
tank augmentation

Therefore, the overall system is autonomously passive; see Figure 2.9. In the literature, the
secondary system with the storage function ST is referred to as a virtual energy tank.
The stabilization procedure using the virtual tank augmentation method involves the initial

derivation of an appropriate storage function Ssys for the system. Subsequently, as it is
essential to confirm the non-positivity of its time derivative Ṡsys to ensure passivity, the
potentially passivity-violating power PT that could lead to positive Ṡsys should be identified.
Following this, a virtual tank is defined with the storage function ST , representing the energy
within the tank. This limited energy serves to supply the positive power PT requested by
the system, and once the tank energy is depleted, no further positive PT can be provided.

Remark: A notable limitation of the conventional tank augmentation approach is the
sudden reduction of power PT to zero when the tank energy is fully depleted. Such an abrupt
change may lead to inappropriate system behavior in practice. To address this issue, this
dissertation introduces an enhancement to virtual energy tanks through the incorporation of
valves. This improvement not only prevents sudden changes in input power to the system but
also, as discussed in Chapter 5, enables various energy-aware control methods. Therefore,
in the following, for better readability, the novel formulation of Valve-Based Virtual Energy
Tanks is introduced, which differs from standard methods such as [275, 297, 301]. This
formulation is further extended in Chapter 5 to encompass a broader range of objectives
beyond ensuring stability.
Considering eT ,fT ∈ RNT as the effort and flow of the tank’s external port such that

PT = eTTfT , a valve-based virtual energy tank can be augmented to a system by shaping the
effort variable via the tank overall valve gain γT ∈ [0, 1] such that

e′T = γTeT , (2.91)

where γT is continuously derived as the multiplication of various individual valve gains, i.e.,

γT =
∏
i∈ΓT

γi, ΓT = [low,up, diss, . . .]. (2.92)

Accordingly, the tank energy dynamics becomes

ṠT = −γTPT , (2.93)

which is consistent with (2.89). In the following, three main types of valve gains are presented.
More advanced types are discussed in Section 5.1.
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2. Foundations: Passivity-Based Modeling and Stabilization in Manipulation

The most important valve gain is γlow, whose role is to ensure that the tank energy is
always above its lower limit Slow

T ∈ R≥0. This guarantees the passivity of the tank. The gain
value is consistently determined via

γlow =


0 if ST ≤ Slow

T ∧ 0 < PT ,
1
2

(
1− cos

(
ST−Slow

T

S∆
T

π
))

if Slow
T < ST ≤ S∆

T ∧ 0 < PT ,

1 else,

(2.94)

where S∆
T ∈ R≥0 is the threshold above the lower limit Slow

T from which the valve gain value
smoothly reduces to 0.
The purpose of the optional valve gain γup is to maintain the tank energy below the upper

limit Sup
T ∈ R≥0. It is derived as

γup =

{
0 if Sup

T ≤ ST ∧ PT < 0,

1 else.
(2.95)

Another optional valve gain is γdiss, designed to prevent any increase in the tank energy
and thus to enforce a dissipative behavior. The gain value is determined through

γdiss =

{
0 if PT < 0,

1 else.
(2.96)

Throughout the dissertation, to ensure the stability of the proposed control and policy
modules, passivity analysis is consistently employed to identify potentially passivity-violating
powers. Subsequently, various energy tanks are augmented to guarantee stability, and their
effectiveness is thoroughly investigated through numerous experiments.
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3 Passivity-Based Interaction Control

To successfully perform manipulation tasks, a robot must effectively execute commanded
values via its controller. In scenarios involving physical interaction, controlling motion alone
is insufficient; addressing the interaction wrench is also imperative. However, simultaneously
controlling force and motion encounters stability challenges, particularly regarding the re-
ciprocal nature of force and motion spaces. This reciprocity constraint often requires careful
planning of force and motion commands, relying on knowledge of the environment model.
To address these challenges, the Unified Force-Impedance Control (UFIC) framework,

initially introduced in [344] and subsequently generalized in this dissertation, leverages the
concept of passivity to ensure stability, even in scenarios where these constraints are not
fully met. The original UFIC formulation was designed primarily for regulation tasks, i.e.,
when the motion setpoint is stationary. In this chapter, the UFIC is extended to include
tracking tasks. Moreover, in the case of flexible-joint robots, the UFIC is formulated in this
chapter by incorporating a novel impedance characteristic that considers the influence of
joint elasticity on overall stability. Generally, achieving independent control of motion and
wrench in the same direction is impractical due to constraints imposed by the interacting
environment. For tasks where force and motion commands violate this limitation, a method
to determine the dominance of each is crucial. In this context, this chapter introduces a
modular compliance adaptation methodology, taking the UFIC framework a step further.
The ability to command force and motion to the robot controller facilitates the formulation

of manipulation tasks as force-motion policies. However, what if the robot controller can only
accept motion commands? This limitation arises, for example, when the robot is equipped
solely with a position controller or an impedance controller, thereby restricting the utilization
to motion policies only. To address this challenge, this chapter explores the enhancement
of one of the most well-known motion policies, Dynamic Movement Primitive (DMP), with
indirect force control capability. This modification, namely Admittance-Coupled Dynamic
Movement Primitive (CDMP), enables the utilization of force-motion policies even when the
robot controller only accepts motion commands. Finally, the chapter introduces the concept
of reference power, which is thoroughly elaborated later in Chapter 5. It demonstrates how
reference power can enhance the stabilization process for tactile manipulation tasks through
force-motion policies.
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3.1 Unified Force-Impedance Control

3.1 Unified Force-Impedance Control

Effectively controlling the physical interaction of a robot with its environment requires
addressing both force and motion. Traditionally, simultaneous control of force and motion
faces two fundamental challenges: the spaces of force and motion control need to be recip-
rocal, and the model of the interacting environment should be known precisely. However,
real-world scenarios do not always allow these two constraints to be satisfied; see Figure 3.1.
The Unified Force-Impedance Control (UFIC) can mitigate these constraints using the con-
cept of passivity. In this section, a generalized formulation of UFIC is introduced, which also
covers tactile tasks with motion tracking for both rigid-body and flexible-joint robots.

3.1.1 Control Design for Rigid-Body Robots

The UFIC system couples impedance control and force control in a manner that ensures
the stability and robustness of the controlled robot. This section presents the involved
components and the derivation of UFIC for a rigid-body robot.

Cartesian Impedance Control

For a rigid-body robot with dynamics given by (2.11), it is well-known that to achieve
a closed-loop Cartesian impedance behavior with the desired stiffness KC ∈ Rm×m and
damping DC ∈ Rm×m with inertia identical1 to the actual Cartesian robot mass MC(q)

1No inertia shaping is considered here.
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fd(t)

Figure 3.1: Achieving high-performance interaction control over complex, discontinuous, and possi-
bly compliant surfaces necessitates precise yet robust control of both force and motion.

defined in (2.12), the control law is derived as [291]

τ i = JT (q)f i, (3.1)

f i = KCx̃+DC
˙̃x+MC(q)ẍd +CC(q, q̇)ẋd + fg(q), (3.2)

x̃ = xd − x, (3.3)

where xd ∈ Rm denotes the differentiable desired Cartesian pose. It is important to note that
throughout the dissertation, in order to obtain the rotational component of the error x̃ in
(3.3), rotation matrices are employed instead of using Euler angles. Specifically, considering
Rd,R ∈ Rmr×mr as the rotation matrices associated with xd and x respectively, first the
error rotation matrix RdR

T is identified. Subsequently, the rotational component of the
vector x̃ is constructed using the axis-angle representation. For more detailed information,
please refer to [378].

In case the desired pose is stationary (ẋd = 0), the control law (3.1) reduces to the
well-known compliance control law

τ c = JT (q)f c, (3.4)

f c = KCx̃−DCẋ+ fg(q). (3.5)
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3.1 Unified Force-Impedance Control

Force Control

To control the interaction wrench, first, a direct PID force control law with a feedforward
term can be defined in the Cartesian space, as follows:

f̆f = Kf,p(fd + f ext) +Kf,i

(∫ t

0
(fd(ε) + f ext(ε)) dε

)
+Kf,d(ḟd + ḟ ext) + fd + fFF ,

(3.6)

with fd ∈ Rm as the desired interaction wrench applied by the robot to the environment2,
Kf,p,Kf,i,Kf,d ∈ Rm×m being the diagonal positive definite gain matrices and finally
fFF ∈ Rm as the feedforward term which could be chosen arbitrarily. The control torque
can then be derived as

τ f = JT (q)ff , (3.7)

ff = ρf ◦ f̆f . (3.8)

Here, ◦ represents the element-wise vector multiplication operator, and ρf denotes the safety-
enhancing shaping function vector, playing a role in deactivating force control components
that might otherwise excessively deviate the robot from the setpoint. It is defined as

ρf = [ρf,t 11×mt , ρf,r 11×mr ]
T , (3.9)

where ρf,t and ρf,r are associated with the translational and rotational components, respec-
tively. They are defined as smooth functions according to

ρf,t =


1 if 0 ≤ fd,t

∥fd,t∥
x̃t,

1
2

(
1 + cos

(
∥x̃t∥
δf,t

π
))

if − δf,t ≤
fd,t

∥fd,t∥
x̃t < 0,

0 else.

(3.10)

and

ρf,r =


1 if 0 ≤ fd,r

∥fd,r∥
x̃r,

1
2

(
1 + cos

(
∥x̃r∥
δf,r

π
))

if − δf,r ≤
fd,r

∥fd,r∥
x̃r < 0,

0 else.

(3.11)

Here, fd,t, x̃t ∈ Rmt represent the translational components of the desired wrench and the
error vectors fd and x̃, respectively. Similarly, fd,r, x̃r ∈ Rmr denote the rotational compo-
nents of these vectors. Finally, δf,t and δf,r are the user-defined translational and rotational
thresholds, respectively, along which the shaping function smoothly reduces to zero to deac-
tivate the force controller.

Remark: Typically, force control is defined in the end-effector frame. In this case, as
elaborated in Section 2.1, the involved signals should also be represented in the end-effector
frame as eefd,

eef ext,
eeff , and

eex̃. Moreover, in the control law (3.7), the Jacobian matrix
eeJ(q) should be used. Please note that such a change in the coordinate frame does not
violate the passivity analysis derivations in the following sections.

2Please note that the direction of the external wrench f ext is defined to be from the environment to the
robot, i.e., opposite to the desired wrench fd.
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3. Passivity-Based Interaction Control

Unified Force-Impedance Control Before Stabilization

To enable the simultaneous utilization of impedance and force control, the control laws (3.1)
and (3.7) can be combined. As a result, the input torque τm in (2.8) becomes

τm = τ f + τ i. (3.12)

Considering (2.11), (2.16), (2.17), (2.20), (3.1), (3.2), and (3.7), and neglecting the friction
torque τ fri in (2.19), applying the control law (3.12) yields the following closed-loop behavior.

MC(q)¨̃x+CC(q, q̇) ˙̃x+DC
˙̃x+KCx̃+ ff + f ext = 0. (3.13)

3.1.2 Stabilization

The passivity analysis approach introduced in Section 2.3 is utilized here to investigate
stability. For this purpose, a storage function is defined for the controlled robot as

Si =
1

2
˙̃xTMC(q) ˙̃x+

1

2
x̃TKCx̃. (3.14)

To investigate passivity, the time evolution of Si is derived as

Ṡi = ˙̃xTMC(q)¨̃x+
1

2
˙̃xTṀC(q, q̇) ˙̃x+ ˙̃xTKCx̃ (3.15)

= ˙̃xT
(
−f ext − ff −CC(q, q̇) ˙̃x−DC

˙̃x−XXXKCx̃
)
+

1

2
˙̃xTṀC(q, q̇) ˙̃x+

XXXXX˙̃xTKCx̃ (3.16)

= − ˙̃xT (f ext + ff )− ˙̃xTDC
˙̃x+

1

2
˙̃xT
(
ṀC(q, q̇)− 2CC(q, q̇)

)
˙̃x︸ ︷︷ ︸

=0

(3.17)

= ẋTf ext + ẋTff − ẋTd (ff + f ext)− ˙̃xTDC
˙̃x︸ ︷︷ ︸

≥0

. (3.18)

Note that (3.16) is obtained by considering the closed-loop dynamics (3.13), and the skew-
symmetry of the matrix ṀC(q, q̇)− 2CC(q, q̇), resulting from (2.15), is taken into account
in (3.17). Accordingly, the following assumption can be deduced.

Ṡi ≤ ẋTf ext + ẋTff − ẋTd (ff + f ext). (3.19)

This implies that the rigid-body robot system with control input (3.12) is passive with respect
to the pairs (f ext, ẋ), (ff , ẋ) and

(
−(f ext + ff ), ẋd

)
. Please note that the shaping function

(3.9) or any damping adaptation would not affect the system passivity. Moreover, in the
absence of a force controller in (3.12), (3.19) simplifies to

ff = 0 =⇒ Ṡi ≤ ẋTf ext − ẋTd f ext. (3.20)

Considering a passive environment with the storage function Senv satisfying

Ṡenv ≤ −ẋTf ext, (3.21)
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f ext

Figure 3.2: Block diagram of the UFIC (highlighted) used for a robot interacting with a passive
environment.

the overall storage function for the controlled robot in contact with the environment becomes

Ssys = Senv + Si. (3.22)

Given (3.19) and (3.21), the following can be deduced.

Ṡsys ≤
XXXXX−ẋTf ext +

XXXXẋTf ext + ẋTff − ẋTd (ff + f ext) (3.23)

≤ ẋTff︸ ︷︷ ︸
PT,f

−ẋTd (ff + f ext)︸ ︷︷ ︸
PT,i

. (3.24)

To ensure the autonomous stability of the overall system, two virtual energy tanks can be
augmented for the powers PT,f and PT,i, with the associated controllable variables ff and
ẋd, corresponding to the force control and impedance control, respectively. The control law
(3.12) is then modified to

τ ′
m = τ ′

f + τ ′
i, (3.25)

with

τ ′
f = JT (q)f ′

f , (3.26)

f ′
f = γT,f ff , (3.27)

and

τ ′
i = JT (q)f ′

i, (3.28)

f ′
i = KCx̃

′ +DC
˙̃x′ +MC(q)ẍ

′
d +CC(q, q̇)ẋ

′
d + fg(q), (3.29)

x̃′ = x′
d − x, (3.30)

in which

ẋ′
d = γT,i ẋd. (3.31)

Here, γT,f , γT,i ∈ [0, 1] denote the valve gains associated with the force control and impedance
control tanks, respectively. For their derivations, please refer to Section 2.3. Through the
augmentation of the two virtual energy tanks, the overall system remains stable. The archi-
tecture of UFIC is depicted in Figure 3.2.
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Figure 3.3: Experimental setup with Franka Emika robot.

Remark: Please note that the design of the impedance control tank can include the power
associated with the damping effect, and it can be expressed as follows:

PT,i = −ẋTd (ff + f ext)− ˙̃xTDC
˙̃x. (3.32)

Finally, if a compliance control law (3.5) is used instead of an impedance controller (3.1),
the corresponding storage function becomes

Sc =
1

2
ẋTMC(q)ẋ+

1

2
x̃TKCx̃, (3.33)

with the following time evolution.

Ṡc = ẋTMC(q)ẍ+
1

2
ẋTṀC(q, q̇)ẋ+ ˙̃xTKCx̃ (3.34)

= ẋT
(
f ext + ff −CC(q, q̇)ẋ−DCẋ+XXXKCx̃

)
+

1

2
ẋTṀC(q, q̇)ẋ−XXXXXẋTKCx̃ (3.35)

= ẋTf ext + ẋTff − ẋTDCẋ︸ ︷︷ ︸
≥0

. (3.36)

As a result, no impedance control tank would be required.

3.1.3 Experiments

For experimental validation, six experiments are conducted using a 7-DoF Franka Emika
robot; see Figure 3.3. For Experiments 1-5, a wool-covered 3D-printed plate is used to
perform a polishing task. In Experiment 6, a metal file is mounted to the end-effector to
perform a filing task. The control parameters can be found in Table 3.1. In the force control
law (3.6), the external wrench f ext is estimated via the robot interoceptive momentum-based
observer [380], and no feedforward term is used (i.e., fFF = 0). The force control gains in
directions where no force control is intended are set to zero. The Cartesian damping DC

in (3.2) is continuously adapted to achieve critical damping [381]. For all experiments, the
tank energy associated with the impedance control tank is denoted by ST,i and is derived
according to (3.32). Its upper and lower limits set as Sup

T,i = 20 J and Slow
T,i = 0.01 J,

respectively. Similarly, the tank energy associated with the force control tank is denoted by
ST,f . While its upper limit is consistently set to Sup

T,f = 0.20 J, its lower limit is adjusted to

Slow
T,f = 0.01 J for Experiments 1–4 and 6, and Slow

T,f = 5 J for Experiment 5.
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fd,tz fd,ry KC Kf,p Kf,d Kf,i

[N] [N.m] [N/m, N.m/rad] [1/s] [s]

Exp. 1 25 — diag([3000, 3000, 100, 300, 300, 300]) I6 06×6 2.5I6

Exp. 2 30 — diag([3000, 3000, 100, 300, 300, 300]) I6 06×6 2.5I6

Exp. 3 var — diag([3000, 3000, 100, 300, 300, 300]) I6 06×6 2.5I6

Exp. 4 15 — diag([3000, 3000, 10, 0, 50, 300]) I6 06×6 4I6

Exp. 5 25 — diag([3000, 3000, 10, 0, 50, 300]) I6 06×6 4I6

Exp. 6 — −1 diag([3000, 3000, 3000, 300, 0, 300]) I6 06×6 2.5I6

Table 3.1: Experimental gains and parameters.

Experiment 1: Controlling Force and Motion During Polishing

In the initial experiment, the objective is to regulate the normal force exerted on the surface
while performing circular motions upon it. Figure 3.4 depicts the experiment results.

In stage 1 , the contact is established using only impedance control. In stage 2 , UFIC
is activated to apply a 25 N force while the motion setpoint remains stationary. In stage 3 ,
the desired pose follows a circular motion, and thus, the robot starts to move on the surface
to perform the polishing task. Due to the low effective velocity in the z-direction, the change
in force control tank energy is negligible. However, the energy in the impedance control tank
increases due to the damping effect of the impedance controller according to (3.32).

In stage 4 , the energy level of the impedance control tank reaches its upper limit, and
thus, the corresponding tank valve γup,i changes to zero according to (2.95). As can be
seen in Figure 3.4, this does not affect the behavior of the robot. Overall, the task is
executed accurately and robustly. During the dynamic polishing motion, the force control
error remains approximately 1 N.

Experiment 2: Contact Loss Handling by the Shaping Function

To demonstrate how the force control shaping function (3.9) handles unexpected contact
loss, the motion command is intentionally set so that the robot moves to the edge of the
table, as shown in Figure 3.6. In stage 1 (corresponding to a○ and b○ in Figure 3.6), the
robot applies a desired force to the surface while moving in the x-direction. In stage 2
(corresponding to c○ or d○ in Figure 3.6), contact is lost.

The experiment is conducted with two parameterizations. In the first case (corresponding
to c○ in Figure 3.6), the shaping function is activated with δf,t = 0.05 m. As observed in
Figure 3.5, immediately after the contact is lost, ρf,t smoothly decreases from 1 to 0. Despite
the force error ramping up to ≈ 30 N, the system does not exhibit abrupt motion, and the
robot position xtx comes to a halt. This slight movement in the direction of the desired force
leads to a small energy drop for the force controller tank.

In the second case (corresponding to c○ in Figure 3.6), no shaping function is present.
Consequently, when contact is lost, the effect of the force controller in the z-direction is
much more significant than the impedance control due to its low stiffness. As a result, the
robot accelerates in the direction of the commanded force. Due to such high acceleration,

69



3. Passivity-Based Interaction Control

0 5 10 15 20 25 30
-10

0

10

0 5 10 15 20 25 30
0

10

20

0 5 10 15 20 25 30
0

10

20

0 5 10 15 20 25 30

0
0.2
0.4
0.6

x
y

Phase 1 Phase 2 Phase 3a Phase 3b

<latexit sha1_base64="WDPrfXbweXSUe9AttFx37q17ZpI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVaZSX7uiG5cV7APaYcikmTY0yQxJprQM8yduXCji1j9x59+YmQ6i1gOBwzn3ck+OHzGqtON8WqWV1bX1jfJmZWt7Z3fP3j/oqDCWmLRxyELZ85EijArS1lQz0oskQdxnpOtPbjO/OyVS0VA86HlEXI5GggYUI20kz7ZnXqK9AUd6LHkyS1PPrjo1JwdcJvWCVEGBlmd/DIYhjjkRGjOkVL/uRNpNkNQUM5JWBrEiEcITNCJ9QwXiRLlJnjyFJ0YZwiCU5gkNc/XnRoK4UnPum8ksovrrZeJ/Xj/WwZWbUBHFmgi8OBTEDOoQZjXAIZUEazY3BGFJTVaIx0girE1ZlbyE6wzn319eJp2zWv2i1rhvVJs3RR1lcASOwSmog0vQBHegBdoAgyl4BM/gxUqsJ+vVeluMlqxi5xD8gvX+Ba33lHw=</latexit>xtx
<latexit sha1_base64="aM9jTBDu9+sbDE5QSnPdmAcxiLQ=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVVLxuSu6cVnBPqANYTKdtENnJmFmUgwhf+LGhSJu/RN3/o2TNIhaDwwczrmXe+b4EaNKO86nVVlaXlldq67XNja3tnfs3b2uCmOJSQeHLJR9HynCqCAdTTUj/UgSxH1Gev70Jvd7MyIVDcW9TiLicjQWNKAYaSN5tv3gpdobcqQnkqdJlnl23Wk4BeAiaZakDkq0PftjOApxzInQmCGlBk0n0m6KpKaYkaw2jBWJEJ6iMRkYKhAnyk2L5Bk8MsoIBqE0T2hYqD83UsSVSrhvJvOI6q+Xi/95g1gHl25KRRRrIvD8UBAzqEOY1wBHVBKsWWIIwpKarBBPkERYm7JqRQlXOc6+v7xIuieN5nnj9O603rou66iCA3AIjkETXIAWuAVt0AEYzMAjeAYvVmo9Wa/W23y0YpU7++AXrPcvr32UfQ==</latexit>xty

1
30, 23

<latexit sha1_base64="htacZfnBTM5Qf+qsMpNWFWzYDno=">AAACAXicbVBNS8NAEN34WetX1IvgJVgETyWVavVW8OKxgv2AJoTNZtMu3WzC7kSoIV78K148KOLVf+HNf2OSBlHrg4HHezPMzHMjzhSY5qe2sLi0vLJaWauub2xubes7uz0VxpLQLgl5KAcuVpQzQbvAgNNBJCkOXE777uQy9/u3VCoWihuYRtQO8EgwnxEMmeTo+xYw7tHET50EHCvAMJZBcpemjl4z62YBY540SlJDJTqO/mF5IYkDKoBwrNSwYUZgJ1gCI5ymVStWNMJkgkd0mFGBA6rspPggNY4yxTP8UGYlwCjUnxMJDpSaBm7WmZ+o/nq5+J83jME/txMmohioILNFfswNCI08DsNjkhLg04xgIll2q0HGWGICWWjVIoSLHKffL8+T3km9cVZvXjdr7VYZRwUdoEN0jBqohdroCnVQFxF0jx7RM3rRHrQn7VV7m7UuaOXMHvoF7f0LI1KYFw==</latexit>

f̃tz

<latexit sha1_base64="YdyWfYk6u4gQd6hc9Fdj6xxq3rQ=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmlWt0V3Lis2Be0MUymk3boZBJmJkII8VfcuFDErR/izr9xkgZR64GBwzn3cs8cN2RUKsv6NJaWV1bX1ksb5c2t7Z1dc2+/J4NIYNLFAQvEwEWSMMpJV1HFyCAUBPkuI313dpX5/XsiJA14R8UhsX004dSjGCktOWbl1kk6JzS9G/lITYWfRGHqmFWrZuWAi6RekCoo0HbMj9E4wJFPuMIMSTmsW6GyEyQUxYyk5VEkSYjwDE3IUFOOfCLtJA+fwiOtjKEXCP24grn6cyNBvpSx7+rJLKL862Xif94wUt6FnVAeRopwPD/kRQyqAGZNwDEVBCsWa4KwoDorxFMkEFa6r3JewmWGs+8vL5Leaa1+XmvcNKqtZlFHCRyAQ3AM6qAJWuAatEEXYBCDR/AMXowH48l4Nd7mo0tGsVMBv2C8fwFFcpVL</latexit>

Sup
T,i

<latexit sha1_base64="oiAtd72RppZvoopWVF1aolLzE5k=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWVanVXcOOyYl/QxjCZTtqhM0mYmSg1BH/FjQtF3Pof7vwbJ2kQtR4YOJxzL/fMcUNGpbKsT2NufmFxabmwUlxdW9/YNLe22zKIBCYtHLBAdF0kCaM+aSmqGOmGgiDuMtJxxxep37klQtLAb6pJSGyOhj71KEZKS465e+3EzSOa3PQ5UiPBYxbcJY5ZsspWBjhLKjkpgRwNx/zoDwIcceIrzJCUvYoVKjtGQlHMSFLsR5KECI/RkPQ09REn0o6z9Ak80MoAeoHQz1cwU39uxIhLOeGunkwzyr9eKv7n9SLlndkx9cNIER9PD3kRgyqAaRVwQAXBik00QVhQnRXiERIIK11YMSvhPMXJ95dnSfu4XDktV6+qpXotr6MA9sA+OAQVUAN1cAkaoAUwuAeP4Bm8GA/Gk/FqvE1H54x8Zwf8gvH+BRdslcI=</latexit>

Slow
T,i

<latexit sha1_base64="wDxOaNw9m/m6pYHyYlftNPvtTXY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REqtVbwYvHiv2CNpTNdtMu3WzC7kYooT/CiwdFvPp7vPlv3KRB1Ppg4PHeDDPzvIgzpW370yqsrK6tbxQ3S1vbO7t75f2DjgpjSWibhDyUPQ8rypmgbc00p71IUhx4nHa96U3qdx+oVCwULT2LqBvgsWA+I1gbqXs/TFpnbD4sV+yqnQEtEycnFcjRHJY/BqOQxAEVmnCsVN+xI+0mWGpGOJ2XBrGiESZTPKZ9QwUOqHKT7Nw5OjHKCPmhNCU0ytSfEwkOlJoFnukMsJ6ov14q/uf1Y+1fuQkTUaypIItFfsyRDlH6OxoxSYnmM0MwkczcisgES0y0SaiUhXCd4uL75WXSOa86l9XaXa3SqOdxFOEIjuEUHKhDA26hCW0gMIVHeIYXK7KerFfrbdFasPKZQ/gF6/0LEq+Pgg==</latexit>

ST,i

<latexit sha1_base64="0vArhCg1gW3cvHNsMy5tkVtOJ+s=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REqtVbwYvHiv2CNpTNdtMu3WzC7kYooT/CiwdFvPp7vPlv3KRB1Ppg4PHeDDPzvIgzpW370yqsrK6tbxQ3S1vbO7t75f2DjgpjSWibhDyUPQ8rypmgbc00p71IUhx4nHa96U3qdx+oVCwULT2LqBvgsWA+I1gbqXs/TFpn/nxYrthVOwNaJk5OKpCjOSx/DEYhiQMqNOFYqb5jR9pNsNSMcDovDWJFI0ymeEz7hgocUOUm2blzdGKUEfJDaUpolKk/JxIcKDULPNMZYD1Rf71U/M/rx9q/chMmolhTQRaL/JgjHaL0dzRikhLNZ4ZgIpm5FZEJlphok1ApC+E6xcX3y8ukc151Lqu1u1qlUc/jKMIRHMMpOFCHBtxCE9pAYAqP8AwvVmQ9Wa/W26K1YOUzh/AL1vsXDiCPfw==</latexit>

ST,f

<latexit sha1_base64="ydxpHWCR01LRRZZziZoc+kSYYQ0=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmlWt0V3Lis2Be0MUymk3boZBJmJkII8VfcuFDErR/izr9xkgZR64GBwzn3cs8cN2RUKsv6NJaWV1bX1ksb5c2t7Z1dc2+/J4NIYNLFAQvEwEWSMMpJV1HFyCAUBPkuI313dpX5/XsiJA14R8UhsX004dSjGCktOWbl1kk6J156N/KRmgo/icLUMatWzcoBF0m9IFVQoO2YH6NxgCOfcIUZknJYt0JlJ0goihlJy6NIkhDhGZqQoaYc+UTaSR4+hUdaGUMvEPpxBXP150aCfClj39WTWUT518vE/7xhpLwLO6E8jBTheH7IixhUAcyagGMqCFYs1gRhQXVWiKdIIKx0X+W8hMsMZ99fXiS901r9vNa4aVRbzaKOEjgAh+AY1EETtMA1aIMuwCAGj+AZvBgPxpPxarzNR5eMYqcCfsF4/wJAv5VI</latexit>

Sup
T,f

<latexit sha1_base64="GVadwdySoy++povwXmEzHNDSkbE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWVanVXcOOyYl/QxjCZTtqhM0mYmSg1BH/FjQtF3Pof7vwbJ2kQtR4YOJxzL/fMcUNGpbKsT2NufmFxabmwUlxdW9/YNLe22zKIBCYtHLBAdF0kCaM+aSmqGOmGgiDuMtJxxxep37klQtLAb6pJSGyOhj71KEZKS465e+3EzSMvuelzpEaCxyy4SxyzZJWtDHCWVHJSAjkajvnRHwQ44sRXmCEpexUrVHaMhKKYkaTYjyQJER6jIelp6iNOpB1n6RN4oJUB9AKhn69gpv7ciBGXcsJdPZlmlH+9VPzP60XKO7Nj6oeRIj6eHvIiBlUA0yrggAqCFZtogrCgOivEIyQQVrqwYlbCeYqT7y/PkvZxuXJarl5VS/VaXkcB7IF9cAgqoAbq4BI0QAtgcA8ewTN4MR6MJ+PVeJuOzhn5zg74BeP9CxK2lb8=</latexit>

Slow
T,f

Interaction 
force error 
[N]

Impedance 
control tank 
energy [J]

Force 
control tank 
energy [J]

Robot 
position 
[m]

Time [s]

2 3 4

Figure 3.4: Experiment 1 – Force error, tank energy, and robot position during a polishing task.
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Figure 3.5: Experiment 2 – The robot exhibits two distinct behaviors during contact loss, depending
on the presence of the force controller’s shaping function.

70



3.1 Unified Force-Impedance Control

a b c d

Figure 3.6: Experiment 2 – The robot loses contact when moving beyond the edge of the table.
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Figure 3.7: Experiment 3 – Force tracking performance at various frequencies, considering the time
lag between the actual and desired values.

the tank energy depletes toward the lower limit. This undesirable and dangerous behavior
can be mitigated by a well-tuned shaping function.

Experiment 3: Force Tracking

To experimentally assess the force tracking bandwidth, a sinusoidal trajectory with increasing
frequency is utilized as a desired force while maintaining the impedance controller setpoint
constant. Figure 3.7 (upper) illustrates the tracking behavior for half a period of a sine
wave at different frequencies. This time-domain plot is constructed from the concatenation
of results from different experiments after several periods for each experiment. Figure 3.7
(lower) presents the mean absolute error measured for different frequencies, with and without
considering the phase lag. High tracking accuracy can be achieved up to 3.2 Hz. However, for
frequencies beyond the mechanical system bandwidth, the phase lag starts causing significant
tracking errors.

Experiment 4: Controlling Force and Motion Under Heavy Disturbance

To demonstrate how a robot equipped with UFIC can robustly adapt to an unknown en-
vironment even under unexpected heavy disturbances and contact loss, a seesaw setup is

71



3. Passivity-Based Interaction Control

Figure 3.8: Experiment 4 and 5 – The orientation of the robot adapts according to the surface
inclination due to the low rotational stiffness of the impedance control.

utilized; see Figure 3.8. The environment is neither modeled nor is there a vision system or
other external sensors to monitor the seesaw inclination. Similar to the first experiment, the
task goal is to polish a surface at a constant normal force; however, in this experiment, the
surface is not always horizontal.

To handle the disturbances associated with the seesaw inclination changes, the impedance
control task is defined in the robot base frame, while the force control task is defined in the
robot end-effector frame. Additionally, the rotational stiffness of the impedance control is
set to zero (see Table 3.1) to let the end-effector—and thus the polishing plate—passively
align with the surface. Consequently, while the impedance controller moves the robot along
the table, the force controller applies a perpendicular wrench to the seesaw surface.

Figure 3.9 depicts the experiment results. The robot starts from an initial position 0
and initiates sinusoidal motion in the x-direction and linear motion in the y-direction. The
initial setpoint is set to be slightly below the table surface. During the motion 1 – 2 , the
end-effector pose swiftly adjusts to the inclination of the seesaw, while the robot maintains
a perpendicular force on the seesaw surface. After crossing the unknown natural equilibrium
point of the seesaw, it tilts abruptly 3 , and the robot needs to regulate the force again.
A momentary force deviation occurs due to the absence of a counterforce, but it is quickly
resolved after contact is established in 4 .

Experiment 5: The Influence of Energy Tank Limits

To illustrate the effect of a tank with insufficient energy, the previous experiment is conducted
multiple times in a more dynamic setting. Three modifications are introduced: the lower
tank limit is increased from 0 J to 5 J, the desired velocity in the y-direction is higher
than before, and a higher force is commanded, resulting in more energy drained during the
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Figure 3.9: Experiment 4 – The impact of disturbances induced by a changeable contact surface,
i.e., an aluminum seesaw.
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Figure 3.10: Experiment 5 – Several iterations of Experiment 4 in a more dynamic setting, incor-
porating more conservative tank limits.
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a b c d

Figure 3.11: Experiment 6 – Contact is lost as the robot moves beyond the edge of the metal piece.

experiment. Examining Figure 3.10, it is evident that during the third iteration around
t ≈ 23 s, the force controller tank energy is depleted. This leads γlow,f to switch from 1 to
0. Hence, the force controller is deactivated, and the force error reaches 25 N.

In practical scenarios where force control is applied without solid contact, unintended robot
motion in the direction of the desired wrench may occur. Through tank augmentation, the
associated energy and potentially hazardous motion can be constrained. This is particularly
crucial in situations involving contact loss and without a well-tuned shaping function. Failing
to restrict the resulting robot acceleration could lead to an unsafe impact. The same rationale
applies to the impedance control tank, as penetration of the desired trajectory into a contact
may generate a significant interaction wrench, posing a potential hazard to both the robot
and its environment. As demonstrated in this experiment, the tank effectively prevents such
occurrences.

Experiment 6: Controlling Moment and Motion During Filing

The final experiment focuses on the control of moments. A real-world metal filing application
serves as the evaluation task with the desired moment of fd,ry = −1 Nm (see Figure 3.11).
Simultaneously, a linear motion in the y-direction and an orthogonal sinusoidal motion along
the z-direction are commanded. Consequently, the robot, while regulating the desired mo-
ment, moves toward the edge of the metal piece. Both cases with and without an activated
shaping function are considered. The shaping function threshold δf,r is set to 2◦. Figure 3.12
depicts the experiment results.

After losing contact (i.e., stage 3 in Figure 3.12) in the first case (corresponding to c○
in Figure 3.11), the shaping function smoothly deactivates the force control. For the second
case (corresponding to d○ in Figure 3.11), the robot accelerates further around the y-axis,
causing an undesired and dangerous situation.

For both experiments, the moment is almost perfectly regulated during stage 1 . During
the rapid filing process at stage 2 , the moment error increases due to dynamic process
forces. As the motion in the direction of the desired moment is negligible, the tank energy
does not change significantly. When contact is lost in stage 3 , the moment error reaches
−1 Nm for both cases. While the energy level with the shaping function remains almost
constant, energy is consistently drained without the shaping function.
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Figure 3.12: Experiment 6 – The robot exhibits two distinct behaviors during contact loss, depend-
ing on the presence of the shaping function.

Figure 3.13: Future of Work demonstration setup – a collaborative human-robot environment for
performing diverse tactile manipulation tasks.
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3. Passivity-Based Interaction Control

Figure 3.14: Graphical User Interface for interacting with robots. The magnitude of the desired
wrench (Kraft) and velocity (Geschwindigkeit) can be adjusted in real time.

3.1.4 Future of Work Demonstration Setup

The unified force-impedance control (UFIC) framework offers a robust and stable approach to
controlling force and motion without the typical limitations associated with force and motion
space reciprocity or the need for precise knowledge of the environment model. Noticeably, it
is fully integrated into the Robot Control Unit (RCU) of the Franka Emika robots [346]. The
extended UFIC, as presented in this section, takes a step further by allowing for tracking
tasks (i.e., where ẋd ̸= 0). It serves as the foundational module of the control architecture
developed in this dissertation and has been employed in various research projects associated
with this work. To demonstrate its capabilities, a dedicated permanent setup named “Future
of Work” has been established at the Chair of Robotics and Systems Intelligence, Technical
University of Munich, as illustrated in Figure 3.13.

The setup comprises two Franka Emika robots, one fixed on a table and the other mounted
on a mobile base. Its purpose is to showcase a collaborative human-robot environment where
robots assist a human operator in various workshop tasks that involve physical interaction
with the environment, such as polishing a car door, filing a metal piece, and wiping a steering
wheel. Different task-guiding methods are implemented based on the chosen task, including
Imitation Learning with Dynamic Movement Primitives, allowing the operator to teach the
robot motion. To enhance safety, the speed reduction policy introduced in Section 4.1 is
applied to both robots. This involves a vision system that utilizes the OpenPose library
[382] and two Intel RealSense D435 RGB-D cameras mounted on the setup to detect the
proximity of a human to the robot end-effectors. A Graphic User Interface (GUI) is designed
to enable the operator to choose, run, and stop intended tasks, as illustrated in Figure 3.14.
The GUI also allows manual adjustment of control variables such as the magnitude of the
desired wrench or velocity. Additionally, the energy level of the dedicated virtual tank for
each task and the proximity of a human to the robots can be monitored.

The demonstration setup is designed to be intuitive, allowing anyone, even with no tech-
nical background, to utilize it. This user-friendly design has been showcased in various
exhibitions, including Hannover Messe, one of the world’s largest trade fairs dedicated to the
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Figure 3.15: A staff craftsman, despite having no background in robotics, demonstrates the intuitive
process of guiding the robot to polish a car door.

topic of industry development, and Automatica, the world’s leading trade fair for smart au-
tomation and robotics. The setup received attention from well-known audiences, as depicted
in Figure 3.15.

3.1.5 Control Design and Stabilization for Flexible-Joint Robots

Due to the presence of elasticity in flexible-joint robots, the desired impedance behavior and
the corresponding stability proof differ from those applicable to rigid-body robots.

Representation of Joint Parameters in the Cartesian Space

The shaped motor inertia matrix B∗
m and the joint stiffness and shaped damping matrices

Kj ,D
∗
j introduced in Section 2.1, can be represented in the Cartesian space as follows:

Bm,C(q) := J−T (q)B∗
mJ

−1(q), (3.37)

Kj,C(q) := J−T (q)KjJ
−1(q), (3.38)

Dj,C(q) := J−T (q)D∗
jJ

−1(q). (3.39)

Considering θ as the motor angle, its corresponding representation in the Cartesian space
can be defined as

xθ := J(q) (θ − q) + x. (3.40)

Consequently, under the assumption J̇(q) ≈ 0, it follows

ẋθ ≈ J(q)θ̇, (3.41)

ẍθ ≈ J(q)θ̈. (3.42)
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As a result, the following relations can be deduced.

B∗
mθ̈ = JT (q) (Bm,C(q)ẍθ) , (3.43)

Kj (θ − q) = JT (q) (Kj,C(q) (xθ − x)) , (3.44)

D∗
j (θ̇ − q̇) = JT (q) (Dj,C(q) (ẋθ − ẋ)) . (3.45)

Considering (2.11), (2.16), (2.22) and (2.21), and by neglecting the friction torque τ fri in
(2.21), the dynamics equation of a flexible-joint robot in the Cartesian space can be repre-
sented as

Kj,C(q) (xθ − x) +Dj,C(q) (ẋθ − ẋ) = MC(q)ẍ+CC(q, q̇)ẋ+ fg(q)− f ext. (3.46)

Controller Design

The force control law is similar to the one used for the rigid-body robot (3.8).

τ f,j = JT (q)ff,j , (3.47)

ff,j = ff . (3.48)

To derive the impedance control law, an auxiliary variable xψ ∈ Rm is first defined, which
can be continuously obtained by solving the following differential equation.

Kj,C(q) (xψ − xd) +Dj,C(q) (ẋψ − ẋd) = MC(q)ẍd +CC(q, q̇)ẋd. (3.49)

The Cartesian impedance control law for the flexible-joint robots is then defined as

τ i,j = JT (q)f i,j , (3.50)

f i,j = KCx̃+DC
˙̃xθ +MC(q)ẍd +CC(q, q̇)ẋd +Bm,C(q)ẍψ + fg(q). (3.51)

Similar to rigid-body robots, the control input τm,j in (2.24) can be derived by incorporating
(3.47) and (3.50) as

τm,j = τ f,j + τ i,j (3.52)

Defining x̃θ := xψ − xθ the closed-loop dynamics of a flexible-joint robot equipped with the
control law (3.52) becomes

MC(q)¨̃x+CC(q, q̇) ˙̃x+DC
˙̃x+KCx̃+Bm,C

¨̃xθ + ff + f ext = 0. (3.53)

Control Behavior in the Quasi-Static Scenario

Considering the flexible joint dynamics (2.25) and (2.26) represented in the Cartesian space
for the quasi-static case (i.e., for when θ̇ ≈ q̇ ≈ ẋψ ≈ ẋd ≈ 0), and given (3.44), (3.48), and
(3.51), utilizing the control law (3.52) yields

Kj,C(q) (xθ − x) ≈ KCx̃+ ff + fg(q). (3.54)
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Moreover, in the quasi-static condition, (3.49) reduces to

Kj,C(q) (xψ − xd) ≈ 0 =⇒ xψ ≈ xd. (3.55)

Therefore, it can be deduced that

˙̃xTθ
(
KCx̃+ ff + fg(q)

)
= ẋTψ︸︷︷︸

≈ẋTd

(
KCx̃+ ff + fg(q)

)
− ẋTθ

KCx̃+ ff + fg(q)︸ ︷︷ ︸
≈Kj,C(q)(xθ−x)


≈ ẋTd

(
KCx̃+ ff + fg(q)

)
− ẋTθKj,C(q) (xθ − x)

= ẋTd
(
KCx̃+ ff + fg(q)

)
− (ẋθ − ẋ)T Kj,C(q) (xθ − x)

− ẋT

Kj,C(q) (xθ − x)︸ ︷︷ ︸
≈KC x̃+fg(q)+ff


≈ ˙̃xT

(
KCx̃+ ff + fg(q)

)
− (ẋθ − ẋ)T Kj,C(q) (xθ − x) .

(3.56)

Energy Dynamics

By incorporating the gravity vector into the closed-loop dynamics (3.53), the following can
be obtained.

˙̃xTθ

(
MC(q)¨̃x+CC(q, q̇) ˙̃x+KCx̃+DC

˙̃xθ +BθC(q)¨̃xθ + ff + f ext + fg(q)
)

= ˙̃xTθ fg(q). (3.57)

Considering (3.46) and (3.49), (3.57) results in

˙̃xTθ

Kj,C(q)(xψ−xd)+Dj,C(q)(ẋψ−ẋd)︷ ︸︸ ︷
(MC(q)ẍd +CC(q, q̇)ẋd) − ˙̃xTθ

Kj,C(q)(xθ−x)+Dj,C(q)(ẋθ−ẋ)︷ ︸︸ ︷(
MC(q)ẍ+CC(q, q̇)ẋ+ fg(q)− f ext

)
+ ˙̃xTθ

(
KCx̃+DC

˙̃xθ +Bm,C(q)¨̃xθ + ff + fg(q)
)
= 0. (3.58)

Consequently

˙̃xTθ
(
Kj,C(q) (x̃θ − x̃) +Dj,C(q)

(
˙̃xθ − ˙̃x

))
(3.59)

+ ˙̃xTθ
(
KCx̃+DC

˙̃xθ +Bm,C(q)¨̃xθ + ff + fg(q)
)
= 0,

resulting in (
˙̃xθ − ˙̃x

)T (
Kj,C(q) (x̃θ − x̃) +Dj,C(q)

(
˙̃xθ − ˙̃x

))
+ ˙̃xT

(
Kj,C(q) (x̃θ − x̃) +Dj,C(q)

(
˙̃xθ − ˙̃x

))
(3.60)

+ ˙̃xTθ
(
KCx̃+DC

˙̃xθ +Bm,C(q)¨̃xθ + ff + fg(q)
)
= 0.
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Therefore (
˙̃xθ − ˙̃x

)T
Kj,C(q) (x̃θ − x̃) +

(
˙̃xθ − ˙̃x

)T
Dj,C(q)

(
˙̃xθ − ˙̃x

)
+ ˙̃xT


MC(q)ẍd+CC(q,q̇)ẋd︷ ︸︸ ︷

Kj,C(q) (xψ − xd) +Dj,C(q)
(
ẋψ − ˙̃xd

)
− ˙̃xT

Kj,C(q) (xθ − x) +Dj,C(q) (ẋθ − ẋ)︸ ︷︷ ︸
MC(q)ẍ+CC(q,q̇)ẋ+fg(q)−fext

 (3.61)

+ ˙̃xTθ
(
KCx̃+DC

˙̃xθ +Bm,C(q)¨̃xθ + ff + fg(q)
)
= 0,

which after a rearrangement yields(
˙̃xθ − ˙̃x

)T
Kj,C(q) (x̃θ − x̃) + ˙̃xTMC(q)¨̃x+ ˙̃xTCC(q, q̇) ˙̃x− ˙̃xTfg(q) + ˙̃xTθBm,C(q)¨̃xθ

+ ˙̃xTθ
(
KCx̃+ ff + fg(q)

)
= − ˙̃xTf ext −

(
˙̃xθ − ˙̃x

)T
Dj,C(q)

(
˙̃xθ − ˙̃x

)
− ˙̃xTθDC

˙̃xθ. (3.62)

In the quasi-static mode, (3.56) can be employed. As a result, (3.62) results in(
˙̃xθ − ˙̃x

)T
Kj,C(q) (x̃θ − x̃) + ˙̃xTMC(q)¨̃x+ ˙̃xTCC(q, q̇) ˙̃x−XXXXX

˙̃xTfg(q) + ˙̃xTθBm,C(q)¨̃xθ

+ ˙̃xTKCx̃+
XXXXX
˙̃xTfg(q)− (ẋθ − ẋ)T Kj,C(q) (xθ − x)

= − ˙̃xTff − ˙̃xTf ext −
(
˙̃xθ − ˙̃x

)T
Dj,C(q)

(
˙̃xθ − ˙̃x

)
− ˙̃xTθDC

˙̃xθ. (3.63)

Stabilization

The following storage function is proposed for the controlled flexible-joint robot.

Si,j =
1

2
(x̃θ − x̃)T Kj,C(q) (x̃θ − x̃) +

1

2
˙̃xTθBm,C(q) ˙̃xθ −

1

2
(xθ − x)T Kj,C(q) (xθ − x)

+
1

2
˙̃xTMC(q) ˙̃x+

1

2
x̃TKCx̃. (3.64)

Its time evolution can be derived as

Ṡi,j =
(
˙̃xθ − ˙̃x

)T
Kj,C(q) (x̃θ − x̃) + ˙̃xTθBm,C(q)¨̃xθ − (ẋθ − ẋ)T Kj,C(q) (xθ − x)

+ ˙̃xTMC(q)¨̃x+ ˙̃xTCC(q, q̇) ˙̃x︸ ︷︷ ︸
1
2
˙̃xT ṀC(q) ˙̃x

+ ˙̃xTKCx̃, (3.65)

where the skew-symmetry of the matrix ṀC(q, q̇) − 2CC(q, q̇) due to the condition (2.15)
was taken into account. Considering (3.63), (3.65) reduces to

Ṡi,j = ẋTf ext + ẋTff︸ ︷︷ ︸
PT,f

−ẋTd (ff + f ext)︸ ︷︷ ︸
PT,i

− ˙̃xTθDC
˙̃xθ︸ ︷︷ ︸

≥0

−
(
˙̃xθ − ˙̃x

)T
Dj,C(q)

(
˙̃xθ − ˙̃x

)︸ ︷︷ ︸
≥0

. (3.66)

Similar to the stabilization of the rigid-body robot, by considering a passive environment
satisfying (3.21) and augmenting the two energy tanks for the powers PT,f and PT,i yielding
(3.27) and (3.31), respectively, the overall system can be assumed to be passive. The port-
based model of a flexible-joint robot equipped with a unified force-impedance control is
depicted in Figure 3.16.
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Figure 3.16: Port-based representation of the closed-loop UFIC system for flexible joint robots

Remark: In the passivity proof, rather than assuming the quasi-static condition, the
following approximation can be considered.

˙̃xTθ
(
KCx̃+ ff + fg(q)

)
= ˙̃xT

(
KCx̃+ ff + fg(q)

)
. (3.67)

Consequently, an additional energy tank can be augmented for the potential passivity-
violating power associated with such an approximation, derived as

PT,j = ( ˙̃xθ − ˙̃x)T
(
KCx̃+ ff + fg(q)

)
. (3.68)
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3.2 Unified Force-Impedance Control with Variable Stiffness

Arbitrarily controlling force and motion in the same direction is typically challenging due
to constraints imposed by the impedance characteristics of the interacting environment.
However, certain tasks necessitate simultaneous control of both motion and force in a par-
ticular direction, such as when a robot must maintain controlled contact with a moving
object. In such scenarios, it becomes crucial to determine the dominance of either force
control or motion control. One approach involves adjusting the strength of motion control
by adapting its compliance. This section introduces a method for the online adaptation of
impedance controller stiffness within the unified force-impedance control framework outlined
in the previous section.

3.2.1 Direction-Dependent Compliance for Multi-Manual Manipulation

Consider a scenario where a team of robots is tasked with collaboratively transporting an
object; see Figure 3.17. To address potential situations where the control of force (for
maintaining object grasp) and motion (for moving the object) align in the same direction,
this section introduces a compliance adaptation method. The derivation of this method is
entirely modular, allowing for the dynamic addition or removal of cooperative arms on the
fly. Consequently, the subsequent presentation outlines the control law for a single robot.
As demonstrated in the experiments section, implementing this control law independently
on each robot enables effective cooperative object manipulation.
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Figure 3.17: A multi-manual system manipulating a large box.

Problem Formulation

Consider TFxd(t) ∈ Rm as the desired trajectory defined in a task frame TF for an object
being held by nr robots. Assuming that the location of contact points on the object account
for the grasp matrix condition [76] (or similarly the virtual linkage model [86]), each robot is
supposed to exert a certain normal force eefd,tz ∈ R>0 to maintain the grasp. Without loss
of generality, the following proposed control algorithm is derived for one n-DoF manipulator
whose base frame is rotated by the rotation matrix TFR with respect to the task frame
TF. The other cooperative arms also use the same algorithm with their associated rotation
matrices, as shown in Figure 3.17 and Figure 3.18.
Assuming a stable contact between the manipulator end-effector and the object, the vector

ee
eepcr ∈ Rmt can be defined in the robot end-effector frame, connecting the end-effector pose
xee ∈ Rm to the object center of rotation pose x ∈ Rm (see Figure 3.18). The associated
Jacobian matrices are defined according to (2.3)–(2.6), satisfying the following relations.

ẋee = Jee(q)q̇, (3.69)

ẋ = eeJ ẋee, (3.70)

ẋ = eeJ Jee(q)︸ ︷︷ ︸
J(q)

q̇. (3.71)

Here, q ∈ Rn denotes the robot joint angles, and eeJ ∈ Rm×m is derived as a function of
ee
eepcr according to (2.6).

Variable Impedance Controller

For the incorporated Cartesian impedance controller, the same control law as (3.1) is used,
but with a variable stiffness matrix denoted as KC,v ∈ Rm×m, as opposed to the constant
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Figure 3.18: Variables associated with each arm. The scalars eefext,tz and eex̃tz are the projections
of the external wrench eef ext and the pose error x̃, respectively, on the z-axis of the
end-effector frame.

stiffness matrix KC in (3.2). For its derivation, the stiffness matrix is first defined in the
end-effector frame as a diagonal matrix eeKC,v, as

eeKC,v = diag([eektx ,
eekty , ρi,t

eektz ,
eekrx ,

eekry ,
eekrz ]), (3.72)

where ktx , kty , ktz , krx , kry , krz ∈ R≥0 are the user-defined translational and rotational stiff-
ness coefficients. Additionally, ρi,t ∈ [0, 1] denotes the impedance control shaping function
variable defined as a smooth function according to

ρi,t =


1 if δi,t ≤ eex̃tz ,
1
2

(
1− cos

(
π

eex̃tz
δi,t

))
if 0 ≤ eex̃tz < δi,t,

0 else,

(3.73)

with eex̃tz representing the pose error x̃ rotated by eeRT along the end-effector z-direction,
and δi,t ∈ R>0 serving as the threshold along the end-effector z-direction, from which the
stiffness begins to adapt. The rationale behind this shaping function is to increase compliance
whenever the robot setpoint is behind its end-effector, ensuring that (i) no backward motion
interferes with the force control maintaining the grasp and (ii) robots on the other side of
the object can take the lead and move the robot by pushing the object while the grasp is
maintained.
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Figure 3.19: Shaping function variables; The role of ρo,t is to activate the force controller only when
the position error along the z-axis of the end-effector frame is not too large, whereas
the role of ρi,t is to engage the motion controller along the end-effector z-axis only
when the robot is supposed to move forward (i.e. when eex̃tz > 0).

The diagonal matrix eeKC,v in (3.72) is continuously transformed from the end-effector
frame to the robot base frame, yielding the stiffness matrix KC,v in the control law

τ v = JT (q)fv, (3.74)

fv = KC,vx̃+DC
˙̃x+MC(q)ẍd +CC(q, q̇)ẋd + fg(q), (3.75)

x̃ = xd − x. (3.76)

Force Controller for Object Grasp

The employed force control is similar to (3.7), but only a 1-dimensional force is supposed to
be controlled to maintain the object’s grasp. As mentioned before, to hold the object, each
manipulator should establish a contact force eefd,tz along the z-direction of their end-effector
frame. Thus, considering eefext,tz ∈ R as the external force along the end-effector z-direction,
the proposed force control law is

τ o =
eeJT (q) eefo, (3.77)

eefo = [0, 0, ρo,t
eef̆o, 0, 0, 0]

T , (3.78)

where

eef̆o =
eefd,tz + kf,p

eef̃tz + kf,i

∫ t

0

eef̃tz(ε) dε+ kf,d
ee ˙̃
ftz , (3.79)

eef̃tz =
eefd,tz +

eefext,tz , (3.80)

with kf,p, kf,i, kf,d ∈ R≥0 denoting the PID gains. Additionally, ρo,t represents the force
control shaping function variable defined as a smooth function as follows:

ρo,t =


0 if 2δo,t ≤ |eex̃tz |,
1
2

(
1 + cos

(
π(

eex̃tz
δo,t

− 1)
))

if δo,t ≤ |eex̃tz | < 2δo,t,

1 else.

(3.81)
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Here δo,t ∈ R>0 is the shaping function threshold, from which the force control is smoothly
deactivated to avoid any hazardous behavior. Figure 3.19 depicts the evolution of the
impedance control and force control shaping function variables based on the pose error along
the end-effector z-axis.

Final controller

The robot input torque τm in (2.8) is derived by incorporating the variable impedance control
and object grasp control laws, as

τm = τ v + τ o. (3.82)

Considering (2.11), (2.16), (2.17), (2.20), (3.74) and (3.77), the closed-loop dynamics of
the robot equipped with the input torque (3.82) in the absence of joint friction becomes

MC(q)¨̃x+CC(q, q̇) ˙̃x+DC
˙̃x+KC,vx̃+ eeJ

−T (fo + f ext) = 0. (3.83)

3.2.2 Stabilization

For investigating stability, the passivity analysis approach introduced in Section 2.3 is utilized
here. The proposed storage function is similar to (3.14), and is defined as

Sv =
1

2
˙̃xTMC(q) ˙̃x+

1

2
x̃TKC,vx̃. (3.84)

Its time evolution is derived as

Ṡv = ˙̃xTMC(q)¨̃x+
1

2
˙̃xTṀC(q, q̇) ˙̃x+ ˙̃xTKC,vx̃+

1

2
x̃T K̇C,vx̃ (3.85)

= − ˙̃xT eeJ
−T (fo + f ext) +

1

2
x̃T K̇C,vx̃− ˙̃xTDC

˙̃x (3.86)

= ẋTeef ext− ˙̃xT eeJ
−Tfo − ẋTd eeJ

−Tf ext +
1

2
x̃T K̇C,vx̃︸ ︷︷ ︸

PT

− ˙̃xTDC
˙̃x︸ ︷︷ ︸

≥0

. (3.87)

Considering nr as the total number of robots and assuming a passive object in a passive
environment, the following assumptions can be made.

Ṡenv ≤
nr∑
i=1

−ẋTee,if ext,i. (3.88)

Here, Senv ∈ R≥0 denotes the storage function associated with the object and the environ-
ment. Accordingly, the storage function associated with the overall system of nr manipulator
holding the object becomes

Ssys =

nr∑
i=1

Sv,i + Senv. (3.89)
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Parameter Experiment 1 Experiment 2
ee
eepcr [m] [0, 0, 0.225]T

ktx , kty , ktz [N/m] 1000

krx , kry , krz [Nm/rad] 150

DC Critical damping [381]

δi,t, δo,t [m] 0.01, 0.05
eefd,tz [N] 10 15

kf,p, kf,i, kf,d [-] 1.5, 0.3, 0 1, 0.3, 0

ST (t = 0), Senv(t = 0) [J ] 7, 1

Table 3.2: Controller parameters for each arm.

Given (3.87) and (3.88), it follows

Ṡsys ≤
nr∑
i=1

PT,i. (3.90)

In order to ensure passivity, a virtual energy tank with the storage function ST ∈ R≥0 can
be defined such that

ṠT = −
nr∑
i=1

PT,i. (3.91)

Considering (3.87), the tank has three ports for each robot with controllable variables fo,
K̇C,v, and ẋd. As elaborated in Section 2.3, to guarantee the passivity of the overall system,
the tank valve gain γlow associated with its lower energy plays a crucial role. As soon as the
tank energy is fully drained, γlow and accordingly, all the controllable variables change to
zero. The passivity of the overall system, including the virtual energy tank, can be observed
according to (3.90) and (3.91), via

S = Ssys + ST ≤ 0. (3.92)

3.2.3 Experiments

In order to evaluate the proposed approach, a bi-manual setup consisting of two 7-DoF
Franka Emika robots is prepared. For a better contact force establishment, foam balls are
cut and attached to the robot end-effectors, as shown in Figure 3.20 and Figure 3.22. The
external wrench f ext for each robot is estimated via the interoceptive momentum-based
observer [380]. The manipulated object is a wooden beam with weight and length of 0.9 kg
and 0.45 m, respectively.

Two experiments are carried out. In the first one, the robots are supposed to grasp and
carry the object along a predefined trajectory. In the second experiment, the desired motion
is determined by a human operator interacting with a third robot remotely. For grasping the
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Figure 3.20: Experiment 1 – The object follows a rectangular path in the xy-plane. Figures a○, b○,
c○ and d○ correspond to the beginning of the stages 2○, 3○, 4○ and 5○, respectively.

object, in both experiments, the robot end-effectors are aligned with and facing each other,
thus meeting the grasp matrix condition [76]. The controller parameters for both robots are
empirically tuned and set according to Table 3.2.

Experiment 1: Object Manipulation Along a Rectangular Path

In this experiment, the bi-manual system is supposed to first grasp the object with the desired
contact force eefd,tz = 10 N. Thereafter, the object is supposed to move with a velocity of
0.1 m/s along a square with a side length of 0.25 m on the xy-plane of the task frame TF,
as shown in Figure 3.20.

As depicted in Figure 3.21, during the grasp stage 1 , the motion controller stiffness along
the end-effector z-axis is zero (ρi,t = 0), and the force controllers perfectly establish the
contact force of 10 N. The initial oscillations are due to the elasticity of the end-effectors’
surface. During stage 2 , the robots move along their y-axes. Due to the initial zero stiffness
on the robots x-axes (i.e., end-effector z-axis), the robots, and accordingly the object, start
to slightly drift toward robot 1 (left robot in Figure 3.20). This behavior increases the value
of eex̃tz for robot 1, and as a result, the variable ρi,t slightly increases. Consequently, the
increased stiffness of robot 1 prevents any further object drifting. Throughout stage 3 , as
the desired pose xd for robot 1 moves ahead of its end-effector, the variable ρi,t becomes
1. As a result, the controller’s high stiffness pushes the object toward robot 2 and the
contact force increases. As the stiffness of robot 2 along its end-effector z-axis is still zero
(ρi,t = 0), its force controller is able to maintain the contact force of 10 N by moving the
robot backward. During stage 4 , similar to stage 2 , the variable ρi,t for robot 1 slightly
increases to stop any possible object drifting behavior. Finally, in stage 5 , the stiffness of
robot 2 increases (ρi,t = 1), and the robot pushes the object toward its initial position to
complete the rectangular path.
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Figure 3.21: Experiment 1 – To manipulate the object, each robot independently follows its desired
force and motion in its own frame. The variable ρi,t adapts based on the desired motion
direction. Through this cooperative approach, the object moves within its own frame.

Figure 3.22: Experiment 2 – An operator is remotely manipulating the object by moving the guiding
robot in the yz-plane.
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Experiment 2: Energy Evolution During Teleoperation

In this experiment, another robot is employed as a guidance interface, through which a
human operator commands the desired motion of the object, as shown in Figure 3.22. The
guiding robot motion is constrained such that the operator can only move it in the yz-plane
of the task frame TF. Additionally, the initial pose of the robot is perceived as the actual
initial pose of the object (Figure 3.22.a). The human operator moves the guiding robot first
along its y-axis (between time 2 and 4 s in Figure 3.21) and then along the z-axis (between
time 4 and 6 s). The aim of this experiment is to monitor the evolution of the power and
energy signals introduced during the stability analysis.
In order to better analyze the energy evolution, the following signals are introduced for

each robot.

ET,v :=

∫ t

0

1

2
x̃T K̇C,vx̃ dε, (3.93)

ET,o :=

∫ t

0
− ˙̃xT eeJ

−Tfo dε, (3.94)

ET,i :=

∫ t

0
−ẋTd eeJ

−Tf ext dε, (3.95)

ET := ET,v + ET,o + ET,i (3.96)

Eext :=

∫ t

0
ẋT eeJ

−Tf ext dε. (3.97)

Note that these values do not necessarily correspond to energy, as they can become negative.
Initially, with no desired motion, the stiffness value along the x-axes is zero for both robots.

As the human moves the guiding robot to the right, the stiffness for robot 1 increases to
push the object to the right. The stiffness remains nonzero even when the human moves the
guiding robot upward to restrict any object drifting behavior. Despite the rapid change in
stiffness K̇C at around 2 s, the relatively small pose error x̃ results in low values for ET,v.
This value remains zero for robot 2, as its stiffness does not change during the experiment.
Similarly, due to the comparatively low velocity-error ˙̃x, the value ET,o remains low for both
robots. However, ET,i is the major component of ET . In fact, considering (3.87) and (3.95),
as the desired velocity ẋd and the interaction force f ext for robot 1 have opposite directions,
ET,i corresponds to the main potentially passivity-violating power. This is not the case for
Robot 2, as at least during the first part of the motion, ET,i is continuously decreasing.

Figure 3.23 depicts the evolution of the physical power exchanged between each robot
and the environment. Pushing the object is equivalent to some work being done on the
environment. Therefore, Eext for robot 1 is continuously decreasing. In contrast, work is
done on robot 2 for the same motion as the environment pushes this robot. Considering the
overall behavior, it is observed that throughout the experiment, the tank energy ST drains. In
fact, its energy is either being dissipated by the Cartesian controller damping or contributing
to the energy evolution of the storage functions Sv,i and Sv,2 and the environment energy
Senv. Moreover, the transferred energy to the environment is either stored as the object’s
gravitational potential energy or dissipated (e.g., via the friction effects that have been
ignored in the modeling).
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3.2 Unified Force-Impedance Control with Variable Stiffness

<latexit sha1_base64="N5v6UZTa12GzL92t4/nEG1pnQuk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoi9bUruHFZwT6gDWEymbRDJ5MwM5GWkF9x40IRt/6IO//GSRpErQcGDufcyz1zvJhRqSzr06isrK6tb1Q3a1vbO7t75n69J6NEYNLFEYvEwEOSMMpJV1HFyCAWBIUeI31vepP7/QciJI34vZrHxAnRmNOAYqS05Jr1mZv6p8odhUhNRJjOssw1G1bTKgCXiV2SBijRcc2PkR/hJCRcYYakHNpWrJwUCUUxI1ltlEgSIzxFYzLUlKOQSCctsmfwWCs+DCKhH1ewUH9upCiUch56ejKPKP96ufifN0xUcOWklMeJIhwvDgUJgyqCeRHQp4JgxeaaICyozgrxBAmEla6rVpRwneP8+8vLpHfWtC+arbtWo90q66iCQ3AEToANLkEb3IIO6AIMZuARPIMXIzOejFfjbTFaMcqdA/ALxvsX2KyVEg==</latexit>xd,tx
<latexit sha1_base64="uUbSzSHByTp8+Q1sRYTVyNJE7JM=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiL1tSu4cVnBPqANYTKdtENnJmFmUlpC/sSNC0Xc+ifu/BsnaRC1Hhg4nHMv98wJYkaVdpxPa2V1bX1js7JV3d7Z3du3Dw47KkokJm0csUj2AqQIo4K0NdWM9GJJEA8Y6QaT29zvTolUNBIPeh4Tj6ORoCHFSBvJt+2Zn2p/wJEeS57Ossy3a07dKQCXiVuSGijR8u2PwTDCCSdCY4aU6rtOrL0USU0xI1l1kCgSIzxBI9I3VCBOlJcWyTN4apQhDCNpntCwUH9upIgrNeeBmcwjqr9eLv7n9RMdXnspFXGiicCLQ2HCoI5gXgMcUkmwZnNDEJbUZIV4jCTC2pRVLUq4yXHx/eVl0jmvu5f1xn2j1myUdVTAMTgBZ8AFV6AJ7kALtAEGU/AInsGLlVpP1qv1thhdscqdI/AL1vsXqcGUbg==</latexit>xtx

<latexit sha1_base64="2Gq5zczUQKL6clCWWYtiBDGF/+M=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkoq9bUruHFZwdZCG8JkMmmHTiZhZiLGEH/FjQtF3Poh7vwbJ2kQtR4YOJxzL/fMcSNGpbKsT6OysLi0vFJdra2tb2xumds7fRnGApMeDlkoBi6ShFFOeooqRgaRIChwGblxpxe5f3NLhKQhv1ZJROwAjTn1KUZKS45Zv3NS7xAqZxQgNRFBep9ljtmwmlYBOE9aJWmAEl3H/Bh5IY4DwhVmSMphy4qUnSKhKGYkq41iSSKEp2hMhppyFBBpp0X4DO5rxYN+KPTjChbqz40UBVImgasn84jyr5eL/3nDWPlndkp5FCvC8eyQHzOoQpg3AT0qCFYs0QRhQXVWiCdIIKx0X7WihPMcx99fnif9o2brpNm+ajc67bKOKtgFe+AAtMAp6IBL0AU9gEECHsEzeDEejCfj1XibjVaMcqcOfsF4/wI07pU+</latexit>xd,tz
<latexit sha1_base64="Y+NAlPDGnei9XWCFEtVAtUKRPVc=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiL1tSu4cVnBPqANYTKdtENnJmFmUqwhf+LGhSJu/RN3/o2TNIhaDwwczrmXe+YEMaNKO86ntbS8srq2Xtmobm5t7+zae/sdFSUSkzaOWCR7AVKEUUHammpGerEkiAeMdIPJde53p0QqGok7PYuJx9FI0JBipI3k2/a9n2p/wJEeS54+ZJlv15y6UwAuErckNVCi5dsfg2GEE06Exgwp1XedWHspkppiRrLqIFEkRniCRqRvqECcKC8tkmfw2ChDGEbSPKFhof7cSBFXasYDM5lHVH+9XPzP6yc6vPRSKuJEE4Hnh8KEQR3BvAY4pJJgzWaGICypyQrxGEmEtSmrWpRwlePs+8uLpHNad8/rjdtGrdko66iAQ3AEToALLkAT3IAWaAMMpuARPIMXK7WerFfrbT66ZJU7B+AXrPcvrM2UcA==</latexit>xtz

Robot 1 Robot 2

<latexit sha1_base64="VJ8D99v8IhyD/zrqMW6bCOAM4ec=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkft0KInis0LSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW370yqtrK6tb5Q3K1vbO7t71f2DjooSSahLIh7Jno8V5UxQVzPNaS+WFIc+p11/epP53QcqFYtEW89i6oV4LFjACNZGcm+HaXs+rNbsup0DLROnIDUo0BpWPwajiCQhFZpwrFTfsWPtpVhqRjidVwaJojEmUzymfUMFDqny0vzYOToxyggFkTQlNMrVnxMpDpWahb7pDLGeqL9eJv7n9RMdXHkpE3GiqSCLRUHCkY5Q9jkaMUmJ5jNDMJHM3IrIBEtMtMmnkodwneH8++Vl0jmrOxf1xn2j1mwUcZThCI7hFBy4hCbcQQtcIMDgEZ7hxRLWk/VqvS1aS1Yxcwi/YL1/AczJjsg=</latexit>

ET
<latexit sha1_base64="moTKx9GK2rdfR4AQwXUdPTcPxpc=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiL1tSuI4LKCfUAbwmQ6aYfOTMLMpFhC/sSNC0Xc+ifu/BsnaRC1Hhg4nHMv98wJYkaVdpxPa2l5ZXVtvbJR3dza3tm19/Y7KkokJm0csUj2AqQIo4K0NdWM9GJJEA8Y6QaT69zvTolUNBL3ehYTj6ORoCHFSBvJt+0bPx1wpMeSp+RBZ5lv15y6UwAuErckNVCi5dsfg2GEE06Exgwp1XedWHspkppiRrLqIFEkRniCRqRvqECcKC8tkmfw2ChDGEbSPKFhof7cSBFXasYDM5mHVH+9XPzP6yc6vPRSKuJEE4Hnh8KEQR3BvAY4pJJgzWaGICypyQrxGEmEtSmrWpRwlePs+8uLpHNad8/rjbtGrdko66iAQ3AEToALLkAT3IIWaAMMpuARPIMXK7WerFfrbT66ZJU7B+AXrPcvYr+UQQ==</latexit>

Eext
<latexit sha1_base64="0CVsUBa4WmQ52dhLO+jBre8F+r8=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiTS+tgV3Lis1D6gDWUynbRDJ5MwMymU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwtr6xuVXcLu3s7u0flA+POiqMJaFtEvJQ9jysKGeCtjXTnPYiSXHgcdr1prep351RqVgoHvQ8om6Ax4L5jGBtpFZrOBuWK3bVzoBWiZOTCuRoDssfg1FI4oAKTThWqu/YkXYTLDUjnC5Kg1jRCJMpHtO+oQIHVLlJduoCnRllhPxQmhIaZerPiQQHSs0Dz3QGWE/UXy8V//P6sfav3YSJKNZUkOUiP+ZIhyj9G42YpETzuSGYSGZuRWSCJSbapFPKQrhJUf9+eZV0LqrOZbV2X6s0ankcRTiBUzgHB66gAXfQhDYQGMMjPMOLxa0n69V6W7YWrHzmGH7Bev8CUVKN7A==</latexit>

Sv

<latexit sha1_base64="2Y+SYB75rimOZlBruddqjg1qcWk=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSEmkWt0V3LisYB/QhjCZTNqhk0mYmUhLyK+4caGIW3/EnX/jJA2i1gMDh3Pu5Z45XsyoVJb1aaysrq1vbFa2qts7u3v75kGtJ6NEYNLFEYvEwEOSMMpJV1HFyCAWBIUeI31vepP7/QciJI34vZrHxAnRmNOAYqS05Jq1mZv6Z8odhUhNRJjOssw161bDKgCXiV2SOijRcc2PkR/hJCRcYYakHNpWrJwUCUUxI1l1lEgSIzxFYzLUlKOQSCctsmfwRCs+DCKhH1ewUH9upCiUch56ejKPKP96ufifN0xUcOWklMeJIhwvDgUJgyqCeRHQp4JgxeaaICyozgrxBAmEla6rWpRwnePi+8vLpHfesC8bzbtmvd0q66iAI3AMToENWqANbkEHdAEGM/AInsGLkRlPxqvxthhdMcqdQ/ALxvsX2ZOVFQ==</latexit>xd,tx
<latexit sha1_base64="YdFhZi77bVeyLl4WmEwKmxN9Nl0=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWakWt0V3LisYB/QDkMmTdvQJDMkmdIyzJ+4caGIW//EnX9jZjqIWg8EDufcyz05QcSo0o7zaZXW1jc2t8rblZ3dvf0D+/Coo8JYYtLGIQtlL0CKMCpIW1PNSC+SBPGAkW4wvc387oxIRUPxoBcR8TgaCzqiGGkj+bY99xPtDzjSE8mTeZr6dtWpOTngKnELUgUFWr79MRiGOOZEaMyQUn3XibSXIKkpZiStDGJFIoSnaEz6hgrEifKSPHkKz4wyhKNQmic0zNWfGwniSi14YCaziOqvl4n/ef1Yj669hIoo1kTg5aFRzKAOYVYDHFJJsGYLQxCW1GSFeIIkwtqUVclLuMlw+f3lVdK5qLlXtfp9vdpsFHWUwQk4BefABQ3QBHegBdoAgxl4BM/gxUqsJ+vVeluOlqxi5xj8gvX+BaqolHE=</latexit>xtx

<latexit sha1_base64="IBJfRsqb0ZU44aPfN+8KYHCh/Fg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVaZSre4KblxWsA9ohyGTZtrQJDMkmWId5k/cuFDErX/izr8xMx1ErQcCh3Pu5Z4cP2JUacf5tEorq2vrG+XNytb2zu6evX/QVWEsMengkIWy7yNFGBWko6lmpB9JgrjPSM+fXmd+b0akoqG40/OIuByNBQ0oRtpInm3fe4n2hhzpieTJQ5p6dtWpOTngMqkXpAoKtD37YzgKccyJ0JghpQZ1J9JugqSmmJG0MowViRCeojEZGCoQJ8pN8uQpPDHKCAahNE9omKs/NxLElZpz30xmEdVfLxP/8waxDi7dhIoo1kTgxaEgZlCHMKsBjqgkWLO5IQhLarJCPEESYW3KquQlXGU4//7yMume1eoXtcZto9pqFnWUwRE4BqegDpqgBW5AG3QABjPwCJ7Bi5VYT9ar9bYYLVnFziH4Bev9C620lHM=</latexit>xtz

<latexit sha1_base64="5H9B63nc8q2devmbjiq+MSnC5EY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoq1equ4MZlBfuANoTJZNIOnUzCzERaQ37FjQtF3Poj7vwbJ2kQtR4YOJxzL/fMcSNGpbKsT6O0srq2vlHerGxt7+zumfvVngxjgUkXhywUAxdJwignXUUVI4NIEBS4jPTd6XXm9++JkDTkd2oeETtAY059ipHSkmNWZ07inSpnFCA1EUHykKaOWbPqVg64TBoFqYECHcf8GHkhjgPCFWZIymHDipSdIKEoZiStjGJJIoSnaEyGmnIUEGknefYUHmvFg34o9OMK5urPjQQFUs4DV09mEeVfLxP/84ax8i/thPIoVoTjxSE/ZlCFMCsCelQQrNhcE4QF1VkhniCBsNJ1VfISrjKcf395mfTO6o2LevO2WWu3ijrK4BAcgRPQAC3QBjegA7oAgxl4BM/gxUiNJ+PVeFuMloxi5wD8gvH+BdyflRc=</latexit>xd,tz

<latexit sha1_base64="FHJ83mFj/N17tbxrdJL5pYDvdy0=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoOgIGEj0egt4MVjBPOAbFxmJ51kyOyDmV4hLvsNXvwVLx4U8erJm3/jbhJFjQUDNVXddHc5gRQaTfPDyMzNLywuZZdzK6tr6xv5za2G9kPFoc596auWwzRI4UEdBUpoBQqY60hoOsPz1G/egNLC965wFEDHZX1P9ARnmEh2/sBSA9+OxCHG1KLXlstwoNwIIB7aEdpf/9s4tvMFs2iOQWdJaUoKZIqanX+3uj4PXfCQS6Z1u2QG2ImYQsElxDkr1BAwPmR9aCfUYy7oTjQ+KaZ7idKlPV8lz0M6Vn92RMzVeuQ6SWW6ov7rpeJ/XjvE3mknEl4QInh8MqgXSoo+TfOhXaGAoxwlhHElkl0pHzDFOCYp5sYhnKU4/j55ljSOiqWTYvmyXKhWpnFkyQ7ZJfukRCqkSi5IjdQJJ3fkgTyRZ+PeeDRejNdJacaY9myTXzDePgHnz58G</latexit>

⇢i,t
eektz

<latexit sha1_base64="XFDk8GApJ5EhycD8rm3NSfHcM58=">AAACD3icbVBNS8NAEN34WetX1KOXxaJ4kJJKtXorePFYwX5AU8tmO2mXbrJhd1MoIf/Ai3/FiwdFvHr15r9x0xZR64OBx3szzMzzIs6UdpxPa2FxaXllNbeWX9/Y3Nq2d3YbSsSSQp0KLmTLIwo4C6GumebQiiSQwOPQ9IZXmd8cgVRMhLd6HEEnIP2Q+YwSbaSufeTKgegm4kSn2MV3bkD0QAYJQOp6EkaQ+Klx065dcIrOBHielGakgGaode0PtydoHECoKSdKtUtOpDsJkZpRDmnejRVEhA5JH9qGhiQA1Ukm/6T40Cg97AtpKtR4ov6cSEig1DjwTGd2r/rrZeJ/XjvW/kUnYWEUawjpdJEfc6wFzsLBPSaBaj42hFDJzK2YDogkVJsI85MQLjOcfb88TxqnxdJ5sXxTLlQrszhyaB8doGNUQhVURdeohuqIonv0iJ7Ri/VgPVmv1tu0dcGazeyhX7DevwBJeJ2W</latexit>

⇢o,t
eef̆o

<latexit sha1_base64="RZOO3UjZCUwCwUjgi69E1UywtX0=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEmkvnYFNy4r2Ae0IUymk3bo5MHMjbSErNz4K25cKOLWb3Dn35ikUdR6YODMOfdy7z1OKLgCw/jQ5uYXFpeWSyvl1bX1jU19a7ulgkhS1qSBCGTHIYoJ7rMmcBCsE0pGPEewtjO6zPz2LZOKB/4NTEJmeWTgc5dTAqlk63uuHfc8AkPpxWwMyRHYX99xkth6xagaOfAsMQtSQQUatv7e6wc08pgPVBCluqYRghUTCZwKlpR7kWIhoSMyYN2U+sRjyorzMxJ8kCp97AYyfT7gXP3ZERNPqYnnpJXZiuqvl4n/ed0I3HMr5n4YAfPpdJAbCQwBzjLBfS4ZBTFJCaGSp7tiOiSSUEiTK+chXGQ4+T55lrSOq+ZptXZdq9RrRRwltIv20SEy0RmqoyvUQE1E0R16QE/oWbvXHrUX7XVaOqcVPTvoF7S3TwQkmjg=</latexit>

fext,tx
<latexit sha1_base64="omscldswCIyFkyOoHlwleXRVVPg=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAgupCRSX7uCG5cV7APaECbTSTt0MgkzN2INWbnxV9y4UMSt3+DOvzFJo6j1wMCZc+7l3nvckDMFpvmhzczOzS8slpbKyyura+v6xmZLBZEktEkCHsiOixXlTNAmMOC0E0qKfZfTtjs6z/z2NZWKBeIKxiG1fTwQzGMEQyo5+o7nxD0fw1D6Mb2B5ACcr+9tkjh6xayaOYxpYhWkggo0HP291w9I5FMBhGOlupYZgh1jCYxwmpR7kaIhJiM8oN2UCuxTZcf5GYmxlyp9wwtk+gQYufqzI8a+UmPfTSuzFdVfLxP/87oReKd2zEQYARVkMsiLuAGBkWVi9JmkBPg4JZhIlu5qkCGWmECaXDkP4SzD0ffJ06R1WLWOq7XLWqVeK+IooW20i/aRhU5QHV2gBmoigu7QA3pCz9q99qi9aK+T0hmt6NlCv6C9fQIHMJo6</latexit>

fext,tz

<latexit sha1_base64="CxKhoiz1XWHxCwejAgk8DN4GYlI=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoi9bUriOCyQl/QhjKZTtqhk0mYmRRK6Ee4caGIW7/HnX/jJA2i1gMXDufcy733eBFnStv2p1VYWV1b3yhulra2d3b3yvsHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k9vU70ypVCwUTT2LqBvgkWA+I1gbqXM3SJpn0/mgXLGrdga0TJycVCBHY1D+6A9DEgdUaMKxUj3HjrSbYKkZ4XRe6seKRphM8Ij2DBU4oMpNsnPn6MQoQ+SH0pTQKFN/TiQ4UGoWeKYzwHqs/nqp+J/Xi7V/7SZMRLGmgiwW+TFHOkTp72jIJCWazwzBRDJzKyJjLDHRJqFSFsJNiovvl5dJ+7zqXFZrD7VKvZbHUYQjOIZTcOAK6nAPDWgBgQk8wjO8WJH1ZL1ab4vWgpXPHMIvWO9fD/2Pfg==</latexit>

ET,v
<latexit sha1_base64="zLum/9xz1uC78ERhzK7eGm4Tdco=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNhIfN0CIniMkBckS5idzCZDZmeWmVkhLPkILx4U8er3ePNvnN0sosaChqKqm+4uP+JMG9f9dJaWV1bX1gsbxc2t7Z3d0t5+W8tYEdoikkvV9bGmnAnaMsxw2o0UxaHPacef3KR+54EqzaRommlEvRCPBAsYwcZKndtB0jyVs0Gp7FbcDGiRVHNShhyNQemjP5QkDqkwhGOte1U3Ml6ClWGE01mxH2saYTLBI9qzVOCQai/Jzp2hY6sMUSCVLWFQpv6cSHCo9TT0bWeIzVj/9VLxP68Xm+DKS5iIYkMFmS8KYo6MROnvaMgUJYZPLcFEMXsrImOsMDE2oWIWwnWK8++XF0n7rFK9qNTua+V6LY+jAIdwBCdQhUuowx00oAUEJvAIz/DiRM6T8+q8zVuXnHzmAH7Bef8CBVqPdw==</latexit>

ET,o
<latexit sha1_base64="CZwP2Izbw67D5xLekv02/+VbBF0=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgQkoirY9dQQSXFfqCNpTJdNIOnUzCzEQooR/hxoUibv0ed/6NkzSIWg9cOJxzL/fe40WcKW3bn1ZhZXVtfaO4Wdra3tndK+8fdFQYS0LbJOSh7HlYUc4EbWumOe1FkuLA47TrTW9Sv/tApWKhaOlZRN0AjwXzGcHaSN3bYdI6Y/NhuWJX7QxomTg5qUCO5rD8MRiFJA6o0IRjpfqOHWk3wVIzwum8NIgVjTCZ4jHtGypwQJWbZOfO0YlRRsgPpSmhUab+nEhwoNQs8ExngPVE/fVS8T+vH2v/yk2YiGJNBVks8mOOdIjS39GISUo0nxmCiWTmVkQmWGKiTUKlLITrFPXvl5dJ57zqXFRr97VKo5bHUYQjOIZTcOASGnAHTWgDgSk8wjO8WJH1ZL1ab4vWgpXPHMIvWO9f/C2PcQ==</latexit>

ET,i

<latexit sha1_base64="VJ8D99v8IhyD/zrqMW6bCOAM4ec=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkft0KInis0LSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW370yqtrK6tb5Q3K1vbO7t71f2DjooSSahLIh7Jno8V5UxQVzPNaS+WFIc+p11/epP53QcqFYtEW89i6oV4LFjACNZGcm+HaXs+rNbsup0DLROnIDUo0BpWPwajiCQhFZpwrFTfsWPtpVhqRjidVwaJojEmUzymfUMFDqny0vzYOToxyggFkTQlNMrVnxMpDpWahb7pDLGeqL9eJv7n9RMdXHkpE3GiqSCLRUHCkY5Q9jkaMUmJ5jNDMJHM3IrIBEtMtMmnkodwneH8++Vl0jmrOxf1xn2j1mwUcZThCI7hFBy4hCbcQQtcIMDgEZ7hxRLWk/VqvS1aS1Yxcwi/YL1/AczJjsg=</latexit>

ET
<latexit sha1_base64="moTKx9GK2rdfR4AQwXUdPTcPxpc=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSiL1tSuI4LKCfUAbwmQ6aYfOTMLMpFhC/sSNC0Xc+ifu/BsnaRC1Hhg4nHMv98wJYkaVdpxPa2l5ZXVtvbJR3dza3tm19/Y7KkokJm0csUj2AqQIo4K0NdWM9GJJEA8Y6QaT69zvTolUNBL3ehYTj6ORoCHFSBvJt+0bPx1wpMeSp+RBZ5lv15y6UwAuErckNVCi5dsfg2GEE06Exgwp1XedWHspkppiRrLqIFEkRniCRqRvqECcKC8tkmfw2ChDGEbSPKFhof7cSBFXasYDM5mHVH+9XPzP6yc6vPRSKuJEE4Hnh8KEQR3BvAY4pJJgzWaGICypyQrxGEmEtSmrWpRwlePs+8uLpHNad8/rjbtGrdko66iAQ3AEToALLkAT3IIWaAMMpuARPIMXK7WerFfrbT66ZJU7B+AXrPcvYr+UQQ==</latexit>

Eext
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Figure 3.23: Experiment 2 – The cooperative object manipulation is achieved through power ex-
changes among various components. Despite these dynamic interactions, the overall
storage function S remains bounded throughout the experiment.
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3. Passivity-Based Interaction Control

3.3 Force-Encoded Motion Policies for Interaction Control

When a robot is equipped solely with a motion controller3, the direct control of the in-
teraction wrench, as in the unified force-impedance control, becomes unattainable. In such
scenarios, where only the desired motion can be commanded to the robot, the application is
restricted to utilizing a motion policy. This section introduces a modification to one of the
most well-established motion policies, Dynamic Movement Primitives (DMP). Traditionally,
DMPs are effective tools for encoding desired motions into a dynamical system formulation.
With this innovative modification, DMPs are empowered with an indirect force control capa-
bility. These modified DMPs, known as Admittance-Coupled Dynamic Movement Primitives
(CDMP), facilitate intuitive energy modeling due to their physically interpretable formu-
lation. This ultimately enables the utilization of the concept of reference power to ensure
stability with respect to a nominal (e.g., demonstrated) task.

3.3.1 Indirect Force Control via Trajectory Modification

Considering xd,0(t) ∈ Rm as the desired motion trajectory in an m-dimensional Cartesian
space without incorporating force control intentions, the modified trajectory xd(t) for the
robot controller can be formulated

xd(t) = xd,0(t) + xa(t), (3.98)

3The motion controller employed in this context can be either a rigid motion controller, such as in the case
of position control, or a compliant motion controller, as seen in the case of impedance control.
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where xa(t) ∈ Rm represents the modification trajectory for indirect force control achievable
through the following admittance dynamics.

fd + f ext = Maẍa +Daẋa +Kaxa. (3.99)

Here, fd,f ext ∈ Rm are the robot desired wrench to the environment and the actual external
wrench from the environment to the robot, respectively. Additionally, Ma,Da,Ka ∈ Rm×m

denote the admittance mass, damping, and stiffness positive-definite matrices, respectively.

3.3.2 Admittance-Coupled Dynamic Movement Primitives

The standard formulation of a Dynamic Movement Primitive (DMP) is represented by the
following dynamical system [383]:

żz = Ω(αz (βz(gz − xDMP)− zz) + f z(ϕ)) , (3.100)

where xDMP ∈ Rm denotes the system state representing the encoded motion trajectory,
gz ∈ Rm is the goal state, and αz, βz ∈ R≥0 are DMP gains. Additionally, f z(ϕ) ∈ Rm
is the nonlinear forcing term, ϕ ∈ [0, 1] is the phase variable (i.e., the state representing
the movement progress), and Ω ∈ R is the phase velocity determining how fast the motion
progresses via

Ω = ϕ̇. (3.101)

Finally, zz ∈ Rm is associated with the DMP velocity such that

ẋDMP = Ωzz. (3.102)

Similar to (3.98)–(3.99), the DMP formulation can be extended to facilitate simultaneous
indirect control of interaction wrenches using an admittance law. This leads to a variant
known as Admittance-Coupled Dynamic Movement Primitives (CDMP), formulated as

żz,c = Ω(αz (βz(gz + cz − xCDMP)− zz,c) + f z(ϕ)) , (3.103)

ẋCDMP = Ωzz,c + cz, (3.104)

ċz = Dz(fd + f ext). (3.105)

Here, cz ∈ Rm represents the coupling term integrated into the original DMP trajectory. By
setting Dz = D−1

a , the coupling term cz becomes identical to xa in (3.99) where no mass Ma

or stiffness Ka are employed in the admittance formulation. Figure 3.24 demonstrates the
generalized architecture of an impedance-controlled manipulator equipped with a CDMP.

3.3.3 Stabilization

To broaden the scope of the stability analysis, the general admittance formulation (3.99) is
considered, which, as mentioned earlier, can be simplified to the coupling relation (3.105) in
the CDMP formulation. Consequently, (3.98) can be rewritten as

xCDMP = xDMP + xa. (3.106)
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28

Figure 3.24: The highlighted blocks represent the generalized architecture of an Admittance-
Coupled Dynamic Movement Primitive (CDMP).

The proposed storage function for the admittance system (3.99) is

Sa =
1

2
ẋTaMaẋa +

1

2
xTaKaxa, (3.107)

with the time evolution derived as

Ṡa = ẋTa (Maẋa +Kaxa) (3.108)

= ẋa(fd + f ext)− ẋTaDaẋa︸ ︷︷ ︸
≥0

, (3.109)

=⇒ Ṡa ≤ ẋTa fd + ẋTa f ext. (3.110)

The inequality (3.110) demonstrates the passivity of the admittance system (3.99) with
respect to the pairs (fd, ẋa) and (f ext, ẋa).
Considering a Cartesian impedance controller with the control law given by (3.1) for the

motion control of the robot and the associated storage function Si defined in (3.14), and
assuming a passive environment with the storage function Senv, the storage function of the
overall system can be defined as

Ssys = Senv + Si + Sa. (3.111)

By considering (3.19) in the absence of a force controller (i.e., ff = 0), along with (3.21)
and (3.110), the following observation can be made regarding the time evolution of Ssys:

Ṡsys ≤

Ṡenv≤︷ ︸︸ ︷
−ẋTf ext+

Ṡi≤︷ ︸︸ ︷
ẋTf ext − ẋTd f ext+

Ṡa≤︷ ︸︸ ︷
ẋTa fd + ẋTa f ext (3.112)

≤XXXXX−ẋTf ext +
XXXXẋTf ext − ẋTDMPf ext −

XXXXẋTa f ext + ẋTa fd +
XXXXẋTa f ext (3.113)

≤ ẋTa fd − ẋTDMPf ext︸ ︷︷ ︸
PT

. (3.114)

Referring to (3.114), the overall system demonstrates passivity with respect to the pairs
(fd, ẋa) and (f ext, ẋDMP); see Figure 3.25. To guarantee the autonomous passivity of the
overall system, an energy tank can be designed for the potentially passivity-violating power
PT . Yet, as elaborated in the following, the concept of reference power is employed before
tank augmentation.
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fd

Figure 3.25: Port-based representation of an impedance-controlled robot in contact with a passive
environment and equipped with CDMP.

Reference Power

As previously explained, a common use case for DMPs is imitation learning, where an op-
erator demonstrates a trajectory that is then encoded into the DMP formulation. Consider
a scenario where, before a task, an operator showcases the desired trajectories for motion
and interaction wrench, denoted as x†

DMP and f †
d, respectively. These values may represent

the actual trajectories during the demonstration stage. Consequently, a reference power
trajectory Pd ∈ R can be determined as

Pd = ẋ†T
DMPf

†
d. (3.115)

A virtual passive system with the storage function Sd ∈ R≥0 can then be associated with
the reference power Pd such that

Ṡd = −Pd. (3.116)

By combining Sd with the storage function Ssys in (3.111), a new storage function denoted
as Ssys′ ∈ R≥0 can be defined such that

Ssys′ = Ssys + Sd. (3.117)

Given (3.114) and (3.116), the time evolution of Ssys′ becomes

Ṡsys′ = Ṡsys + Ṡd (3.118)

≤

PT︷ ︸︸ ︷
ẋTa fd − ẋTDMPf ext−ẋ†T

DMPf
†
d︸ ︷︷ ︸

P ′
T

. (3.119)

Zero values of P ′
T indicate that during the task, the potentially passivity-violating power PT

in (3.114) remains equal to the reference power Pd in (3.115). However, in reality, this is
not always the case. Nonzero P ′

T indicates that the system is either demanding more or less
power than the reference power. Considering (3.114) and (3.119), to keep P ′

T close to zero,
the power PT can be continuously adapted by modifying the amplitudes of ẋa and ẋDMP.
This adaptation can be achieved by adjusting the phase velocity Ω in (3.101). Assuming
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Ω† as the phase velocity associated with the nominal trajectories x†
DMP and f †

d, the phase
velocity adaptation law can be expressed as

Ω = Ω† − σCDMPP
′
T , (3.120)

where σCDMP ∈ R≥0 is a user-defined phase velocity adaptation gain for the CDMP. Consid-
ering (3.120), when P ′

T is positive (indicating PT is greater than Pd), Ω decreases to reduce
the amplitudes of ẋa and ẋDMP, thereby decreasing PT . Conversely, when P ′

T is negative
(indicating PT is smaller than Pd), Ω increases. This approach motivates the system to
consume the reference power Pd in a more optimal manner.
To address positive values of P ′

T and ensure system passivity, a virtual energy tank with
the storage function ST ∈ R≥0 is introduced, defined as

ST = −P ′
T . (3.121)

The tank can influence the phase velocity through its valve gain γT as follows:

Ω′ = γTΩ. (3.122)

Considering the storage function S ∈ R≥0 defined as

S = ST + Ssys′ , (3.123)

and given (3.119) and (3.121), the overall system maintains passivity according to

Ṡ = ṠT + Ṡsys′ ≤ 0. (3.124)

3.3.4 Experiments

To validate the proposed approach, a 7-DoF Kuka LWR-4 robot equipped with an impedance
controller is employed for a polishing task on a surface with changing configurations, as illus-
trated in Figure 3.26. An additional ATI force/torque sensor is mounted on the robot wrist
to determine the external wrenches f ext. The task involves applying a vertical force with
fd,tz = 10 N. The desired motion, perpendicular to the desired force, is initially demonstrated
by an operator. Thus, according to (3.115), the reference power Pd remains consistently zero

due to the reciprocity of ẋ†
DMP and f †

d. The upper and lower energy limits for the virtual
tank are defined as Sup

T = 0.6 J and Slow
T = 0 J, respectively. Experimental results in Fig-

ure 3.27 capture the four stages of the task. In stage 1 , P ′
T stays at zero, driven by the

negligible admittance velocity ẋa and the minimal external wrench in the direction of xDMP.
Stage 2 involves lifting one corner of the surface, leading to periodic variations in P ′

T , Ω,
and ST as ẋa varies periodically. As the other corner of the surface is lifted in stage 3 ,
reestablishing contact, P ′

T remains at zero. In stage 4 , as the surface tilts again, positive
P ′
T decreases the phase velocity, ultimately depleting the tank energy and halting the phase

progress. These results showcase the capability to robustly control both motion and force,
relying solely on a motion policy—the Admittance-Coupled Dynamic Movement Primitive.
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1 2 3 4

Figure 3.26: Four consecutive stages during the surface polishing experiment.
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Figure 3.27: Positive values of the power P ′
T lead to a reduction in phase velocity and, ultimately,

the depletion of the tank energy.
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4 Reactive Phase-Based Planning for
Path-Centric Manipulation

Once a controller is implemented and fine-tuned, the next crucial step is to determine the
desired values that the controller should regulate. In tactile manipulation tasks, where
controlling both interaction wrench and motion is vital, this step involves formulating the
desired force and motion trajectories. Trajectory formulation can be approached in various
ways. However, ultimately, a desired trajectory is communicated to the robot controller as
a sequence of setpoints with specific timing characteristics.
In a general context, a trajectory can be considered to consist of two essential components:

a set of setpoints and their timing. Manipulating either of these components can have a
distinct impact on the robot’s behavior. Some manipulation tasks require addressing these
components independently. For example, in tasks where setpoints must remain unchanged
due to constraints, such as adhering to a specified path during a motion-following task, the
adjustment of timing becomes particularly crucial. This chapter focuses on designing policies
with this consideration in mind.
To regulate only the timing behavior of a trajectory, an auxiliary variable, referred to as

phase, can be introduced. The setpoint values can then be defined as functions of phase, and
similarly, the phase value as a function of time, yielding a phase trajectory. Consequently,
by adapting the phase trajectory, the timing characteristic of the setpoints sequence can
be altered while keeping their values unchanged. This concept, named phase trajectory
generation and adaptation, is the central theme of this chapter.
The utilization of a phase variable is a familiar concept in the existing literature. For ex-

ample, in the formulation of a Dynamic Movement Primitive (DMP) discussed in Chapter 3,
a phase variable is employed as the state of the incorporated canonical system. However,
despite the presence of features such as overall time-scaling within DMPs, explicit regulation
of phase dynamics is not incorporated there.
This chapter proposes three path-centric policies with distinct objectives utilizing the

concept of phase. First, it illustrates how the timing characteristic of a trajectory can be
adjusted to avoid collisions, such as those with a particular human body part. Next, it
introduces a phase trajectory generation law incorporating human haptic input to facilitate
motion guidance along a path. Finally, the concept of phase modulation is applied in the
context of rehabilitation, allowing for the adjustment of the robot level of support to the
patient along the therapeutic path to enhance recovery.
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4.1 Collision-Preventing Phase Progress Control

In real-world settings, acquiring an accurate stationary model of the environment for
collision-free motion planning is often challenging. As a result, numerous trajectory adap-
tation methods have been proposed in the literature with the aim of collision avoidance.
The common rationale behind these methods is that when an obstacle, such as a human,
approaches a moving robot, the robot should adjust its trajectory to avoid a collision. How-
ever, there are scenarios where such trajectory adjustments, or drifting, may not be feasible.
For example, it could lead to undesirable collisions with other parts of the environment. This
is particularly relevant in confined environments with a geometrically constrained workspace
for the robot. To tackle this challenge, instead of adapting the entire desired trajectory,
its timing characteristics can be altered while keeping the trajectory setpoint values un-
changed. This can be achieved by encoding the desired trajectory using a phase variable.
The phase trajectory is then adapted based on an estimation of collision, taking into account
the configuration of the obstacle with respect to the encoded path.

4.1.1 Phase: Unleashing Time from Trajectory

A trajectory, such as a desired motion trajectory xd(t), regardless of its encoding process, can
be viewed as a sequence of setpoints xd with associated time stamps. In certain situations,
it may be necessary to retain the setpoint values while adjusting (or entirely redefining)
their timing. Conventional trajectory adaptation methods might not be practical, as for
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Figure 4.1: A representative association of the phase variable with path progress, where ϕ = 0
corresponds to the initial point on the path, and ϕ = 1 corresponds to the final point.

our objective, only the timing characteristic of the trajectory needs to be controlled in a
decoupled manner. To achieve this, an auxiliary variable, namely phase, can be employed.

Let ϕ ∈ [0, 1] be a one-dimensional phase variable1, where ϕ = 0 corresponds to the initial
setpoint, and ϕ = 1 corresponds to the final one; see Figure 4.1. By associating a desired
timing behavior with the phase value, a phase trajectory ϕ(t) can be generated. As the
setpoints are functions of phase, this phase trajectory can yield the desired trajectory, i.e.,
xd(ϕ(t)) = xd(t) for the desired motion. Adjusting (or defining) the phase trajectory allows
the timing characteristic of the desired trajectory to be modified while keeping the setpoint
values intact. This is the fundamental idea behind the path-centric tactile policies introduced
in this section and other sections of this chapter. In this context, desired force or motion
trajectories fd(t),xd(t) are either directly defined as functions of phase (i.e., fd(ϕ),xd(ϕ)), or
their recorded values (e.g., during teaching by demonstration stage) are learned2 as functions
of phase, using techniques such as Gaussian radial basis functions [386]. The same approach
can be applied to the phase trajectory ϕ(t), either by directly defining it as a function of
time according to the policy objective or by learning it during the demonstration stage. The
phase trajectory can then be adjusted during the task, for example, via an online phase
progress speed adaptation law as

Ω = σΩ†, (4.1)

where σ ∈ R is the phase velocity adaptation gain defined according to the policy objective,
and Ω is the phase velocity defined as

Ω = ϕ̇. (4.2)

Furthermore, Ω† in (4.1) is referred to as the nominal (original) phase velocity, e.g., learned
during the teaching by demonstration stage. In this section, various path-centric motion
trajectory adaptation methods are introduced to avoid collisions, utilizing the adaptation
gain σcoll. For this purpose, different methods for determining σcoll are presented.

Remark: It should be mentioned that the effectiveness of the proposed collision-preventing
policies relies on the controller’s ability to react effectively to the adaptation in the desired
trajectories.

1Please note that in the literature, this variable may be denoted differently; for instance, as s in [384].
2Referred to as Imitation Learning in the literature [385].

101



4. Reactive Phase-Based Planning for Path-Centric Manipulation

Figure 4.2: In human-robot collaboration, preventing unexpected collisions is vital, especially when
humans make unpredictable movements.

4.1.2 Impulse Orb Approach

Consider a human-robot collaboration environment in which the robot needs to avoid colli-
sions with a human, as illustrated in Figure 4.2. A typical approach to address this involves
adapting the robot motion trajectory xd(t). However, in a confined collaborative environ-
ment, adjusting the robot trajectory to prevent collisions with the human might inadvertently
lead to collisions with the environment. In such scenarios, rather than modifying the geo-
metric attributes of the trajectory, the emphasis can be placed on adjusting its timing. As
explained in the preceding section, this can be achieved by encoding the desired motion
using the phase variable ϕ, yielding the phase-encoded desired path xd(ϕ). Subsequently,
by adapting the phase trajectory ϕ(t)—for example, through the phase velocity adaptation
law (4.1)—the timing characteristics of xd(t) can be altered while keeping its geometric
characteristics unchanged.

The implementation of adaptation law (4.1) involves a phase velocity adaptation gain
σcoll. When there is a potential for collisions with the human, the phase progress speed Ω
is decreased. This can be accomplished by introducing a braking gain η ∈ [0, 1], where the
value of η can be fine-tuned to adjust the desired trajectory according to Table 4.1. The
collision-preventing phase velocity adaptation gain σcoll is then defined as

σcoll = 1− η. (4.3)

In the following, several methods for determining the value of the braking gain η and, con-
sequently, the adaptation gain σcoll are proposed. Throughout these methods, the human
pose, representing any specific point on a particular body part, is denoted as xh ∈ Rm and
is utilized to determine the braking gain value.
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Figure 4.3: Visualization of an impulse orb.

Braking gain value Corresponding desired behavior

η = 1 Full stoppage

0 < η < 1 Speed reduction

η = 0 No speed reduction

Table 4.1: The intended effects of the braking gain value on the phase progress speed.

The first approach, termed the Impulse Orb (IO) method, involves defining a geometric
orb composed of two concentric virtual spheres. The virtual orb is attached to the robot
end-effector and is oriented in the direction of the desired velocity ẋd(t). see Figure 4.3.
By assessing the location of the human relative to this orb, the value of the braking gain
can be determined. To achieve this, first, considering xt,xh,t ∈ Rmt as the translational
components of the robot end-effector and human pose vectors x,xh ∈ Rm, respectively, the
relative position between them (i.e., eeph ∈ Rmt) can be derived as

eeph = xh,t − xt. (4.4)

The Impulse Orb braking gain value ηio can then be determined as a smooth function as

ηio=


1 if 0.5

rin,r
≤ cos(θh)

∥eeph∥
,

1
2

(
1− cos

(
π

0.5 cos(θh)

∥eeph∥
− 1
rout,io

1
rin,io

− 1
rout,io

))
if 0.5

rout,io
≤ cos(θh)

∥eeph∥
< 0.5

rin,io
,

0 else,

(4.5)

in which θh is the angle between the robot desired velocity ẋd(ϕ) and the relative position

eeph. Additionally, rin,io, rout,io ∈ R>0 are the radii of the inner and the outer virtual spheres
respectively, where rout,io ≥ rin,io; see Figure 4.3. To address the hypothesis that higher
robot speed may lead to a higher probability of human collision, the dimensions of the orb
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Figure 4.4: The variation of the braking gain ηio across a planar cross-section of an impulse orb
with rin,io = 0.075 m and rout,io = 0.225 m.

are scaled based on the robot desired velocity, as follows:

rin,io = ξin,io∥ẋd∥, (4.6)

rout,io = ξout,io∥ẋd∥, (4.7)

where ξin,io, ξout,io ∈ R>0 are the user-defined inner and outer sphere radius lengths, respec-
tively, for when ∥ẋd∥ = 1 m/s. Subsequently, (4.5) can be rewritten3 as

ηio =



1 if 0.5
ξin,io

≤ ẋTd eeph
eepTh eeph

,

1
2

1− cos

π 0.5ẋTd eeph

eep
T
h eeph

− 1
ξout,io

1
ξin,io

− 1
ξout,io

 if 0.5
ξout,io

≤ ẋTd eeph
eepTh eeph

< 0.5
ξin,io

,

0 else.

(4.8)

Figure 4.4 illustrates the values of ηio for a representative orb dimension.
The Impulse Orb approach adapts the desired trajectory based on the robot’s direction of

motion in relation to the human’s location, considering the robot speed. This approach offers
an advantage over similar standard methods in the literature, such as the Reduced Speed Zone
(RSZ) approach [105], where the proximity of the human is considered without accounting
for the robot direction of motion. Unlike the Impulse Orb approach, the Reduced Speed
Zone approach may trigger unnecessary trajectory adaptations when the human is close but
not in the robot path, making the Impulse Orb approach a more effective solution.

4.1.3 Prognosis Window Approach

In the second proposed method for adapting the phase velocity to prevent collisions, not only
is the relative location of the current setpoint to the human considered, but also upcoming
setpoints that have not yet been commanded to the controller are taken into account during
a collision probability assessment stage. This approach is referred to as the Prognosis Win-
dow approach, where a designated portion of the encoded path is considered for collision

3It is considered that ẋTd eeph = ∥ẋd∥ ∥eeph∥ cos(θh).
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Figure 4.5: Visualization of a prognosis window along the encoded path.

probability assessment. Denoting the minimum and maximum values of the phase as 0 and
1, respectively, a window length ∆pw ∈ [0, 1] is chosen. Subsequently, with npw setpoints
along the window, equally spaced from each other with the distance of

εpw =
∆pw

npw
, (4.9)

a number of npw weighted proximity values can be defined between these setpoints and the
human pose as (see Figure 4.5)

ψi,pw =
ξi,pw

∥xd(ϕ+ iεpw)− xh∥
, i ∈ {0, 1, . . . , npw}. (4.10)

Here, ξi,pw represents the priority weight of the proximity of the i-th setpoint within the win-
dow. If it is more crucial to avoid a collision at the beginning of the window, higher priority
gains should be assigned to the setpoints with lower indices, and vice versa. Subsequently,
an overall weighted proximity value can be defined as

ψpw =

npw∑
i=0

ψi,pw. (4.11)

To evaluate the collision potential, two virtual spheres are centered at the human location,
with radius lengths denoted as rin,pw, rout,pw ∈ R≥0, where rout,pw ≥ rin,pw. Consequently,
two braking boundaries are established as

βin,pw =

npw∑
i=0

ξi,pw
rin,pw

, (4.12)

βout,pw =

npw∑
i=0

ξi,pw
rout,pw

. (4.13)
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Window location Corresponding gain value

Within the inner sphere ηpw = 1

Beyond the inner sphere but within the outer sphere 0 < ηpw < 1

Beyond the outer sphere ηpw = 0

Table 4.2: Derivation of the braking gain value using the Prognosis Window approach.

Next, the relative location of the prognosis window with respect to the two spheres is con-
sidered to determine the braking gain value ηpw. This is done via a smooth function derived
as

ηpw =


1 if βin,pw ≤ ψpw,
1
2

(
1 + cos

(
π

βin,pw−ψpw
βin,pw−βout,pw

))
if βout,pw ≤ ψpw < βin,pw,

0 else.

(4.14)

The rationale behind this derivation is illustrated in Table 4.2.

Fused Approach

The two proposed approaches, Impulse Orb and Prognosis Window, each possess distinct
advantages. The Prognosis Window approach is better suited for static environments, where
predicting collisions with upcoming setpoints is meaningful. On the other hand, the Impulse
Orb approach is more fitting for dynamic scenarios that require a consistent re-evaluation of
the proximity of the human to the end-effector. To harness the benefits of both, these two
approaches can be integrated in a Fused Approach. Depending on the scenario, the priority
of each approach can take precedence over the other. Considering ξio, ξpw ∈ R≥0 as the
priority weights for the Impulse Orb and Prognosis Window approaches, respectively, the
braking gain value for the Fused approach can be defined as

ηfu =
ξioηio + ξpwηpw

ξio + ξpw
, (4.15)

in which ηio and ηpw are the braking gain values associated with the Impulse Orb and
Prognosis Window approaches, respectively, defined in (4.8) and (4.14). Clearly, assigning
zero priority to either approach negates its impact on the overall velocity adaptation.

Remark: Given that the phase speed adaptation gain ranges from 0 to 1, the proposed
methods do not amplify the amplitude of the desired trajectory. Referring to (3.24), when
using only an impedance controller (i.e., ff = 0), and for the same f ext, this approach

leads to a reduction in the power’s magnitude, PT,i = −ẋTd f ext. Hence, if PT,i is positive
(indicating passivity violation), the introduced collision-prevention methods diminish such
passivity-violating power. On the other hand, if PT,i is negative (indicating no passivity
violation), these methods do not violate passivity, as σcoll is never negative.

106



4.1 Collision-Preventing Phase Progress Control

Figure 4.6: Estimated body configuration using the OpenPose software in the experiments.

4.1.4 Experiments

To validate the efficacy of the collision-preventing policies, a 7-DoF Franka Emika robot is
utilized, tasked with moving in close proximity to a human without collision. Human location
is determined through an Intel RealSense RGB-D Camera. Prior to the experiments, camera
calibration is performed using AruCo markers to establish the relative pose of the camera
frame to the robot base. The images are processed using the camera Python API [387] and
the OpenCV3 software [347]. OpenPose library [388] is employed to analyze color images,
calculating estimated human keypoints based on the BODY-25 model, as shown in Figure 4.6.
The identified wrist locations serve as the human position for implementing the proposed
approaches.

Experiment 1: Impulse Orb Approach

In the initial experiment, the robot desired trajectory follows a linear path spanning 1 m
along the robot x-axis; see Figure 4.7. The desired velocity initiates from 0 m/s, reaching
a constant maximum of 0.3 m/s within a 0.4 s duration. The human wrist is situated at a
distance of 0.12 m from the desired path at 0.35 m along the x-axis; refer to Figure 4.7. The
Impulse Orb is configured with ξin,io = 0.15 m and ξout,io = 0.45 m.

To assess the Impulse Orb approach’s effectiveness, it is compared to the standard Reduced
Speed Zone approach [105]. In the latter, a fixed-sized sphere with a radius of 0.3 m is defined
around the robot end-effector. When the human is detected within this sphere, the desired
speed is reduced to 1/3 of the original speed.

As depicted in Figure 4.8, during time stage 1 , when the desired velocity increases, the
orb size dynamically adjusts following (4.6) and (4.7). This adjustment is manifested in the
reduction of 1/(2rin,io) and 1/(2rout,io). Conversely, the Reduced Speed Zone maintains a
fixed size. Throughout this stage, the braking gain variable η remains at zero, resulting in
the phase velocity adaptation gain σ remaining at 1.

As evident from the results, during stage 2 of the experiments, the robot speed diminishes
due to proximity to the human. Notably, the Impulse Orb approach exhibits less conservative
behavior compared to the Reduced Speed Zone approach, where the duration of the entire
movement is nearly twice that of the Impulse Orb approach. Finally, the velocity adaptation
gains return to 1 at stage 3 , where the robot is not close to the human wrist anymore.
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i ii iii

Figure 4.7: Experiment 1 – Snapshots of the experiment with the sequential timing i○- ii○- iii○.
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<latexit sha1_base64="Od/N0U2rGeTU7yBMKXiWMf6sdXk=">AAACB3icbVDLSsNAFJ34rPVVdSnIYBFcSElLfe0KblxWsA9IQphMp+3QmSTM3EhLyM6Nv+LGhSJu/QV3/o1JWkStBy4czrmXe+/xQsE1mOansbC4tLyyWlgrrm9sbm2XdnbbOogUZS0aiEB1PaKZ4D5rAQfBuqFiRHqCdbzRVeZ37pjSPPBvYRIyR5KBz/ucEkglt3QwduPhCQbXlgSGSsbjJME2sDHElnQSt1Q2K2YOPE+qM1JGMzTd0ofdC2gkmQ9UEK2tqhmCExMFnAqWFO1Is5DQERkwK6U+kUw7cf5Hgo9SpYf7gUrLB5yrPydiIrWeSC/tzK7Vf71M/M+zIuhfODH3wwiYT6eL+pHAEOAsFNzjilEQk5QQqnh6K6ZDogiFNLpiHsJlhtPvl+dJu1apnlXqN/VyozaLo4D20SE6RlV0jhroGjVRC1F0jx7RM3oxHown49V4m7YuGLOZPfQLxvsX2B+aCg==</latexit>

xh,tx [m]

<latexit sha1_base64="zPz7MBWERNoo9/rTJXdDfJXyqo0=">AAACF3icbVDLSsNAFJ34rPVVdelmsAiuSio+dwU3LivYKjQhTKa37dCZJMzciCXmL9z4K25cKOJWd/6Nk1rE14FhDufey73nhIkUBl333Zmanpmdmy8tlBeXlldWK2vrbROnmkOLxzLWlyEzIEUELRQo4TLRwFQo4SIcnhT1iyvQRsTROY4S8BXrR6InOEMrBZWad0MDTzEcaJUB5NQLY9k1I2W/LMmDAbUNHsI1Zh3l50Gl6tbcMehfUp+QKpmgGVTevG7MUwURcsmM6dTdBP2MaRRcQl72UgMJ40PWh46lEVNg/GzsK6fbVunSXqzti5CO1e8TGVOmONV2Fg7M71oh/lfrpNg78jMRJSlCxD8X9VJJMaZFSLQrNHCUI0sY18LeSvmAacbRRlkeh3BcYP/L8l/S3q3VD2p7Z3vVxu4kjhLZJFtkh9TJIWmQU9IkLcLJLbknj+TJuXMenGfn5bN1ypnMbJAfcF4/AHVVoNc=</latexit>

keephk[m]
<latexit sha1_base64="pUdfud3m+cRPdECVIDM+zXZ1+Vo=">AAAB/nicbVDJSgNBEO2JW4zbqHjy0hgET2ES4nYLePEYwSwwGUJPT03SpGehu0YMQ8Bf8eJBEa9+hzf/xpkkiBofFDzeq6KqnhtLodGyPo3C0vLK6lpxvbSxubW9Y+7utXWUKA4tHslIdV2mQYoQWihQQjdWwAJXQscdXeV+5w6UFlF4i+MYnIANQuELzjCT+uZBD4eArD+kPYR7TG3FPGfSN8tWxZqCLpLqnJTJHM2++dHzIp4EECKXTGu7asXopEyh4BImpV6iIWZ8xAZgZzRkAWgnnZ4/oceZ4lE/UlmFSKfqz4mUBVqPAzfrDBgO9V8vF//z7AT9CycVYZwghHy2yE8kxYjmWVBPKOAoxxlhXInsVsqHTDGOWWKlaQiXOU6/X14k7Vqlelap39TLjdo8jiI5JEfkhFTJOWmQa9IkLcJJSh7JM3kxHown49V4m7UWjPnMPvkF4/0Lp0KWCA==</latexit>

✓h[rad]

<latexit sha1_base64="vMNhTtsBYOm9MNC9f/BNNzYgSng=">AAACGXicbVDLSsNAFJ34rPVVdelmsAiuaiL1tRPcuKxgVWhCmExv7eBMEmZuxBLzG278FTcuFHGpK//GSS3i68Awh3Pu5d57olQKg6777oyNT0xOTVdmqrNz8wuLtaXlU5NkmkObJzLR5xEzIEUMbRQo4TzVwFQk4Sy6PCz9syvQRiTxCQ5SCBS7iEVPcIZWCmuut+nfhL5i2NcqByj8KJFdM1D2y9Mi7FP/hvoI15h3vE0VFGGt7jbcIehf4o1InYzQCmuvfjfhmYIYuWTGdDw3xSBnGgWXUFT9zEDK+CW7gI6lMVNggnx4WUHXrdKlvUTbFyMdqt87cqZMuaytLE8wv71S/M/rZNjbC3IRpxlCzD8H9TJJMaFlTLQrNHCUA0sY18LuSnmfacbRhlkdhrBfYvvr5L/kdKvh7TSax836gTeKo0JWyRrZIB7ZJQfkiLRIm3ByS+7JI3ly7pwH59l5+Swdc0Y9K+QHnLcPph2hag==</latexit>

1/keephk[1/m]

<latexit sha1_base64="INi3PBpMrinGiGT2Pzhk2u2YiHI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkoi9bUruHFZwT6gLWEynbRDZ5IwcyOWUNz4K25cKOLWr3Dn3zhJi6j1wMDhnHvv3Hv8WHANjvNpzc0vLC4tF1aKq2vrG5v21nZDR4mirE4jEamWTzQTPGR14CBYK1aMSF+wpj+8zPzmLVOaR+ENjGLWlaQf8oBTAkby7N1OL4L0buylvSMMXkcSGChphLFnl5yykwPPEndKSmiKmmd/mFk0kSwEKojWbdeJoZsSBZwKNi52Es1iQoekz9qGhkQy3U3zE8b4wCg9HETKvBBwrv7sSInUeiR9U5mtqP96mfif104gOO+mPIwTYCGdfBQkAkOEszxwjytGQYwMIVRxsyumA6IIBZNaMQ/hIsPJ98mzpHFcdk/LletKqepO4yigPbSPDpGLzlAVXaEaqiOK7tEjekYv1oP1ZL1ab5PSOWvas4N+wXr/AjrCmBA=</latexit>

ẋd,tx<latexit sha1_base64="uyGzRO9wRQ8vSDHqKbww6x/UvpI=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwISWR+toV3LisYB/QxjCZTNuhkwczN2IJXbvxV9y4UMStX+DOv3HSBlHrgYHDOffeufd4seAKLOvTKMzNLywuFZdLK6tr6xvm5lZTRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94kfmtWyYVj8JrGMXMCUg/5D1OCWjJNXe7fgTp3dhN/UMMbjcgMJCBFsY3XZ/0+0y6ZtmqWBPgWWLnpIxy1F3zQ8+kScBCoIIo1bGtGJyUSOBUsHGpmygWEzokfdbRNCQBU046OWWM97Xi414k9QsBT9SfHSkJlBoFnq7MVlV/vUz8z+sk0DtzUh7GCbCQTj/qJQJDhLNcsM8loyBGmhAqud4V0wGRhIJOrzQJ4TzD8ffJs6R5VLFPKtWrarlm53EU0Q7aQwfIRqeohi5RHTUQRffoET2jF+PBeDJejbdpacHIe7bRLxjvX4Qmm4Q=</latexit>

ẋ†
d,tx

<latexit sha1_base64="8ur6aPNcM6dTHk5UWFWLbgSJX68=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwVROpr13BjcsK9gFNKJPppB06mYSZG7GE/oYbF4q49Wfc+TdO0iBqPXDhcM693HuPHwuuwbY/rdLS8srqWnm9srG5tb1T3d3r6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vUn15nfvWdK80jewTRmXkhGkgecEjCS6wJ7gLQfnmhvNqjW7LqdAy8SpyA1VKA1qH64w4gmIZNABdG679gxeClRwKlgs4qbaBYTOiEj1jdUkpBpL81vnuEjowxxEClTEnCu/pxISaj1NPRNZ0hgrP96mfif108guPRSLuMEmKTzRUEiMEQ4CwAPuWIUxNQQQhU3t2I6JopQMDFV8hCuMpx9v7xIOqd157zeuG3Umk4RRxkdoEN0jBx0gZroBrVQG1EUo0f0jF6sxHqyXq23eWvJKmb20S9Y719aQZH7</latexit>

[m/s]

<latexit sha1_base64="8ur6aPNcM6dTHk5UWFWLbgSJX68=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwVROpr13BjcsK9gFNKJPppB06mYSZG7GE/oYbF4q49Wfc+TdO0iBqPXDhcM693HuPHwuuwbY/rdLS8srqWnm9srG5tb1T3d3r6ChRlLVpJCLV84lmgkvWBg6C9WLFSOgL1vUn15nfvWdK80jewTRmXkhGkgecEjCS6wJ7gLQfnmhvNqjW7LqdAy8SpyA1VKA1qH64w4gmIZNABdG679gxeClRwKlgs4qbaBYTOiEj1jdUkpBpL81vnuEjowxxEClTEnCu/pxISaj1NPRNZ0hgrP96mfif108guPRSLuMEmKTzRUEiMEQ4CwAPuWIUxNQQQhU3t2I6JopQMDFV8hCuMpx9v7xIOqd157zeuG3Umk4RRxkdoEN0jBx0gZroBrVQG1EUo0f0jF6sxHqyXq23eWvJKmb20S9Y719aQZH7</latexit>

[m/s]

<latexit sha1_base64="zzGpyjBWRg4R4zk47oz6l6R2X/Y=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbtqk1Neu4MZlBfuANpTJdNoOnUnCzI1YQ8CNv+LGhSJu/Ql3/o1JW0StBy4czrmXe+9xA8E1WNankVlYXFpeya7m1tY3NrfM7Z2G9kNFWZ36wlctl2gmuMfqwEGwVqAYka5gTXd0kfrNG6Y0971rGAfMkWTg8T6nBBKpa+7ZpUIZq26k9F18hDvAbiFq2yXpxF0zbxWtCfA8sWckj2aodc2PTs+noWQeUEG0bttWAE5EFHAqWJzrhJoFhI7IgLUT6hHJtBNNfojxYaL0cN9XSXmAJ+rPiYhIrcfSTTolgaH+66Xif147hP6ZE3EvCIF5dLqoHwoMPk4DwT2uGAUxTgihiie3YjokilBIYstNQjhPcfz98jxplIv2SbFyVclX7VkcWbSPDlAB2egUVdElqqE6ougePaJn9GI8GE/Gq/E2bc0Ys5ld9AvG+xdDf5bB</latexit>

1/(2rrsz)[1/m]

<latexit sha1_base64="gxTUwWnErwYckyp1XJnp7SEUKAE=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCG0si9bUruHFZwT6gCWUynbRDJw9mbsQa+iVuXCji1k9x5984SYOo9cCFwzn3cu89Xiy4Asv6NEpLyyura+X1ysbm1nbV3NntqCiRlLVpJCLZ84higoesDRwE68WSkcATrOtNrjK/e8ek4lF4C9OYuQEZhdznlICWBmbVicccO8DuIe0fu7OBWbPqVg68SOyC1FCB1sD8cIYRTQIWAhVEqb5txeCmRAKngs0qTqJYTOiEjFhf05AETLlpfvgMH2pliP1I6goB5+rPiZQESk0DT3cGBMbqr5eJ/3n9BPwLN+VhnAAL6XyRnwgMEc5SwEMuGQUx1YRQyfWtmI6JJBR0VpU8hMsMp98vL5LOSd0+qzduGrWmXcRRRvvoAB0hG52jJrpGLdRGFCXoET2jF+PBeDJejbd5a8koZvbQLxjvX5mUkyU=</latexit>

�[-]

<latexit sha1_base64="4HLk3UHxL5auo0okmXldzygYq8U=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxA8xRmJ2y3gxZsRzAKZMfR0KpMmPQvdNWIYcvDir3jxoIhXP8Kbf+NkQdT4oODxXhVV9bxYCo2W9WnMzS8sLi3nVvKra+sbm+bWdl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8/vnIb9yC0iIKr3EQgxswPxRdwRlmUtssOJcB+OzG6TDfB0UdhDtMW/aBdodts2iVrDHoLLGnpEimqLbND6cT8SSAELlkWrdsK0Y3ZQoFlzDMO4mGmPE+86GV0ZAFoN10/MSQ7mVKh3YjlVWIdKz+nEhZoPUg8LLOgGFP//VG4n9eK8HuqZuKME4QQj5Z1E0kxYiOEqEdoYCjHGSEcSWyWynvMcU4ZrnlxyGcjXD0/fIsqR+W7ONS+apcrNjTOHKkQHbJPrHJCamQC1IlNcLJPXkkz+TFeDCejFfjbdI6Z0xndsgvGO9fcWKYDw==</latexit>

⌦†[1/s]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]
<latexit sha1_base64="4HLk3UHxL5auo0okmXldzygYq8U=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxA8xRmJ2y3gxZsRzAKZMfR0KpMmPQvdNWIYcvDir3jxoIhXP8Kbf+NkQdT4oODxXhVV9bxYCo2W9WnMzS8sLi3nVvKra+sbm+bWdl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8/vnIb9yC0iIKr3EQgxswPxRdwRlmUtssOJcB+OzG6TDfB0UdhDtMW/aBdodts2iVrDHoLLGnpEimqLbND6cT8SSAELlkWrdsK0Y3ZQoFlzDMO4mGmPE+86GV0ZAFoN10/MSQ7mVKh3YjlVWIdKz+nEhZoPUg8LLOgGFP//VG4n9eK8HuqZuKME4QQj5Z1E0kxYiOEqEdoYCjHGSEcSWyWynvMcU4ZrnlxyGcjXD0/fIsqR+W7ONS+apcrNjTOHKkQHbJPrHJCamQC1IlNcLJPXkkz+TFeDCejFfjbdI6Z0xndsgvGO9fcWKYDw==</latexit>

⌦†[1/s]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]

<latexit sha1_base64="Oy146H6ud20U22I8AXgrma11UsM=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FgSqa9dwY3LCvYBSQiT6aQdOnkwcyPWkI2/4saFIm79DHf+jUkbRK0HLhzOuZd77/FiwRUYxqc2N7+wuLRcWamurq1vbOpb2x0VJZKyNo1EJHseUUzwkLWBg2C9WDISeIJ1vdFl4XdvmVQ8Cm9gHDMnIIOQ+5wSyCVX37UVHwTETaW6z7AN7A5S68jJXL1m1I0J8CwxS1JDJVqu/mH3I5oELAQqiFKWacTgpEQCp4JlVTtRLCZ0RAbMymlIAqacdPJAhg9ypY/9SOYVAp6oPydSEig1Dry8MyAwVH+9QvzPsxLwz52Uh3ECLKTTRX4iMES4SAP3uWQUxDgnhEqe34rpkEhCIc+sOgnhosDJ98uzpHNcN0/rjetGrWmWcVTQHtpHh8hEZ6iJrlALtRFFGXpEz+hFe9CetFftbdo6p5UzO+gXtPcvWcSW+w==</latexit>

�rsz[-]
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positions [m]

Braking gain [-], 

phase velocity [1/s], 
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and orientation [rad]
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phase velocities [1/s]

Time [s] Time [s]

Figure 4.8: Experiment 1 – While collisions are avoided in both experiments, the Impulse Orb
approach (left) exhibits less conservative behavior compared to the Reduced Speed Zone
approach (right).

Experiment ∆pw npw ξ0,pw ξ1,pw ξ2,pw ξ3,pw rin,pw [m] rout,pw [m]

2.a 0.045 3 4 3 2 1 0.05 0.15

2.b 0.045 3 1 2 3 4 0.05 0.15

2.c 0.45 3 4 3 2 1 0.05 0.15

Table 4.3: Derivation of the braking gain value using the Prognosis Window approach.
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4.1 Collision-Preventing Phase Progress Control

i ii iii

Figure 4.9: Experiment 2 – Snapshots of the experiment with the sequential timing i○- ii○- iii○.

Experiment 2: Prognosis Window Approach

In this experiment, the Prognosis Window approach is assessed for various values of the
window length ∆pw and proximity weights ξpw. Table 4.3 outlines three different sets of
values employed in the experiment. For all three scenarios, the desired trajectory aligns with
the robot x-axis and is encoded into the phase domain as

xd,tx = 0.35 cos(2πϕ)− 0.35, (4.16)

ẋd,tx = −0.7πΩ† sin(2πϕ), (4.17)

with a nomminal phase velocity of Ω† = 0.1. The human wrist is positioned along the desired
path at xh,tx = 0.4 m, as illustrated in Figure 4.9.
As depicted in Figure 4.10, during stage 1 of the experiments, the window in Experiments

2.a and 2.b enters the outer sphere around the human later than in Experiment 2.c, where
the window length is much longer. The extended window length in Experiment 2.c enables
the approach to discern that as the robot approaches the human, the path configuration
suggests that a collision is unlikely, prompting the braking gain variable to return to zero.
This distinction is not observed in Experiments 2.a and 2.b, where the short window length
inhibits such realization. Consequently, the robot halts in these two experiments during
stage 2 . Furthermore, the impact of the proximity weight distribution ξi,pw on braking
behavior is evident in the differences between Experiments 2.a and 2.b. In Experiment 2.b,
the weights are distributed with more emphasis on the setpoints farther into the window.
Consequently, collision prediction occurs earlier compared to Experiment 2.a.

Experiment 3: Fused Approach

To evaluate the Fused approach, the same desired trajectory derived in (4.16) and (4.17) is
used. This time, both human wrists are in proximity to the robot motion. The right wrist is
located as in the previous experiment, and the left wrist is positioned at 0.35 m on the x-axis
and 0.05 m on the y-axis; see Figure 4.11. The collision-preventing policy consistently selects
the closest wrist to the end-effector for the velocity adaptation law. Three experiments are
performed with three distinct priority weights: ξio = 1, ξpw = 0 for experiment 3.a, ξio = 0,
ξpw = 1 for Experiment 3.b, and ξio = 0.5, ξpw = 0.5 for Experiment 3.c.

As seen in Figure 4.12, the system exhibits a conservative reaction when only the Impulse
Orb approach is being used. The robot approaches the edge of the encoded path, and because
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4. Reactive Phase-Based Planning for Path-Centric Manipulation

1 2 1 2 1 2
<latexit sha1_base64="oc/GOVi8aaCVkjooAwuHesJesNA=">AAACBHicbVDLSsNAFJ3UV62vqstuBovgqqSlvnYFNy4r2AekIUymk3boTBJmbqQlZOHGX3HjQhG3foQ7/8akDaLWAxcO59zLvfe4oeAaTPPTKKysrq1vFDdLW9s7u3vl/YOuDiJFWYcGIlB9l2gmuM86wEGwfqgYka5gPXdylfm9O6Y0D/xbmIXMlmTkc49TAqnklCtTJwZnIAmMlYynSYIHwKYQW9JOnHLVrJlz4GVSz0kV5Wg75Y/BMKCRZD5QQbS26mYIdkwUcCpYUhpEmoWETsiIWSn1iWTajudPJPg4VYbYC1RaPuC5+nMiJlLrmXTTzuxa/dfLxP88KwLvwo65H0bAfLpY5EUCQ4CzRPCQK0ZBzFJCqOLprZiOiSIU0txK8xAuM5x+v7xMuo1a/azWvGlWW408jiKqoCN0guroHLXQNWqjDqLoHj2iZ/RiPBhPxqvxtmgtGPnMIfoF4/0LQcOZOA==</latexit>

xtx [m]
<latexit sha1_base64="Od/N0U2rGeTU7yBMKXiWMf6sdXk=">AAACB3icbVDLSsNAFJ34rPVVdSnIYBFcSElLfe0KblxWsA9IQphMp+3QmSTM3EhLyM6Nv+LGhSJu/QV3/o1JWkStBy4czrmXe+/xQsE1mOansbC4tLyyWlgrrm9sbm2XdnbbOogUZS0aiEB1PaKZ4D5rAQfBuqFiRHqCdbzRVeZ37pjSPPBvYRIyR5KBz/ucEkglt3QwduPhCQbXlgSGSsbjJME2sDHElnQSt1Q2K2YOPE+qM1JGMzTd0ofdC2gkmQ9UEK2tqhmCExMFnAqWFO1Is5DQERkwK6U+kUw7cf5Hgo9SpYf7gUrLB5yrPydiIrWeSC/tzK7Vf71M/M+zIuhfODH3wwiYT6eL+pHAEOAsFNzjilEQk5QQqnh6K6ZDogiFNLpiHsJlhtPvl+dJu1apnlXqN/VyozaLo4D20SE6RlV0jhroGjVRC1F0jx7RM3oxHown49V4m7YuGLOZPfQLxvsX2B+aCg==</latexit>

xh,tx [m]

<latexit sha1_base64="oc/GOVi8aaCVkjooAwuHesJesNA=">AAACBHicbVDLSsNAFJ3UV62vqstuBovgqqSlvnYFNy4r2AekIUymk3boTBJmbqQlZOHGX3HjQhG3foQ7/8akDaLWAxcO59zLvfe4oeAaTPPTKKysrq1vFDdLW9s7u3vl/YOuDiJFWYcGIlB9l2gmuM86wEGwfqgYka5gPXdylfm9O6Y0D/xbmIXMlmTkc49TAqnklCtTJwZnIAmMlYynSYIHwKYQW9JOnHLVrJlz4GVSz0kV5Wg75Y/BMKCRZD5QQbS26mYIdkwUcCpYUhpEmoWETsiIWSn1iWTajudPJPg4VYbYC1RaPuC5+nMiJlLrmXTTzuxa/dfLxP88KwLvwo65H0bAfLpY5EUCQ4CzRPCQK0ZBzFJCqOLprZiOiSIU0txK8xAuM5x+v7xMuo1a/azWvGlWW408jiKqoCN0guroHLXQNWqjDqLoHj2iZ/RiPBhPxqvxtmgtGPnMIfoF4/0LQcOZOA==</latexit>

xtx [m]
<latexit sha1_base64="Od/N0U2rGeTU7yBMKXiWMf6sdXk=">AAACB3icbVDLSsNAFJ34rPVVdSnIYBFcSElLfe0KblxWsA9IQphMp+3QmSTM3EhLyM6Nv+LGhSJu/QV3/o1JWkStBy4czrmXe+/xQsE1mOansbC4tLyyWlgrrm9sbm2XdnbbOogUZS0aiEB1PaKZ4D5rAQfBuqFiRHqCdbzRVeZ37pjSPPBvYRIyR5KBz/ucEkglt3QwduPhCQbXlgSGSsbjJME2sDHElnQSt1Q2K2YOPE+qM1JGMzTd0ofdC2gkmQ9UEK2tqhmCExMFnAqWFO1Is5DQERkwK6U+kUw7cf5Hgo9SpYf7gUrLB5yrPydiIrWeSC/tzK7Vf71M/M+zIuhfODH3wwiYT6eL+pHAEOAsFNzjilEQk5QQqnh6K6ZDogiFNLpiHsJlhtPvl+dJu1apnlXqN/VyozaLo4D20SE6RlV0jhroGjVRC1F0jx7RM3oxHown49V4m7YuGLOZPfQLxvsX2B+aCg==</latexit>

xh,tx [m]

<latexit sha1_base64="oc/GOVi8aaCVkjooAwuHesJesNA=">AAACBHicbVDLSsNAFJ3UV62vqstuBovgqqSlvnYFNy4r2AekIUymk3boTBJmbqQlZOHGX3HjQhG3foQ7/8akDaLWAxcO59zLvfe4oeAaTPPTKKysrq1vFDdLW9s7u3vl/YOuDiJFWYcGIlB9l2gmuM86wEGwfqgYka5gPXdylfm9O6Y0D/xbmIXMlmTkc49TAqnklCtTJwZnIAmMlYynSYIHwKYQW9JOnHLVrJlz4GVSz0kV5Wg75Y/BMKCRZD5QQbS26mYIdkwUcCpYUhpEmoWETsiIWSn1iWTajudPJPg4VYbYC1RaPuC5+nMiJlLrmXTTzuxa/dfLxP88KwLvwo65H0bAfLpY5EUCQ4CzRPCQK0ZBzFJCqOLprZiOiSIU0txK8xAuM5x+v7xMuo1a/azWvGlWW408jiKqoCN0guroHLXQNWqjDqLoHj2iZ/RiPBhPxqvxtmgtGPnMIfoF4/0LQcOZOA==</latexit>

xtx [m]
<latexit sha1_base64="Od/N0U2rGeTU7yBMKXiWMf6sdXk=">AAACB3icbVDLSsNAFJ34rPVVdSnIYBFcSElLfe0KblxWsA9IQphMp+3QmSTM3EhLyM6Nv+LGhSJu/QV3/o1JWkStBy4czrmXe+/xQsE1mOansbC4tLyyWlgrrm9sbm2XdnbbOogUZS0aiEB1PaKZ4D5rAQfBuqFiRHqCdbzRVeZ37pjSPPBvYRIyR5KBz/ucEkglt3QwduPhCQbXlgSGSsbjJME2sDHElnQSt1Q2K2YOPE+qM1JGMzTd0ofdC2gkmQ9UEK2tqhmCExMFnAqWFO1Is5DQERkwK6U+kUw7cf5Hgo9SpYf7gUrLB5yrPydiIrWeSC/tzK7Vf71M/M+zIuhfODH3wwiYT6eL+pHAEOAsFNzjilEQk5QQqnh6K6ZDogiFNLpiHsJlhtPvl+dJu1apnlXqN/VyozaLo4D20SE6RlV0jhroGjVRC1F0jx7RM3oxHown49V4m7YuGLOZPfQLxvsX2B+aCg==</latexit>

xh,tx [m]

<latexit sha1_base64="dtwN8lRDRCch2WfqTROapoK9HRg=">AAAB/3icbVDLSsNAFJ34rPVVFdy4GSyCCy2J1Neu4MZlBfuANJTJdNIOnSTDzI1aYhf+ihsXirj1N9z5NyZpELUeuHA4517uvceVgmswzU9jZnZufmGxsFRcXlldWy9tbDZ1GCnKGjQUoWq7RDPBA9YADoK1pWLEdwVrucOL1G/dMKV5GFzDSDLHJ/2Ae5wSSKRuabsjNe/G1oG8HeMOsDuI7UNn3C2VzYqZAU8TKydllKPeLX10eiGNfBYAFURr2zIlODFRwKlg42In0kwSOiR9Zic0ID7TTpzdP8Z7idLDXqiSCgBn6s+JmPhaj3w36fQJDPRfLxX/8+wIvDMn5oGMgAV0ssiLBIYQp2HgHleMghglhFDFk1sxHRBFKCSRFbMQzlMcf788TZpHFeukUr2qlmtWHkcB7aBdtI8sdIpq6BLVUQNRdI8e0TN6MR6MJ+PVeJu0zhj5zBb6BeP9C9F/lhE=</latexit>

 1,pw[-]
<latexit sha1_base64="vYpOcKdwgphVM/GMY/xMeY4058c=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFcSElKfe0KblxWsA9oQplMJ+3QSTLMTJQS+htuXCji1p9x5984SYOo9cCFwzn3cu89vuBMadv+tJaWV1bX1ksb5c2t7Z3dyt5+R8WJJLRNYh7Lno8V5Syibc00pz0hKQ59Trv+5Drzu/dUKhZHd3oqqBfiUcQCRrA2kusKxQZp/VQ8zNCgUrVrdg60SJyCVKFAa1D5cIcxSUIaacKxUn3HFtpLsdSMcDoru4miApMJHtG+oREOqfLS/OYZOjbKEAWxNBVplKs/J1IcKjUNfdMZYj1Wf71M/M/rJzq49FIWiUTTiMwXBQlHOkZZAGjIJCWaTw3BRDJzKyJjLDHRJqZyHsJVhrPvlxdJp15zzmuN20a16RRxlOAQjuAEHLiAJtxAC9pAQMAjPMOLlVhP1qv1Nm9dsoqZA/gF6/0LnKeRfw==</latexit>

 2,pw
<latexit sha1_base64="j7hcujRUSeY1DaLQ81G2i68Vaho=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFcSEm0vnYFNy4r2Ac0oUymk3boJBlmJkoJ/Q03LhRx68+482+cpEHUeuDC4Zx7ufceX3CmtG1/WguLS8srq6W18vrG5tZ2ZWe3reJEEtoiMY9l18eKchbRlmaa066QFIc+px1/fJ35nXsqFYujOz0R1AvxMGIBI1gbyXWFYv309Fg8TFG/UrVrdg40T5yCVKFAs1/5cAcxSUIaacKxUj3HFtpLsdSMcDotu4miApMxHtKeoREOqfLS/OYpOjTKAAWxNBVplKs/J1IcKjUJfdMZYj1Sf71M/M/rJTq49FIWiUTTiMwWBQlHOkZZAGjAJCWaTwzBRDJzKyIjLDHRJqZyHsJVhrPvl+dJ+6TmnNfqt/VqwyniKME+HMAROHABDbiBJrSAgIBHeIYXK7GerFfrbda6YBUze/AL1vsXnjCRgA==</latexit>

 3,pw
<latexit sha1_base64="KDHKp1bp21HWPX1OugRiRdyUki8=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgQkoi9bUruHFZwT6gCWUynbRDJ5NhZqKU0N9w40IRt/6MO//GJA2i1gMXDufcy733+JIzbWz70yotLa+srpXXKxubW9s71d29jo5iRWibRDxSPR9rypmgbcMMpz2pKA59Trv+5Drzu/dUaRaJOzOV1AvxSLCAEWxSyXWlZoOkcSIfZmhQrdl1OwdaJE5BalCgNah+uMOIxCEVhnCsdd+xpfESrAwjnM4qbqypxGSCR7SfUoFDqr0kv3mGjlJliIJIpSUMytWfEwkOtZ6GftoZYjPWf71M/M/rxya49BImZGyoIPNFQcyRiVAWABoyRYnh05Rgolh6KyJjrDAxaUyVPISrDGffLy+SzmndOa83bhu1plPEUYYDOIRjcOACmnADLWgDAQmP8AwvVmw9Wa/W27y1ZBUz+/AL1vsXn7mRgQ==</latexit>

 4,pw

<latexit sha1_base64="dtwN8lRDRCch2WfqTROapoK9HRg=">AAAB/3icbVDLSsNAFJ34rPVVFdy4GSyCCy2J1Neu4MZlBfuANJTJdNIOnSTDzI1aYhf+ihsXirj1N9z5NyZpELUeuHA4517uvceVgmswzU9jZnZufmGxsFRcXlldWy9tbDZ1GCnKGjQUoWq7RDPBA9YADoK1pWLEdwVrucOL1G/dMKV5GFzDSDLHJ/2Ae5wSSKRuabsjNe/G1oG8HeMOsDuI7UNn3C2VzYqZAU8TKydllKPeLX10eiGNfBYAFURr2zIlODFRwKlg42In0kwSOiR9Zic0ID7TTpzdP8Z7idLDXqiSCgBn6s+JmPhaj3w36fQJDPRfLxX/8+wIvDMn5oGMgAV0ssiLBIYQp2HgHleMghglhFDFk1sxHRBFKCSRFbMQzlMcf788TZpHFeukUr2qlmtWHkcB7aBdtI8sdIpq6BLVUQNRdI8e0TN6MR6MJ+PVeJu0zhj5zBb6BeP9C9F/lhE=</latexit>

 1,pw[-]
<latexit sha1_base64="vYpOcKdwgphVM/GMY/xMeY4058c=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFcSElKfe0KblxWsA9oQplMJ+3QSTLMTJQS+htuXCji1p9x5984SYOo9cCFwzn3cu89vuBMadv+tJaWV1bX1ksb5c2t7Z3dyt5+R8WJJLRNYh7Lno8V5Syibc00pz0hKQ59Trv+5Drzu/dUKhZHd3oqqBfiUcQCRrA2kusKxQZp/VQ8zNCgUrVrdg60SJyCVKFAa1D5cIcxSUIaacKxUn3HFtpLsdSMcDoru4miApMJHtG+oREOqfLS/OYZOjbKEAWxNBVplKs/J1IcKjUNfdMZYj1Wf71M/M/rJzq49FIWiUTTiMwXBQlHOkZZAGjIJCWaTw3BRDJzKyJjLDHRJqZyHsJVhrPvlxdJp15zzmuN20a16RRxlOAQjuAEHLiAJtxAC9pAQMAjPMOLlVhP1qv1Nm9dsoqZA/gF6/0LnKeRfw==</latexit>

 2,pw
<latexit sha1_base64="j7hcujRUSeY1DaLQ81G2i68Vaho=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFcSEm0vnYFNy4r2Ac0oUymk3boJBlmJkoJ/Q03LhRx68+482+cpEHUeuDC4Zx7ufceX3CmtG1/WguLS8srq6W18vrG5tZ2ZWe3reJEEtoiMY9l18eKchbRlmaa066QFIc+px1/fJ35nXsqFYujOz0R1AvxMGIBI1gbyXWFYv309Fg8TFG/UrVrdg40T5yCVKFAs1/5cAcxSUIaacKxUj3HFtpLsdSMcDotu4miApMxHtKeoREOqfLS/OYpOjTKAAWxNBVplKs/J1IcKjUJfdMZYj1Sf71M/M/rJTq49FIWiUTTiMwWBQlHOkZZAGjAJCWaTwzBRDJzKyIjLDHRJqZyHsJVhrPvl+dJ+6TmnNfqt/VqwyniKME+HMAROHABDbiBJrSAgIBHeIYXK7GerFfrbda6YBUze/AL1vsXnjCRgA==</latexit>

 3,pw
<latexit sha1_base64="KDHKp1bp21HWPX1OugRiRdyUki8=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgQkoi9bUruHFZwT6gCWUynbRDJ5NhZqKU0N9w40IRt/6MO//GJA2i1gMXDufcy733+JIzbWz70yotLa+srpXXKxubW9s71d29jo5iRWibRDxSPR9rypmgbcMMpz2pKA59Trv+5Drzu/dUaRaJOzOV1AvxSLCAEWxSyXWlZoOkcSIfZmhQrdl1OwdaJE5BalCgNah+uMOIxCEVhnCsdd+xpfESrAwjnM4qbqypxGSCR7SfUoFDqr0kv3mGjlJliIJIpSUMytWfEwkOtZ6GftoZYjPWf71M/M/rxya49BImZGyoIPNFQcyRiVAWABoyRYnh05Rgolh6KyJjrDAxaUyVPISrDGffLy+SzmndOa83bhu1plPEUYYDOIRjcOACmnADLWgDAQmP8AwvVmw9Wa/W27y1ZBUz+/AL1vsXn7mRgQ==</latexit>

 4,pw

<latexit sha1_base64="dtwN8lRDRCch2WfqTROapoK9HRg=">AAAB/3icbVDLSsNAFJ34rPVVFdy4GSyCCy2J1Neu4MZlBfuANJTJdNIOnSTDzI1aYhf+ihsXirj1N9z5NyZpELUeuHA4517uvceVgmswzU9jZnZufmGxsFRcXlldWy9tbDZ1GCnKGjQUoWq7RDPBA9YADoK1pWLEdwVrucOL1G/dMKV5GFzDSDLHJ/2Ae5wSSKRuabsjNe/G1oG8HeMOsDuI7UNn3C2VzYqZAU8TKydllKPeLX10eiGNfBYAFURr2zIlODFRwKlg42In0kwSOiR9Zic0ID7TTpzdP8Z7idLDXqiSCgBn6s+JmPhaj3w36fQJDPRfLxX/8+wIvDMn5oGMgAV0ssiLBIYQp2HgHleMghglhFDFk1sxHRBFKCSRFbMQzlMcf788TZpHFeukUr2qlmtWHkcB7aBdtI8sdIpq6BLVUQNRdI8e0TN6MR6MJ+PVeJu0zhj5zBb6BeP9C9F/lhE=</latexit>

 1,pw[-]
<latexit sha1_base64="vYpOcKdwgphVM/GMY/xMeY4058c=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFcSElKfe0KblxWsA9oQplMJ+3QSTLMTJQS+htuXCji1p9x5984SYOo9cCFwzn3cu89vuBMadv+tJaWV1bX1ksb5c2t7Z3dyt5+R8WJJLRNYh7Lno8V5Syibc00pz0hKQ59Trv+5Drzu/dUKhZHd3oqqBfiUcQCRrA2kusKxQZp/VQ8zNCgUrVrdg60SJyCVKFAa1D5cIcxSUIaacKxUn3HFtpLsdSMcDoru4miApMJHtG+oREOqfLS/OYZOjbKEAWxNBVplKs/J1IcKjUNfdMZYj1Wf71M/M/rJzq49FIWiUTTiMwXBQlHOkZZAGjIJCWaTw3BRDJzKyJjLDHRJqZyHsJVhrPvlxdJp15zzmuN20a16RRxlOAQjuAEHLiAJtxAC9pAQMAjPMOLlVhP1qv1Nm9dsoqZA/gF6/0LnKeRfw==</latexit>

 2,pw
<latexit sha1_base64="j7hcujRUSeY1DaLQ81G2i68Vaho=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFcSEm0vnYFNy4r2Ac0oUymk3boJBlmJkoJ/Q03LhRx68+482+cpEHUeuDC4Zx7ufceX3CmtG1/WguLS8srq6W18vrG5tZ2ZWe3reJEEtoiMY9l18eKchbRlmaa066QFIc+px1/fJ35nXsqFYujOz0R1AvxMGIBI1gbyXWFYv309Fg8TFG/UrVrdg40T5yCVKFAs1/5cAcxSUIaacKxUj3HFtpLsdSMcDotu4miApMxHtKeoREOqfLS/OYpOjTKAAWxNBVplKs/J1IcKjUJfdMZYj1Sf71M/M/rJTq49FIWiUTTiMwWBQlHOkZZAGjAJCWaTwzBRDJzKyIjLDHRJqZyHsJVhrPvl+dJ+6TmnNfqt/VqwyniKME+HMAROHABDbiBJrSAgIBHeIYXK7GerFfrbda6YBUze/AL1vsXnjCRgA==</latexit>

 3,pw
<latexit sha1_base64="KDHKp1bp21HWPX1OugRiRdyUki8=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgQkoi9bUruHFZwT6gCWUynbRDJ5NhZqKU0N9w40IRt/6MO//GJA2i1gMXDufcy733+JIzbWz70yotLa+srpXXKxubW9s71d29jo5iRWibRDxSPR9rypmgbcMMpz2pKA59Trv+5Drzu/dUaRaJOzOV1AvxSLCAEWxSyXWlZoOkcSIfZmhQrdl1OwdaJE5BalCgNah+uMOIxCEVhnCsdd+xpfESrAwjnM4qbqypxGSCR7SfUoFDqr0kv3mGjlJliIJIpSUMytWfEwkOtZ6GftoZYjPWf71M/M/rxya49BImZGyoIPNFQcyRiVAWABoyRYnh05Rgolh6KyJjrDAxaUyVPISrDGffLy+SzmndOa83bhu1plPEUYYDOIRjcOACmnADLWgDAQmP8AwvVmw9Wa/W27y1ZBUz+/AL1vsXn7mRgQ==</latexit>

 4,pw

<latexit sha1_base64="d2zhSx5I0OFa383f4b+Tv4fuUig=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBhZRE6mtXcOOygn1AE8JkOmmHzkzCzEQpMQt/xY0LRdz6G+78GydpELUeGDiccy9z7gliSqSy7U9jbn5hcWm5slJdXVvf2DS3tjsySgTCbRTRSPQCKDElHLcVURT3YoEhCyjuBuPL3O/eYiFJxG/UJMYeg0NOQoKg0pJv7rokUtBPXQbVSLCU8Owovst8s2bX7QLWLHFKUgMlWr754Q4ilDDMFaJQyr5jx8pLoVAEUZxV3UTiGKIxHOK+phwyLL20yJ9ZB1oZWGEk9OPKKtSfGylkUk5YoCfzmPKvl4v/ef1EheeevilOFOZo+lGYUEtFVl6GNSACI0UnmkAkiM5qoREUECldWbUo4SLHyffJs6RzXHdO643rRq3plHVUwB7YB4fAAWegCa5AC7QBAvfgETyDF+PBeDJejbfp6JxR7uyAXzDevwAFBJbX</latexit>◆in,pw
<latexit sha1_base64="6Ful+tkjYyxauaP7MaySL6jMlMg=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcCElkfraFdy4rGAf0IQwmU7aoZNMmLlRSsjGX3HjQhG3foY7/8YkDaLWAxcO59zLvfd4EWcKTPNTqywsLi2vVFdra+sbm1v69k5XiVgS2iGCC9n3sKKchbQDDDjtR5LiwOO0502ucr93R6ViIryFaUSdAI9C5jOCIZNcfc9mArCb2AGGsQwSEUN6HN2nrl43G2YBY55YJamjEm1X/7CHgsQBDYFwrNTAMiNwEiyBEU7Tmh0rGmEywSM6yGiIA6qcpHggNQ4zZWj4QmYVglGoPycSHCg1DbysM79T/fVy8T9vEIN/4SQsjGKgIZkt8mNugDDyNIwhk5QAn2YEE8myWw0yxhITyDKrFSFc5jj9fnmedE8a1lmjedOst6wyjiraRwfoCFnoHLXQNWqjDiIoRY/oGb1oD9qT9qq9zVorWjmzi35Be/8C92eXYg==</latexit>◆out,pw

<latexit sha1_base64="AcxSMaB393qnpAmmBvvlftOekZg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfN0CXjxGMA9JljA7mU2GzM4OM7NKWPIVXjwo4tXP8ebfONksosaChqKqm+6uQHKmjet+OoWl5ZXVteJ6aWNza3unvLvX0nGiCG2SmMeqE2BNORO0aZjhtCMVxVHAaTsYX8389j1VmsXi1kwk9SM8FCxkBBsr3fWkZv1UPkz75YpbdTOgReLlpAI5Gv3yR28QkySiwhCOte56rjR+ipVhhNNpqZdoKjEZ4yHtWipwRLWfZgdP0ZFVBiiMlS1hUKb+nEhxpPUkCmxnhM1I//Vm4n9eNzHhhZ8yIRNDBZkvChOOTIxm36MBU5QYPrEEE8XsrYiMsMLE2IxKWQiXM5x+v7xIWidV76xau6lV6l4eRxEO4BCOwYNzqMM1NKAJBCJ4hGd4cZTz5Lw6b/PWgpPP7MMvOO9fZCqQ4w==</latexit>

 pw

<latexit sha1_base64="d2zhSx5I0OFa383f4b+Tv4fuUig=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBhZRE6mtXcOOygn1AE8JkOmmHzkzCzEQpMQt/xY0LRdz6G+78GydpELUeGDiccy9z7gliSqSy7U9jbn5hcWm5slJdXVvf2DS3tjsySgTCbRTRSPQCKDElHLcVURT3YoEhCyjuBuPL3O/eYiFJxG/UJMYeg0NOQoKg0pJv7rokUtBPXQbVSLCU8Owovst8s2bX7QLWLHFKUgMlWr754Q4ilDDMFaJQyr5jx8pLoVAEUZxV3UTiGKIxHOK+phwyLL20yJ9ZB1oZWGEk9OPKKtSfGylkUk5YoCfzmPKvl4v/ef1EheeevilOFOZo+lGYUEtFVl6GNSACI0UnmkAkiM5qoREUECldWbUo4SLHyffJs6RzXHdO643rRq3plHVUwB7YB4fAAWegCa5AC7QBAvfgETyDF+PBeDJejbfp6JxR7uyAXzDevwAFBJbX</latexit>◆in,pw
<latexit sha1_base64="6Ful+tkjYyxauaP7MaySL6jMlMg=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcCElkfraFdy4rGAf0IQwmU7aoZNMmLlRSsjGX3HjQhG3foY7/8YkDaLWAxcO59zLvfd4EWcKTPNTqywsLi2vVFdra+sbm1v69k5XiVgS2iGCC9n3sKKchbQDDDjtR5LiwOO0502ucr93R6ViIryFaUSdAI9C5jOCIZNcfc9mArCb2AGGsQwSEUN6HN2nrl43G2YBY55YJamjEm1X/7CHgsQBDYFwrNTAMiNwEiyBEU7Tmh0rGmEywSM6yGiIA6qcpHggNQ4zZWj4QmYVglGoPycSHCg1DbysM79T/fVy8T9vEIN/4SQsjGKgIZkt8mNugDDyNIwhk5QAn2YEE8myWw0yxhITyDKrFSFc5jj9fnmedE8a1lmjedOst6wyjiraRwfoCFnoHLXQNWqjDiIoRY/oGb1oD9qT9qq9zVorWjmzi35Be/8C92eXYg==</latexit>◆out,pw

<latexit sha1_base64="AcxSMaB393qnpAmmBvvlftOekZg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfN0CXjxGMA9JljA7mU2GzM4OM7NKWPIVXjwo4tXP8ebfONksosaChqKqm+6uQHKmjet+OoWl5ZXVteJ6aWNza3unvLvX0nGiCG2SmMeqE2BNORO0aZjhtCMVxVHAaTsYX8389j1VmsXi1kwk9SM8FCxkBBsr3fWkZv1UPkz75YpbdTOgReLlpAI5Gv3yR28QkySiwhCOte56rjR+ipVhhNNpqZdoKjEZ4yHtWipwRLWfZgdP0ZFVBiiMlS1hUKb+nEhxpPUkCmxnhM1I//Vm4n9eNzHhhZ8yIRNDBZkvChOOTIxm36MBU5QYPrEEE8XsrYiMsMLE2IxKWQiXM5x+v7xIWidV76xau6lV6l4eRxEO4BCOwYNzqMM1NKAJBCJ4hGd4cZTz5Lw6b/PWgpPP7MMvOO9fZCqQ4w==</latexit>

 pw

<latexit sha1_base64="d2zhSx5I0OFa383f4b+Tv4fuUig=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBhZRE6mtXcOOygn1AE8JkOmmHzkzCzEQpMQt/xY0LRdz6G+78GydpELUeGDiccy9z7gliSqSy7U9jbn5hcWm5slJdXVvf2DS3tjsySgTCbRTRSPQCKDElHLcVURT3YoEhCyjuBuPL3O/eYiFJxG/UJMYeg0NOQoKg0pJv7rokUtBPXQbVSLCU8Owovst8s2bX7QLWLHFKUgMlWr754Q4ilDDMFaJQyr5jx8pLoVAEUZxV3UTiGKIxHOK+phwyLL20yJ9ZB1oZWGEk9OPKKtSfGylkUk5YoCfzmPKvl4v/ef1EheeevilOFOZo+lGYUEtFVl6GNSACI0UnmkAkiM5qoREUECldWbUo4SLHyffJs6RzXHdO643rRq3plHVUwB7YB4fAAWegCa5AC7QBAvfgETyDF+PBeDJejbfp6JxR7uyAXzDevwAFBJbX</latexit>◆in,pw
<latexit sha1_base64="6Ful+tkjYyxauaP7MaySL6jMlMg=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcCElkfraFdy4rGAf0IQwmU7aoZNMmLlRSsjGX3HjQhG3foY7/8YkDaLWAxcO59zLvfd4EWcKTPNTqywsLi2vVFdra+sbm1v69k5XiVgS2iGCC9n3sKKchbQDDDjtR5LiwOO0502ucr93R6ViIryFaUSdAI9C5jOCIZNcfc9mArCb2AGGsQwSEUN6HN2nrl43G2YBY55YJamjEm1X/7CHgsQBDYFwrNTAMiNwEiyBEU7Tmh0rGmEywSM6yGiIA6qcpHggNQ4zZWj4QmYVglGoPycSHCg1DbysM79T/fVy8T9vEIN/4SQsjGKgIZkt8mNugDDyNIwhk5QAn2YEE8myWw0yxhITyDKrFSFc5jj9fnmedE8a1lmjedOst6wyjiraRwfoCFnoHLXQNWqjDiIoRY/oGb1oD9qT9qq9zVorWjmzi35Be/8C92eXYg==</latexit>◆out,pw

<latexit sha1_base64="AcxSMaB393qnpAmmBvvlftOekZg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfN0CXjxGMA9JljA7mU2GzM4OM7NKWPIVXjwo4tXP8ebfONksosaChqKqm+6uQHKmjet+OoWl5ZXVteJ6aWNza3unvLvX0nGiCG2SmMeqE2BNORO0aZjhtCMVxVHAaTsYX8389j1VmsXi1kwk9SM8FCxkBBsr3fWkZv1UPkz75YpbdTOgReLlpAI5Gv3yR28QkySiwhCOte56rjR+ipVhhNNpqZdoKjEZ4yHtWipwRLWfZgdP0ZFVBiiMlS1hUKb+nEhxpPUkCmxnhM1I//Vm4n9eNzHhhZ8yIRNDBZkvChOOTIxm36MBU5QYPrEEE8XsrYiMsMLE2IxKWQiXM5x+v7xIWidV76xau6lV6l4eRxEO4BCOwYNzqMM1NKAJBCJ4hGd4cZTz5Lw6b/PWgpPP7MMvOO9fZCqQ4w==</latexit>

 pw

<latexit sha1_base64="2uisYWNd5/94PpsIiOGiWyEvQII=">AAACDnicbVDLSgMxFM34rPVVdekmWAoupM5Ife0KblxWsA9ohyGTpm1oMjMkd6RlmC9w46+4caGIW9fu/BszbRG1HgicnHNvcu/xI8E12PantbC4tLyymlvLr29sbm0XdnYbOowVZXUailC1fKKZ4AGrAwfBWpFiRPqCNf3hVeY375jSPAxuYRwxV5J+wHucEjCSVyh1uiEko9RLukfgdSSBgZLmnuIOsBEkbXms3dQrFO2yPQGeJ86MFNEMNa/wYd6lsWQBUEG0bjt2BG5CFHAqWJrvxJpFhA5Jn7UNDYhk2k0m66S4ZJQu7oXKnADwRP3ZkRCp9Vj6pjKbV//1MvE/rx1D78JNeBDFwAI6/agXCwwhzrLBXa4YBTE2hFDFzayYDogiFEyC+UkIlxlOv1eeJ42TsnNWrtxUilVnFkcO7aMDdIgcdI6q6BrVUB1RdI8e0TN6sR6sJ+vVepuWLliznj30C9b7F/fwnWg=</latexit>

ẋd,tx [m/s]
<latexit sha1_base64="LAr5+ry5cq/eNhAbfWl2zd+SFE4="></latexit>

ẋ†
d,tx

[m/s]
<latexit sha1_base64="HuQGX1B2Ek+SZtCLj0+LiEKw+98=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgxTAjcbsFvHiMYBZIhtDTqSRNeha6a9Q4DP6KFw+KePU/vPk3zkyCqPFBweO9KqrqOYEUGk3z08jNzS8sLuWXCyura+sbxc2thvZDxaHOfemrlsM0SOFBHQVKaAUKmOtIaDqji9Rv3oDSwveucRyA7bKBJ/qCM0ykbnGnA8i6UXAb0w7CHUbtQzvuFktm2cxAZ4k1JSUyRa1b/Oj0fB664CGXTOu2ZQZoR0yh4BLiQifUEDA+YgNoJ9RjLmg7yq6P6X6i9GjfV0l5SDP150TEXK3HrpN0ugyH+q+Xiv957RD7Z3YkvCBE8PhkUT+UFH2aRkF7QgFHOU4I40okt1I+ZIpxTAIrZCGcpzj+fnmWNI7K1km5clUpVa1pHHmyS/bIAbHIKamSS1IjdcLJPXkkz+TFeDCejFfjbdKaM6Yz2+QXjPcv02CVjg==</latexit>

⌘pw[-]

<latexit sha1_base64="2uisYWNd5/94PpsIiOGiWyEvQII=">AAACDnicbVDLSgMxFM34rPVVdekmWAoupM5Ife0KblxWsA9ohyGTpm1oMjMkd6RlmC9w46+4caGIW9fu/BszbRG1HgicnHNvcu/xI8E12PantbC4tLyymlvLr29sbm0XdnYbOowVZXUailC1fKKZ4AGrAwfBWpFiRPqCNf3hVeY375jSPAxuYRwxV5J+wHucEjCSVyh1uiEko9RLukfgdSSBgZLmnuIOsBEkbXms3dQrFO2yPQGeJ86MFNEMNa/wYd6lsWQBUEG0bjt2BG5CFHAqWJrvxJpFhA5Jn7UNDYhk2k0m66S4ZJQu7oXKnADwRP3ZkRCp9Vj6pjKbV//1MvE/rx1D78JNeBDFwAI6/agXCwwhzrLBXa4YBTE2hFDFzayYDogiFEyC+UkIlxlOv1eeJ42TsnNWrtxUilVnFkcO7aMDdIgcdI6q6BrVUB1RdI8e0TN6sR6sJ+vVepuWLliznj30C9b7F/fwnWg=</latexit>

ẋd,tx [m/s]
<latexit sha1_base64="LAr5+ry5cq/eNhAbfWl2zd+SFE4="></latexit>

ẋ†
d,tx

[m/s]
<latexit sha1_base64="HuQGX1B2Ek+SZtCLj0+LiEKw+98=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgxTAjcbsFvHiMYBZIhtDTqSRNeha6a9Q4DP6KFw+KePU/vPk3zkyCqPFBweO9KqrqOYEUGk3z08jNzS8sLuWXCyura+sbxc2thvZDxaHOfemrlsM0SOFBHQVKaAUKmOtIaDqji9Rv3oDSwveucRyA7bKBJ/qCM0ykbnGnA8i6UXAb0w7CHUbtQzvuFktm2cxAZ4k1JSUyRa1b/Oj0fB664CGXTOu2ZQZoR0yh4BLiQifUEDA+YgNoJ9RjLmg7yq6P6X6i9GjfV0l5SDP150TEXK3HrpN0ugyH+q+Xiv957RD7Z3YkvCBE8PhkUT+UFH2aRkF7QgFHOU4I40okt1I+ZIpxTAIrZCGcpzj+fnmWNI7K1km5clUpVa1pHHmyS/bIAbHIKamSS1IjdcLJPXkkz+TFeDCejFfjbdKaM6Yz2+QXjPcv02CVjg==</latexit>

⌘pw[-]

<latexit sha1_base64="2uisYWNd5/94PpsIiOGiWyEvQII=">AAACDnicbVDLSgMxFM34rPVVdekmWAoupM5Ife0KblxWsA9ohyGTpm1oMjMkd6RlmC9w46+4caGIW9fu/BszbRG1HgicnHNvcu/xI8E12PantbC4tLyymlvLr29sbm0XdnYbOowVZXUailC1fKKZ4AGrAwfBWpFiRPqCNf3hVeY375jSPAxuYRwxV5J+wHucEjCSVyh1uiEko9RLukfgdSSBgZLmnuIOsBEkbXms3dQrFO2yPQGeJ86MFNEMNa/wYd6lsWQBUEG0bjt2BG5CFHAqWJrvxJpFhA5Jn7UNDYhk2k0m66S4ZJQu7oXKnADwRP3ZkRCp9Vj6pjKbV//1MvE/rx1D78JNeBDFwAI6/agXCwwhzrLBXa4YBTE2hFDFzayYDogiFEyC+UkIlxlOv1eeJ42TsnNWrtxUilVnFkcO7aMDdIgcdI6q6BrVUB1RdI8e0TN6sR6sJ+vVepuWLliznj30C9b7F/fwnWg=</latexit>

ẋd,tx [m/s]
<latexit sha1_base64="LAr5+ry5cq/eNhAbfWl2zd+SFE4="></latexit>

ẋ†
d,tx

[m/s]
<latexit sha1_base64="HuQGX1B2Ek+SZtCLj0+LiEKw+98=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgxTAjcbsFvHiMYBZIhtDTqSRNeha6a9Q4DP6KFw+KePU/vPk3zkyCqPFBweO9KqrqOYEUGk3z08jNzS8sLuWXCyura+sbxc2thvZDxaHOfemrlsM0SOFBHQVKaAUKmOtIaDqji9Rv3oDSwveucRyA7bKBJ/qCM0ykbnGnA8i6UXAb0w7CHUbtQzvuFktm2cxAZ4k1JSUyRa1b/Oj0fB664CGXTOu2ZQZoR0yh4BLiQifUEDA+YgNoJ9RjLmg7yq6P6X6i9GjfV0l5SDP150TEXK3HrpN0ugyH+q+Xiv957RD7Z3YkvCBE8PhkUT+UFH2aRkF7QgFHOU4I40okt1I+ZIpxTAIrZCGcpzj+fnmWNI7K1km5clUpVa1pHHmyS/bIAbHIKamSS1IjdcLJPXkkz+TFeDCejFfjbdKaM6Yz2+QXjPcv02CVjg==</latexit>

⌘pw[-]

<latexit sha1_base64="gxTUwWnErwYckyp1XJnp7SEUKAE=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCG0si9bUruHFZwT6gCWUynbRDJw9mbsQa+iVuXCji1k9x5984SYOo9cCFwzn3cu89Xiy4Asv6NEpLyyura+X1ysbm1nbV3NntqCiRlLVpJCLZ84higoesDRwE68WSkcATrOtNrjK/e8ek4lF4C9OYuQEZhdznlICWBmbVicccO8DuIe0fu7OBWbPqVg68SOyC1FCB1sD8cIYRTQIWAhVEqb5txeCmRAKngs0qTqJYTOiEjFhf05AETLlpfvgMH2pliP1I6goB5+rPiZQESk0DT3cGBMbqr5eJ/3n9BPwLN+VhnAAL6XyRnwgMEc5SwEMuGQUx1YRQyfWtmI6JJBR0VpU8hMsMp98vL5LOSd0+qzduGrWmXcRRRvvoAB0hG52jJrpGLdRGFCXoET2jF+PBeDJejbd5a8koZvbQLxjvX5mUkyU=</latexit>

�[-]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]

<latexit sha1_base64="4HLk3UHxL5auo0okmXldzygYq8U=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxA8xRmJ2y3gxZsRzAKZMfR0KpMmPQvdNWIYcvDir3jxoIhXP8Kbf+NkQdT4oODxXhVV9bxYCo2W9WnMzS8sLi3nVvKra+sbm+bWdl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8/vnIb9yC0iIKr3EQgxswPxRdwRlmUtssOJcB+OzG6TDfB0UdhDtMW/aBdodts2iVrDHoLLGnpEimqLbND6cT8SSAELlkWrdsK0Y3ZQoFlzDMO4mGmPE+86GV0ZAFoN10/MSQ7mVKh3YjlVWIdKz+nEhZoPUg8LLOgGFP//VG4n9eK8HuqZuKME4QQj5Z1E0kxYiOEqEdoYCjHGSEcSWyWynvMcU4ZrnlxyGcjXD0/fIsqR+W7ONS+apcrNjTOHKkQHbJPrHJCamQC1IlNcLJPXkkz+TFeDCejFfjbdI6Z0xndsgvGO9fcWKYDw==</latexit>

⌦†[1/s]

<latexit sha1_base64="gxTUwWnErwYckyp1XJnp7SEUKAE=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCG0si9bUruHFZwT6gCWUynbRDJw9mbsQa+iVuXCji1k9x5984SYOo9cCFwzn3cu89Xiy4Asv6NEpLyyura+X1ysbm1nbV3NntqCiRlLVpJCLZ84higoesDRwE68WSkcATrOtNrjK/e8ek4lF4C9OYuQEZhdznlICWBmbVicccO8DuIe0fu7OBWbPqVg68SOyC1FCB1sD8cIYRTQIWAhVEqb5txeCmRAKngs0qTqJYTOiEjFhf05AETLlpfvgMH2pliP1I6goB5+rPiZQESk0DT3cGBMbqr5eJ/3n9BPwLN+VhnAAL6XyRnwgMEc5SwEMuGQUx1YRQyfWtmI6JJBR0VpU8hMsMp98vL5LOSd0+qzduGrWmXcRRRvvoAB0hG52jJrpGLdRGFCXoET2jF+PBeDJejbd5a8koZvbQLxjvX5mUkyU=</latexit>

�[-]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]

<latexit sha1_base64="4HLk3UHxL5auo0okmXldzygYq8U=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxA8xRmJ2y3gxZsRzAKZMfR0KpMmPQvdNWIYcvDir3jxoIhXP8Kbf+NkQdT4oODxXhVV9bxYCo2W9WnMzS8sLi3nVvKra+sbm+bWdl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8/vnIb9yC0iIKr3EQgxswPxRdwRlmUtssOJcB+OzG6TDfB0UdhDtMW/aBdodts2iVrDHoLLGnpEimqLbND6cT8SSAELlkWrdsK0Y3ZQoFlzDMO4mGmPE+86GV0ZAFoN10/MSQ7mVKh3YjlVWIdKz+nEhZoPUg8LLOgGFP//VG4n9eK8HuqZuKME4QQj5Z1E0kxYiOEqEdoYCjHGSEcSWyWynvMcU4ZrnlxyGcjXD0/fIsqR+W7ONS+apcrNjTOHKkQHbJPrHJCamQC1IlNcLJPXkkz+TFeDCejFfjbdI6Z0xndsgvGO9fcWKYDw==</latexit>

⌦†[1/s]

<latexit sha1_base64="gxTUwWnErwYckyp1XJnp7SEUKAE=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCG0si9bUruHFZwT6gCWUynbRDJw9mbsQa+iVuXCji1k9x5984SYOo9cCFwzn3cu89Xiy4Asv6NEpLyyura+X1ysbm1nbV3NntqCiRlLVpJCLZ84higoesDRwE68WSkcATrOtNrjK/e8ek4lF4C9OYuQEZhdznlICWBmbVicccO8DuIe0fu7OBWbPqVg68SOyC1FCB1sD8cIYRTQIWAhVEqb5txeCmRAKngs0qTqJYTOiEjFhf05AETLlpfvgMH2pliP1I6goB5+rPiZQESk0DT3cGBMbqr5eJ/3n9BPwLN+VhnAAL6XyRnwgMEc5SwEMuGQUx1YRQyfWtmI6JJBR0VpU8hMsMp98vL5LOSd0+qzduGrWmXcRRRvvoAB0hG52jJrpGLdRGFCXoET2jF+PBeDJejbd5a8koZvbQLxjvX5mUkyU=</latexit>

�[-]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]

<latexit sha1_base64="4HLk3UHxL5auo0okmXldzygYq8U=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxA8xRmJ2y3gxZsRzAKZMfR0KpMmPQvdNWIYcvDir3jxoIhXP8Kbf+NkQdT4oODxXhVV9bxYCo2W9WnMzS8sLi3nVvKra+sbm+bWdl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8/vnIb9yC0iIKr3EQgxswPxRdwRlmUtssOJcB+OzG6TDfB0UdhDtMW/aBdodts2iVrDHoLLGnpEimqLbND6cT8SSAELlkWrdsK0Y3ZQoFlzDMO4mGmPE+86GV0ZAFoN10/MSQ7mVKh3YjlVWIdKz+nEhZoPUg8LLOgGFP//VG4n9eK8HuqZuKME4QQj5Z1E0kxYiOEqEdoYCjHGSEcSWyWynvMcU4ZrnlxyGcjXD0/fIsqR+W7ONS+apcrNjTOHKkQHbJPrHJCamQC1IlNcLJPXkkz+TFeDCejFfjbdI6Z0xndsgvGO9fcWKYDw==</latexit>

⌦†[1/s]
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Figure 4.10: Experiment 2 – From left to right: Experiment 2.a and 2.b with short prognosis win-
dows, and Experiment 2.c (rightmost) with a longer window.

it assumes that a collision is imminent, the braking gain value increases, leading the robot to
come to a stop. On the other hand, when only the Prognosis Window is employed, and the
size of windows is not well-tuned, the end-effector may undergo premature stoppage, even
though the trajectory is not directed toward the human position but is only in the vicinity
of the human. In this case, as well, the robot comes to a halt despite the absence of an
imminent collision. The effectiveness of the overall behavior can be improved by fusing both
approaches, as demonstrated in Experiment 3.c. In this case, the robot does not stop, and
no collision occurs; see Figure 4.12.

i ii iii

Figure 4.11: Experiment 3 – Snapshots of the experiment with the sequential timing i○- ii○- iii○.
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4.1 Collision-Preventing Phase Progress Control

1 1 12 2 2
<latexit sha1_base64="DMuSpUKeD2lhSBvQSCBxKaZIBD0=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5JI/boVvHisYFshDWGz3bZLd5OwO5GWkIMX/4oXD4p49Ud489+YtEHU+mDg8d4MM/P8SHANlvVplJaWV1bXyuuVjc2t7R1zd6+jw1hR1qahCNWtTzQTPGBt4CDYbaQYkb5gXX98mfvdO6Y0D4MbmEbMlWQY8AGnBDLJM6sTLwGvJwmMlEwmaYp7wCaQONJNPbNm1a0Z8CKxC1JDBVqe+dHrhzSWLAAqiNaObUXgJkQBp4KllV6sWUTomAyZk9GASKbdZPZEig8zpY8HocoqADxTf04kRGo9lX7WmV+r/3q5+J/nxDA4dxMeRDGwgM4XDWKBIcR5IrjPFaMgphkhVPHsVkxHRBEKWW6VWQgXOU6+X14kneO6fVpvXDdqTbuIo4yq6AAdIRudoSa6Qi3URhTdo0f0jF6MB+PJeDXe5q0lo5jZR79gvH8BQXaZNw==</latexit>

xtx [m]
<latexit sha1_base64="7nsGFslNbBVOt4CabbSNRx55SBw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoi9bUruHFZwT6gDWEynbZDZ5IwcyMtITs3/oobF4q49Rfc+TcmaRG1HrhwOOde7r3HCwXXYFmfRmFhcWl5pbhaWlvf2Nwyt3eaOogUZQ0aiEC1PaKZ4D5rAAfB2qFiRHqCtbzRVea37pjSPPBvYRIyR5KBz/ucEkgl19wfu/FQHYPblQSGSsbjJMFdYGOIO9JJXLNsVawceJ7YM1JGM9Rd86PbC2gkmQ9UEK07thWCExMFnAqWlLqRZiGhIzJgnZT6RDLtxPkfCT5MlR7uByotH3Cu/pyIidR6Ir20M7tW//Uy8T+vE0H/wom5H0bAfDpd1I8EhgBnoeAeV4yCmKSEUMXTWzEdEkUopNGV8hAuM5x+vzxPmicV+6xSvamWa/YsjiLaQwfoCNnoHNXQNaqjBqLoHj2iZ/RiPBhPxqvxNm0tGLOZXfQLxvsXXB+aWw==</latexit>

xhr,tx [m]
<latexit sha1_base64="vkAvzR2UkL/4eapuYdEeL08GYTk=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoi9bUruHFZwT6gDWEynbZDZ5IwcyMtITs3/oobF4q49Rfc+TcmaRG1HrhwOOde7r3HCwXXYFmfRmFhcWl5pbhaWlvf2Nwyt3eaOogUZQ0aiEC1PaKZ4D5rAAfB2qFiRHqCtbzRVea37pjSPPBvYRIyR5KBz/ucEkgl19wfu/FQHIPblQSGSsbjJMFdYGOIO9JJXLNsVawceJ7YM1JGM9Rd86PbC2gkmQ9UEK07thWCExMFnAqWlLqRZiGhIzJgnZT6RDLtxPkfCT5MlR7uByotH3Cu/pyIidR6Ir20M7tW//Uy8T+vE0H/wom5H0bAfDpd1I8EhgBnoeAeV4yCmKSEUMXTWzEdEkUopNGV8hAuM5x+vzxPmicV+6xSvamWa/YsjiLaQwfoCNnoHNXQNaqjBqLoHj2iZ/RiPBhPxqvxNm0tGLOZXfQLxvsXUnGaVQ==</latexit>

xhl,tx [m]

<latexit sha1_base64="DMuSpUKeD2lhSBvQSCBxKaZIBD0=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5JI/boVvHisYFshDWGz3bZLd5OwO5GWkIMX/4oXD4p49Ud489+YtEHU+mDg8d4MM/P8SHANlvVplJaWV1bXyuuVjc2t7R1zd6+jw1hR1qahCNWtTzQTPGBt4CDYbaQYkb5gXX98mfvdO6Y0D4MbmEbMlWQY8AGnBDLJM6sTLwGvJwmMlEwmaYp7wCaQONJNPbNm1a0Z8CKxC1JDBVqe+dHrhzSWLAAqiNaObUXgJkQBp4KllV6sWUTomAyZk9GASKbdZPZEig8zpY8HocoqADxTf04kRGo9lX7WmV+r/3q5+J/nxDA4dxMeRDGwgM4XDWKBIcR5IrjPFaMgphkhVPHsVkxHRBEKWW6VWQgXOU6+X14kneO6fVpvXDdqTbuIo4yq6AAdIRudoSa6Qi3URhTdo0f0jF6MB+PJeDXe5q0lo5jZR79gvH8BQXaZNw==</latexit>

xtx [m]
<latexit sha1_base64="7nsGFslNbBVOt4CabbSNRx55SBw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoi9bUruHFZwT6gDWEynbZDZ5IwcyMtITs3/oobF4q49Rfc+TcmaRG1HrhwOOde7r3HCwXXYFmfRmFhcWl5pbhaWlvf2Nwyt3eaOogUZQ0aiEC1PaKZ4D5rAAfB2qFiRHqCtbzRVea37pjSPPBvYRIyR5KBz/ucEkgl19wfu/FQHYPblQSGSsbjJMFdYGOIO9JJXLNsVawceJ7YM1JGM9Rd86PbC2gkmQ9UEK07thWCExMFnAqWlLqRZiGhIzJgnZT6RDLtxPkfCT5MlR7uByotH3Cu/pyIidR6Ir20M7tW//Uy8T+vE0H/wom5H0bAfDpd1I8EhgBnoeAeV4yCmKSEUMXTWzEdEkUopNGV8hAuM5x+vzxPmicV+6xSvamWa/YsjiLaQwfoCNnoHNXQNaqjBqLoHj2iZ/RiPBhPxqvxNm0tGLOZXfQLxvsXXB+aWw==</latexit>

xhr,tx [m]
<latexit sha1_base64="vkAvzR2UkL/4eapuYdEeL08GYTk=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoi9bUruHFZwT6gDWEynbZDZ5IwcyMtITs3/oobF4q49Rfc+TcmaRG1HrhwOOde7r3HCwXXYFmfRmFhcWl5pbhaWlvf2Nwyt3eaOogUZQ0aiEC1PaKZ4D5rAAfB2qFiRHqCtbzRVea37pjSPPBvYRIyR5KBz/ucEkgl19wfu/FQHIPblQSGSsbjJMFdYGOIO9JJXLNsVawceJ7YM1JGM9Rd86PbC2gkmQ9UEK07thWCExMFnAqWlLqRZiGhIzJgnZT6RDLtxPkfCT5MlR7uByotH3Cu/pyIidR6Ir20M7tW//Uy8T+vE0H/wom5H0bAfDpd1I8EhgBnoeAeV4yCmKSEUMXTWzEdEkUopNGV8hAuM5x+vzxPmicV+6xSvamWa/YsjiLaQwfoCNnoHNXQNaqjBqLoHj2iZ/RiPBhPxqvxNm0tGLOZXfQLxvsXUnGaVQ==</latexit>

xhl,tx [m]

<latexit sha1_base64="DMuSpUKeD2lhSBvQSCBxKaZIBD0=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5JI/boVvHisYFshDWGz3bZLd5OwO5GWkIMX/4oXD4p49Ud489+YtEHU+mDg8d4MM/P8SHANlvVplJaWV1bXyuuVjc2t7R1zd6+jw1hR1qahCNWtTzQTPGBt4CDYbaQYkb5gXX98mfvdO6Y0D4MbmEbMlWQY8AGnBDLJM6sTLwGvJwmMlEwmaYp7wCaQONJNPbNm1a0Z8CKxC1JDBVqe+dHrhzSWLAAqiNaObUXgJkQBp4KllV6sWUTomAyZk9GASKbdZPZEig8zpY8HocoqADxTf04kRGo9lX7WmV+r/3q5+J/nxDA4dxMeRDGwgM4XDWKBIcR5IrjPFaMgphkhVPHsVkxHRBEKWW6VWQgXOU6+X14kneO6fVpvXDdqTbuIo4yq6AAdIRudoSa6Qi3URhTdo0f0jF6MB+PJeDXe5q0lo5jZR79gvH8BQXaZNw==</latexit>

xtx [m]
<latexit sha1_base64="7nsGFslNbBVOt4CabbSNRx55SBw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoi9bUruHFZwT6gDWEynbZDZ5IwcyMtITs3/oobF4q49Rfc+TcmaRG1HrhwOOde7r3HCwXXYFmfRmFhcWl5pbhaWlvf2Nwyt3eaOogUZQ0aiEC1PaKZ4D5rAAfB2qFiRHqCtbzRVea37pjSPPBvYRIyR5KBz/ucEkgl19wfu/FQHYPblQSGSsbjJMFdYGOIO9JJXLNsVawceJ7YM1JGM9Rd86PbC2gkmQ9UEK07thWCExMFnAqWlLqRZiGhIzJgnZT6RDLtxPkfCT5MlR7uByotH3Cu/pyIidR6Ir20M7tW//Uy8T+vE0H/wom5H0bAfDpd1I8EhgBnoeAeV4yCmKSEUMXTWzEdEkUopNGV8hAuM5x+vzxPmicV+6xSvamWa/YsjiLaQwfoCNnoHNXQNaqjBqLoHj2iZ/RiPBhPxqvxNm0tGLOZXfQLxvsXXB+aWw==</latexit>

xhr,tx [m]
<latexit sha1_base64="vkAvzR2UkL/4eapuYdEeL08GYTk=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoi9bUruHFZwT6gDWEynbZDZ5IwcyMtITs3/oobF4q49Rfc+TcmaRG1HrhwOOde7r3HCwXXYFmfRmFhcWl5pbhaWlvf2Nwyt3eaOogUZQ0aiEC1PaKZ4D5rAAfB2qFiRHqCtbzRVea37pjSPPBvYRIyR5KBz/ucEkgl19wfu/FQHIPblQSGSsbjJMFdYGOIO9JJXLNsVawceJ7YM1JGM9Rd86PbC2gkmQ9UEK07thWCExMFnAqWlLqRZiGhIzJgnZT6RDLtxPkfCT5MlR7uByotH3Cu/pyIidR6Ir20M7tW//Uy8T+vE0H/wom5H0bAfDpd1I8EhgBnoeAeV4yCmKSEUMXTWzEdEkUopNGV8hAuM5x+vzxPmicV+6xSvamWa/YsjiLaQwfoCNnoHNXQNaqjBqLoHj2iZ/RiPBhPxqvxNm0tGLOZXfQLxvsXUnGaVQ==</latexit>

xhl,tx [m]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]
<latexit sha1_base64="Zafu7VjDlqH0kw8IO/QLRGTG1C4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxC8GGYkbreAF48RzAKZIfR0apImPQvdNWIcBn/FiwdFvPof3vwbJ8kganxQ8Hiviqp6biSFRtP8NObmFxaXlgsrxdW19Y3N0tZ2U4ex4tDgoQxV22UapAiggQIltCMFzHcltNzh5dhv3YLSIgxucBSB47N+IDzBGWZSt7RrA7JuIsKU2gh3mHSOnLRbKpsVcwI6S6yclEmOerf0YfdCHvsQIJdM645lRugkTKHgEtKiHWuIGB+yPnQyGjAftJNMrk/pQab0qBeqrAKkE/XnRMJ8rUe+m3X6DAf6rzcW//M6MXrnTiKCKEYI+HSRF0uKIR1HQXtCAUc5ygjjSmS3Uj5ginHMAitOQrgY4+T75VnSPK5Yp5XqdbVcs/I4CmSP7JNDYpEzUiNXpE4ahJN78kieyYvxYDwZr8bbtHXOyGd2yC8Y71+76ZV/</latexit>

⌘io[-]
<latexit sha1_base64="HuQGX1B2Ek+SZtCLj0+LiEKw+98=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgxTAjcbsFvHiMYBZIhtDTqSRNeha6a9Q4DP6KFw+KePU/vPk3zkyCqPFBweO9KqrqOYEUGk3z08jNzS8sLuWXCyura+sbxc2thvZDxaHOfemrlsM0SOFBHQVKaAUKmOtIaDqji9Rv3oDSwveucRyA7bKBJ/qCM0ykbnGnA8i6UXAb0w7CHUbtQzvuFktm2cxAZ4k1JSUyRa1b/Oj0fB664CGXTOu2ZQZoR0yh4BLiQifUEDA+YgNoJ9RjLmg7yq6P6X6i9GjfV0l5SDP150TEXK3HrpN0ugyH+q+Xiv957RD7Z3YkvCBE8PhkUT+UFH2aRkF7QgFHOU4I40okt1I+ZIpxTAIrZCGcpzj+fnmWNI7K1km5clUpVa1pHHmyS/bIAbHIKamSS1IjdcLJPXkkz+TFeDCejFfjbdKaM6Yz2+QXjPcv02CVjg==</latexit>

⌘pw[-]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]
<latexit sha1_base64="Zafu7VjDlqH0kw8IO/QLRGTG1C4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxC8GGYkbreAF48RzAKZIfR0apImPQvdNWIcBn/FiwdFvPof3vwbJ8kganxQ8Hiviqp6biSFRtP8NObmFxaXlgsrxdW19Y3N0tZ2U4ex4tDgoQxV22UapAiggQIltCMFzHcltNzh5dhv3YLSIgxucBSB47N+IDzBGWZSt7RrA7JuIsKU2gh3mHSOnLRbKpsVcwI6S6yclEmOerf0YfdCHvsQIJdM645lRugkTKHgEtKiHWuIGB+yPnQyGjAftJNMrk/pQab0qBeqrAKkE/XnRMJ8rUe+m3X6DAf6rzcW//M6MXrnTiKCKEYI+HSRF0uKIR1HQXtCAUc5ygjjSmS3Uj5ginHMAitOQrgY4+T75VnSPK5Yp5XqdbVcs/I4CmSP7JNDYpEzUiNXpE4ahJN78kieyYvxYDwZr8bbtHXOyGd2yC8Y71+76ZV/</latexit>

⌘io[-]
<latexit sha1_base64="HuQGX1B2Ek+SZtCLj0+LiEKw+98=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgxTAjcbsFvHiMYBZIhtDTqSRNeha6a9Q4DP6KFw+KePU/vPk3zkyCqPFBweO9KqrqOYEUGk3z08jNzS8sLuWXCyura+sbxc2thvZDxaHOfemrlsM0SOFBHQVKaAUKmOtIaDqji9Rv3oDSwveucRyA7bKBJ/qCM0ykbnGnA8i6UXAb0w7CHUbtQzvuFktm2cxAZ4k1JSUyRa1b/Oj0fB664CGXTOu2ZQZoR0yh4BLiQifUEDA+YgNoJ9RjLmg7yq6P6X6i9GjfV0l5SDP150TEXK3HrpN0ugyH+q+Xiv957RD7Z3YkvCBE8PhkUT+UFH2aRkF7QgFHOU4I40okt1I+ZIpxTAIrZCGcpzj+fnmWNI7K1km5clUpVa1pHHmyS/bIAbHIKamSS1IjdcLJPXkkz+TFeDCejFfjbdKaM6Yz2+QXjPcv02CVjg==</latexit>

⌘pw[-]

<latexit sha1_base64="36dSNSHOKWQJb2wNrsxQstjzuJY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5pI/boVvHizgrWFNJTNdtou3XywOxFLqH/FiwdFvPpDvPlvTNIian0w8Hhvhpl5XiSFRsv6NAoLi0vLK8XV0tr6xuaWub1zq8NYcWjyUIaq7TENUgTQRIES2pEC5nsSWt7oIvNbd6C0CIMbHEfg+mwQiL7gDFOpa5Y7Vz4MGO0g3GPi2IfanXTNilW1ctB5Ys9IhczQ6JofnV7IYx8C5JJp7dhWhG7CFAouYVLqxBoixkdsAE5KA+aDdpP8+AndT5Ue7YcqrQBprv6cSJiv9dj30k6f4VD/9TLxP8+JsX/mJiKIYoSATxf1Y0kxpFkStCcUcJTjlDCuRHor5UOmGMc0r1IewnmG4++X58ntUdU+qdaua5W6PYujSHbJHjkgNjkldXJJGqRJOBmTR/JMXowH48l4Nd6mrQVjNlMmv2C8fwE/cpSb</latexit>

⌦[1/s]
<latexit sha1_base64="Zafu7VjDlqH0kw8IO/QLRGTG1C4=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxC8GGYkbreAF48RzAKZIfR0apImPQvdNWIcBn/FiwdFvPof3vwbJ8kganxQ8Hiviqp6biSFRtP8NObmFxaXlgsrxdW19Y3N0tZ2U4ex4tDgoQxV22UapAiggQIltCMFzHcltNzh5dhv3YLSIgxucBSB47N+IDzBGWZSt7RrA7JuIsKU2gh3mHSOnLRbKpsVcwI6S6yclEmOerf0YfdCHvsQIJdM645lRugkTKHgEtKiHWuIGB+yPnQyGjAftJNMrk/pQab0qBeqrAKkE/XnRMJ8rUe+m3X6DAf6rzcW//M6MXrnTiKCKEYI+HSRF0uKIR1HQXtCAUc5ygjjSmS3Uj5ginHMAitOQrgY4+T75VnSPK5Yp5XqdbVcs/I4CmSP7JNDYpEzUiNXpE4ahJN78kieyYvxYDwZr8bbtHXOyGd2yC8Y71+76ZV/</latexit>

⌘io[-]
<latexit sha1_base64="HuQGX1B2Ek+SZtCLj0+LiEKw+98=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoPgxTAjcbsFvHiMYBZIhtDTqSRNeha6a9Q4DP6KFw+KePU/vPk3zkyCqPFBweO9KqrqOYEUGk3z08jNzS8sLuWXCyura+sbxc2thvZDxaHOfemrlsM0SOFBHQVKaAUKmOtIaDqji9Rv3oDSwveucRyA7bKBJ/qCM0ykbnGnA8i6UXAb0w7CHUbtQzvuFktm2cxAZ4k1JSUyRa1b/Oj0fB664CGXTOu2ZQZoR0yh4BLiQifUEDA+YgNoJ9RjLmg7yq6P6X6i9GjfV0l5SDP150TEXK3HrpN0ugyH+q+Xiv957RD7Z3YkvCBE8PhkUT+UFH2aRkF7QgFHOU4I40okt1I+ZIpxTAIrZCGcpzj+fnmWNI7K1km5clUpVa1pHHmyS/bIAbHIKamSS1IjdcLJPXkkz+TFeDCejFfjbdKaM6Yz2+QXjPcv02CVjg==</latexit>

⌘pw[-]
Shaped phase 
velocity [1/s], 
braking gains [-]

Robot and 
human 
positions [m]

Time [s] Time [s] Time [s]

Figure 4.12: Experiment 3 – From left to right: Experiment 3.a using only the Impulse Orb ap-
proach, Experiment 3.b using only the Prognosis Window approach, and Experiment
3.c using the Fused approach.
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4. Reactive Phase-Based Planning for Path-Centric Manipulation

4.2 Path-Constrained Adaptive Haptic Motion Guidance

There are situations that demand the combined expertise of both humans and robots to
execute a task effectively. For instance, when the robot’s strength and accuracy need to be
complemented by the profound decision-making capability of a human. A relevant scenario
in this context is when human guidance becomes essential for the robot motion under strict
geometrical constraints, such as adhering to a specific path. Figure 4.13 illustrates various
instances of this collaboration. In this section, this challenge is addressed through three
primary steps. Firstly, a phase-based motion guidance law is developed for a robot. Next,
to improve human ergonomics and comfort, a configuration-dependent adaptation policy is
introduced for the proposed guidance law. Finally, stability is ensured through the utilization
of a virtual energy tank. Figure 4.14 presents the high-level architecture of the approach
proposed in this section.

4.2.1 Human-Guided Phase-Based Motion Generator

Consider a rigid-body robot with the dynamics model (2.7). The robot holds an object (e.g.,
a tool) and is tasked with moving it along a constrained path, guided by human, utilizing a
Cartesian impedance controller defined by (3.1); see Figure 4.15. For simplicity, the object
dynamics are assumed to be incorporated in the mass, centrifugal, and Coriolis matrices in
the robot dynamics model. The human guidance input is conveyed through the interaction
wrench fh ∈ Rm, applied by the human to the robot. Considering (3.13) and excluding the
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4.2 Path-Constrained Adaptive Haptic Motion Guidance

Figure 4.13: Examples of path-constrained haptic motion guidance scenarios – (a) cutting wood with
a jigsaw machine (b) remote graffiti execution (c) accurate surgical incision execution
(d) movement rehabilitation.

force control input, the closed-loop dynamics of this human-robot interaction setup become

MC(q)¨̃x+CC(q, q̇) ˙̃x+DC
˙̃x+KCx̃+ fh = 0, (4.18)

in which f ext is replaced with fh.

In order to derive and implement the proposed motion guidance policy, the path is first
encoded using phase, i.e., xd(ϕ), as elaborated in Section 2.1. The human-applied wrench
fh is then mapped into the phase domain, yielding the steering force variable fs ∈ R derived
as

fs = fTh
dxd(ϕ)

dϕ
. (4.19)

Next, the steering force is set as an input to a non-linear phase-based admittance law defined
as

mϕϕ̈+ dϕϕ̇+ cϕϕ̇
2 = fs, (4.20)
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4. Reactive Phase-Based Planning for Path-Centric Manipulation

Figure 4.14: Approach structure – The concepts related to modeling and motion control (green) are
presented in the previous sections, while the guidance law (red), guidance adaptation
(blue), and stability (yellow) concepts are explained in this section.

where mϕ, dϕ ∈ R≥0 denote phase-based mass and damping coefficients, and cϕ ∈ R rep-
resents the coefficient for the non-linear term ϕ̇2. As shown in the following, the rationale
for the nonlinear form of the phase-based admittance law is to provide an intuitive physical
representation, simplifying parameter tuning.
The phase-based admittance (4.20) serves to transform the applied wrench fh into the

phase trajectory ϕ(t) yielding the intended motion xd(ϕ(t)) along the predefined path. The
phase-based parameters mϕ, dϕ, and cϕ govern the characteristics of this transformation,
affecting the force required for a specific desired motion profile. Yet, adjusting them might
lack intuitiveness, as (4.20) primarily addresses phase dynamics rather than direct motion
aspects. To address this, auxiliary parametersma, da ∈ R+ are introduced. These parameters
endow the wrench-to-motion mapping with the familiar properties of a mass-damper system.
To achieve this, the phase-based admittance parameters are defined as

mϕ = ma
dxTd (ϕ)

dϕ

dxd(ϕ)

dϕ
, (4.21)

dϕ = da
dxTd (ϕ)

dϕ

dxd(ϕ)

dϕ
, (4.22)

cϕ = ma
d2xTd (ϕ)

dϕ2
dxd(ϕ)

dϕ
. (4.23)

As a result, the guidance policy (4.20) can be effectively tailored by adjusting the intuitive
admittance mass and damping coefficients ma and da with standard units [kg, kg m2] and
[Ns/m, Nms/rad], respectively. When the contact wrench aligns with the path tangent
vector, the phase-based guidance law (4.20) transforms into

maẍd + daẋd = fh. (4.24)

The proposed phase progress control (4.19)–(4.24) empowers the human operator to deter-
mine the intended motion along the constrained path by exerting a wrench on the robot.
Subsequently, the robot’s controller follows the generated desired motion. By adjusting the
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Figure 4.15: A human guides a robot (carrying an object) along a predefined path. The applied
wrench fh directs the desired motion through the encoded path xd(ϕ), from ϕ = 0 to
ϕ = 1.

admittance mass and damping coefficients ma and da, the responsiveness of this guidance
law can be fine-tuned. Lower values of these coefficients result in faster motions for a given
wrench, while higher values lead to slower motion. Depending on task requirements, ad-
mittance coefficients can be preset to suitable values or alternatively adapted dynamically
according to the task situation. In the upcoming section, an exemplary adaptation policy is
presented that takes into account the estimation of the human operator configuration-based
guiding capability.

Derivation of the Admittance Phase-Based Parameters

The goal is to establish a mass-damper admittance property between the contact wrench
fh and the desired motion xd(t) when fh is aligned with the path tangent vector dxd/dϕ,
yielding (4.24). Considering the chain rules

ẋd = ϕ̇
dxd
dϕ

, (4.25)

ẍd = ϕ̇2
d2xd
dϕ2

+ ϕ̈
dxd
dϕ

, (4.26)

the admittance law (4.24) becomes

maϕ̈
dxd
dϕ

+maϕ̇
2d

2xd
dϕ2

+ daϕ̇
dxd
dϕ

= fh. (4.27)

By multiplying the tangent vector dxd(ϕ)/dϕ to (4.27) it follows

ϕ̈ma
dxTd
dϕ

dxd
dϕ︸ ︷︷ ︸

mϕ

+ϕ̇2ma
d2xTd
dϕ2

dxd
dϕ︸ ︷︷ ︸

cϕ

+ϕ̇ da
dxTd
dϕ

dxd
dϕ︸ ︷︷ ︸

dϕ

= fTh
dxd
dϕ︸ ︷︷ ︸
fs

. (4.28)
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Stopping Policy in the Contact-Free Mode

The phase-based admittance law (4.20) adjusts the phase value ϕ, either increasing or de-
creasing it. To constrain ϕ within the range [0, 1] for iterative tasks (e.g., circular path
traversal), the phase resets to 0 or 1 upon reaching the boundary. Conversely, for non-
repetitive tasks (e.g., linear segment motion), one approach is to exponentially increase dϕ
as ϕ approaches the borders or, alternatively, to saturate the phase value. Note that even
when fs is absent (e.g., during contact-free mode), the phase value may alter due to the vir-
tual momentum mϕϕ̇, which could be undesired when the human lacks contact and control
over the motion. To counter this, the following stopping policy can be implemented by using
a third-order polynomial to smoothly halt the phase evolution within a duration ts > 0 as
soon as fs = 0.

ϕ̇ =

{
a3(t− t0)

3 + a2(t− t0)
2 + a1(t− t0) + a0 if t ≤ ts,

0 else.
(4.29)

The incorporated parameters are defined as

a0 = ϕ̇(t0), (4.30)

a1 = ϕ̈(t0), (4.31)

a2 = −3ϕ̇(t0) + 2ϕ̈(t0)ts
t2s

, (4.32)

a3 =
2ϕ̇(t0) + ϕ̈(t0)ts

t3s
. (4.33)

Phase-Based Motion Generator vs. Dynamic Movement Primitives

As elucidated in Section 3.3, the Dynamic Movement Primitive (DMP) is a well-established
system allowing for the encoding of a trajectory. Given (3.100), the DMP formulation also
incorporates the phase variable. Therefore, it is worthwhile to compare DMPs with the
proposed phase-based motion generator approach (4.19)–(4.20).

To facilitate this comparison without altering the derivation, the variable conventions used
in the DMP formulation (3.100) and (3.102) are adjusted as follows:

Ω :=
1

√
ma

, (4.34)

xDMP := xd, (4.35)

αz :=
da√
ma

, (4.36)

βz :=
ka
√
ma

da
. (4.37)

Thus, the DMP formulation (3.100) transforms into

maẍd + daẋd = ka(gz − xd) + f z(ϕ). (4.38)
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By comparing (4.38) with (4.24), the primary distinction between a Dynamic Movement
Primitive and the proposed human-guided motion generator becomes evident. Considering
(4.38), in a DMP, the desired trajectory xd(t) can be conceptualized as the outcome of the
summation of two wrenches acting on a mass-damper system. These wrenches comprise a
linear spring wrench with stiffness ka, extended between the current setpoint xd and a goal
variable gz, as well as a phase-encoded wrench f z(ϕ). By adjusting the parameters ma, da,
and ka in a coupled manner, the convergence speed to the goal gz can be regulated. Tra-
ditionally, such parameter adaptations should also influence predetermined phase dynamics,
for instance, as outlined in [383] via

√
maϕ̇ = −κzϕ, (4.39)

where κz ∈ R≥0 is a user-defined parameter. However, as seen in (4.24), in the proposed
phase-based motion generation law, the applied wrench on the mass-damper system origi-
nates solely from the human-applied wrench fh. This grants full authority to the human to
adjust the speed. It is important to note that while in DMPs, only the overall duration of
the trajectory can be shaped and the dynamics remain unchanged, in the proposed motion
guidance law, the progression speed along the path can be dynamically adjusted freely.

4.2.2 Configuration-Driven Motion Guidance Adaptation

The adaptation of guidance law parameters can follow various policies. Here, the proposed
policy is founded on the assumption of continuous interaction between the human operator
and the robot for guidance. Consequently, the operator must adhere to the resulting robot
motion, which could lead to different body configurations and varying abilities to guide. For
instance, certain configurations might make applying the guidance wrench more challenging,
while in other configurations, moving along with the robot could become difficult. One
method to evaluate the guiding capability is to estimate the necessary joint torques and
motions for both the guiding wrench fh and the resulting guided motion xd(t). The required
joint values depend on the joint-to-Cartesian space mapping, represented by the Jacobian
matrix Jh(qh) ∈ Rm×nh , with qh ∈ Rnh being the nh-DoF human body joint angles.
Thus, the evaluation of guidance can be achieved through the ongoing assessment of the
effectiveness of the Jacobian matrix. A well-established approach for this purpose is the
manipulability concept, initially introduced in [185, 186] for robot arms, and later in [189, 190]
for the human body. The mapping Jh(qh) can be assessed via the so-called manipulability
ellipsoid with a symmetric positive definite core matrix Λ ∈ Rm×m defined as

Λ(qh) = Jh(qh)ΥJTh (qh). (4.40)

Here, if Υ is an nh-dimensional identity matrix, (4.40) represents the core matrix of the
velocity manipulability ellipsoid [186]. This ellipsoid determines the attainability of end-
point velocities in various directions, achieved by selecting joint velocity vectors of unit
norm. On the other hand, considering Mh(qh) ∈ Rnh×nh as the mass matrix of the body,
and defining Υ = M−1

h (qh), (4.40) characterizes the mobility end-point tensor [59]. This
tensor governs the range of achievable end-point motions in different directions when unit-
norm wrench vectors are applied to the end-point, while the body is at rest. This concept
is similarly employed in other studies, such as in [368], which introduces the concept of
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the belted ellipsoid to represent inertial properties in the task space, and in [389], which
distinguishes between inertial properties associated with individual tasks a robot is supposed
to perform. Independent of the choice of Υ, the manipulability ellipsoid with a core matrix
Λ(q) can be visualized in the Cartesian space by xell ∈ Rm via

(xell − xh)
TΛ−1(qh)(xell − xh) = 1. (4.41)

with nΛ ≤ m principal radii along the eigenvectors νi ∈ Rm of the core matrix Λ(qh).
Their lengths ri ∈ R≥0 can be determined as

ri =
√
λi, (4.42)

with λi ∈ R≥0 being the eigenvalues of Λ(qh). The ellipsoid radii lengths represent the
viability of end-point motions in the Cartesian space along their respective directions. A
longer radius length ri implies smaller joint motions are required to achieve the Cartesian
motion along that radius. Orthogonal to this ellipsoid is the force manipulability ellipsoid,
whose radii determine the feasibility of applying wrenches along their corresponding direc-
tions. When the path follows the longest radius of the force manipulability ellipsoid (i.e.,
the shortest radius of the manipulability ellipsoid (4.40)), smaller joint torque values are
necessary to produce the same applied wrench magnitudes. Thus, to evaluate the situation
at each phase ϕ, the path direction dxd(ϕ)/dϕ can be compared with the manipulability
ellipsoid principal radii directions and lengths. To achieve this, the principal radii can be
first projected onto the path direction ν(ϕ) ∈ Rm, resulting in the projected lengths li ∈ R
via

li = |riνTi ν(ϕ)|, (4.43)

where

ν(ϕ) =
dxd(ϕ)/dϕ

∥dxd(ϕ)/dϕ∥
. (4.44)

Considering lΛ = [l1, l2, . . . , lnΛ ] being the vector containing the projection lengths, its norm
l, denoted as the projection norm, is derived as

l =

√√√√ nΛ∑
i=1

l2i =

√√√√ nΛ∑
i=1

(riνTi ν(ϕ))
2, (4.45)

which is always between the shortest and longest principal radii, as demonstrated below.
Figure 4.16 depicts an illustrative manipulability ellipsoid with its principal radii, projection
lengths, and the projection norm for a 12-DoF human arm model.
To incorporate l into the adaptation of admittance parameters, first, a range [rmin, rmax]

needs to be defined. Here, rmin, rmax ∈ R≥0 denote the assumed smallest and largest potential
values of l, respectively, associated with ma,max,ma,min ∈ R≥0, representing the lowest and
highest ma values. For instance, given that the shortest radius of the manipulability ellipsoid
becomes 0 during singularities, one possible choice for presetting rmin could be 0. Similarly,
considering λmax as the largest possible eigenvalue of the matrix Λ(qh), rmax may be set to
rmax =

√
λmax.
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r = 14 [cm]1
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l2l2

Figure 4.16: A co-manipulation scenario with the manipulability ellipsoid visualization (down-
scaled) for a right arm 12-DoF kinematics model, based on the VHP dataset [390]
with the following joint values (in radian): sternoclavicular [-0.31, 0.33], acromioclav-
icular [0.47, 0.1, -0.02], glenohumeral [0.52, 0.37, -0.98], humeroulnar [0.17], radioulnar
[1.86] and radiocarpal [-0.11, -0.25]. The right figure depicts the principal radii pro-
jected to the path direction, the associated projected lengths li, and the norm l.

The guidance law can be adjusted in a manner such that when l approaches rmax, less
interaction wrench from the human is needed to guide the motion. Conversely, when the
projection norm l is nearer to rmin, lower velocities result from the interaction wrench. One
approach to achieve this is by establishing a linear relationship between the projection norm
l and the admittance parameters. For instance, the admittance mass ma can be tailored
through

ma =


ma,max l ≤ rmin,

ma,min + (rmax − l)∆ma∆r rmin < l < rmax,

ma,min rmax ≤ l,

(4.46)

with4 ∆r = rmax − rmin and ∆ma = ma,max −ma,min. Hence, when l is large—suggesting
weaker force capacity—ma (and mϕ) will be lower, reducing the demand for steering force in
(4.20). Conversely, when l is small—indicating limited motion feasibility along the path—ma

is set higher, resulting in slower desired motions. Please note that a similar approach could
be employed to shape the admittance damping parameter da.

Ellipsoid Radii Projection Norm

Considering θi as the angle between the path direction ν(ϕ) and the ellipsoid principal axes
νi, the projection length of each axis (4.43) becomes

li = ri cos(θi), (4.47)

and the projection norm l will be

l =

√√√√ nΛ∑
i=1

r2i cos
2(θi). (4.48)

4Note that the following is always assumed: ∆r = 0 =⇒ ma,min = ma,max.
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Given rmin and rmax as the minimum and maximum values of ri, respectively, the following
holds √√√√ nΛ∑

i=1

r2min cos
2(θi) ≤

√√√√ nΛ∑
i=1

r2i cos
2(θi) ≤

√√√√ nΛ∑
i=1

r2max cos
2(θi). (4.49)

As
√∑nΛ

i=1 cos
2(θi) is the norm of a unit vector defined in a coordinate system aligned with

the ellipsoid principal axes, it follows

rmin

√√√√ nΛ∑
i=1

cos2(θi)︸ ︷︷ ︸
=1

≤

√√√√ nΛ∑
i=1

r2i cos
2(θi)︸ ︷︷ ︸

l

≤ rmax

√√√√ nΛ∑
i=1

cos2(θi)︸ ︷︷ ︸
=1

, (4.50)

resulting in

rmin ≤ l ≤ rmax. (4.51)

4.2.3 Enhancing Robustness by Manipulability Pseudo-Ellipsoid

The manipulability ellipsoid, originally developed for articulated robotic arms [185], serves
as a geometric representation of the potential configuration-dependent task-space motion
or wrench properties. The length of each ellipsoid radius encodes how easy it is to either
stabilize a wrench or move in the direction of the radius. To derive the ellipsoid radius length
r ∈ R≥0 along the direction ν, consider the following condition [391]∑

i|ri ̸=0

(r cos(θi))
2

r2i
= 1, (4.52)

where θi is the angle between ν and the ellipsoid principal vector νi, resulting in

cos(θi) = νTi ν. (4.53)

Employing (4.53) in (4.52) leads to

r2
∑
i|ri ̸=0

(νTi ν)
2

r2i
= 1, (4.54)

from which r can be achieved:

r =
1√∑

i|ri ̸=0

(νTi ν)
2

r2i

. (4.55)

Note that in the case of singularity, when at least one eigenvalue is zero, if the associated
eigenvector is not perpendicular to the vector ν, the radius length r also becomes zero.
For the proposed guidance adaptation policy (4.46), instead of the ellipsoid radius r, the

projection norm l defined in (4.45) is utilized representing the relative configuration of the
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Figure 4.17: Ellipsoids on the left, and their corresponding pseudo-ellipsoids on the right. The
principal radii with the lengths r1, r2 and r3 are along the axes x, y and z, respectively.
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manipulability ellipsoid with respect to the vector ν. By visualizing the associated norm l for
all possible directions ν, a new geometric shape will be constructed, which has a smoother
surface than the actual ellipsoid; see Figure 4.17. The projection norm l can be perceived
as the radius of this so-called manipulability pseudo-ellipsoid. In line with the principles
of manipulability analysis mentioned above, the ellipsoid radius r serves as a more precise
evaluation metric compared to the pseudo-ellipsoid radius l. However, the computation
of l, as shown in (4.45), is simpler and avoids issues of singularity (i.e., division by zero)
encountered when deriving r as outlined in (4.55). Yet, the utilization of l instead of r
presents a more notable advantage in terms of lower sensitivity to inaccuracies. This is
particularly crucial in scenarios where a precise model of the articulated body under analysis
is lacking or if the sensors used for determining the joint values qh are either imprecise
or, more importantly, prone to noise. While this may not pose a significant challenge for
mechanical arms, it gains significance when evaluating human body limbs, primarily due
to the absence of proprioceptive sensors for determining accurate body joint angles. To
highlight the latter issue, a sensitivity analysis is conducted for both ellipsoid and pseudo-
ellipsoid approaches, considering potential sensory inaccuracies in the configuration data.

Sensitivity Analysis

The configuration of the manipulability ellipsoid is contingent on the body joint angles qh.
Consequently, any sensory inaccuracies in qh can directly impact the estimated configuration
of the ellipsoid, including the principal axes νi, radii lengths ri, and ultimately the evaluation
metrics r and l in (4.55) and (4.45), respectively. Considering (4.52) and (4.48), (4.55) and
(4.45) can be reformulated as

r =
1√
Γr
, l =

√
Γl, (4.56)

where

Γr =

nΛ∑
i=1

cos2(θi)

r2i
, Γl =

nΛ∑
i=1

r2i cos
2(θi), (4.57)

yielding

∂r

∂Γr
= − 1

2(
√
Γr)3

= −r
3

2
, (4.58)

∂l

∂Γl
=

1

2
√
Γl

=
1

2l
. (4.59)
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On the other hand, considering (4.57), the following can be observed.

∂Γr
∂ri

= −2 cos2(θi)

r3i
, (4.60)

∂Γr
∂θi

= −2 cos θi sin θi
r2i

= −sin(2θi)

r2i
(4.61)

∂Γl
∂ri

= 2ri cos
2(θi) (4.62)

∂Γl
∂θi

= −2r2i cos(θi) sin(θi) = −r2i sin(2θi). (4.63)

As a result the sensitivity of r and l with respect to ri and θi becomes

∂r

∂ri
=

∂r

∂Γr

∂Γr
∂ri

=
r3 cos2(θi)

r3i
, (4.64)

∂l

∂ri
=

∂l

∂Γl

∂Γl
∂ri

=
ri cos

2(θi)

l
, (4.65)

∂r

∂θi
=

∂r

∂Γr

∂Γr
∂θi

=
r3 sin(2θi)

2r2i
, (4.66)

∂l

∂θi
=

∂l

∂Γl

∂Γl
∂θi

= −r
2
i sin(2θi)

2l
. (4.67)

According to (4.64) and (4.66), when a principal radius length ri approaches zero but the
ellipsoid radius r does not (i.e., ν aligns with another long principal radius and θi ≈ π

2 ), the
terms cos(θi) and sin(2θi) may have small values. However, ∂r/∂ri and ∂r/∂θi become large
due to the higher power of ri in the denominators. This leads to a situation where r becomes
highly sensitive to potential changes in q, which can result in variations of ri and νi. On
the other hand, considering (4.65) and (4.67), although it is possible for l to approach zero
while ri does not (e.g., when ν aligns with another short principal radius and θi ≈ π

2 ), the
small numerator terms cos(θi) and sin(2θi) will have either higher or equal powers compared
to the small l in the denominators. Consequently, l would not be as sensitive as r to small
changes in the estimated body configuration qh. Increased sensitivity implies that variations
in the estimated ellipsoid configuration due to sensory uncertainties (e.g., noise) may lead
to abrupt changes in the assessment metric. Hence, while still employing the manipulability
ellipsoid concept, the projection norm l is used instead of the ellipsoid radius r to reduce the
sensitivity of the manipulability assessment to sensory data.

4.2.4 Stabilization

For stability, the passivity analysis approach presented in Section 2.3 is employed here.
Moreover, it is assumed that the robot is equipped with the Cartesian impedance controller
(3.1) to follow the desired motion generated by the human-applied wrenches. For that, first,
the storage function Sϕ ∈ R≥0 is proposed for the phase-based guidance law (4.20), and is
derived as

Sϕ =
1

2
mϕϕ̇

2. (4.68)
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Given Si defined in (3.14) for the robot equipped with an impedance controller, and con-
sidering the storage function Sh ∈ R≥0, representing a limited energy of the guiding human
such that

Ṡh ≤ −ẋTfh, (4.69)

the proposed overall storage function Ssys ∈ R≥0 becomes

Ssys = Si + Sϕ + Sh =
1

2
˙̃xTMC(q) ˙̃x+

1

2
x̃TKCx̃+

1

2
mϕϕ̇

2 + Sh. (4.70)

To investigate passivity, the time evolution of Ssys is derived as in the following.

Ṡsys = ˙̃xTMC(q)¨̃x+
1

2
x̃TṀC(q) ˙̃x+ ˙̃xTKCx̃+mϕϕ̈ϕ̇+

1

2
ṁϕϕ̇

2 + Ṡh (4.71)

= ˙̃xT
(
−CC(q, q̇) ˙̃x−DC

˙̃x−KCx̃− fh
)︸ ︷︷ ︸

MC(q)¨̃x

+
1

2
˙̃xTṀC(q) ˙̃x+ ˙̃xTKCx̃

+
(
fs − dϕϕ̇− cϕϕ̇

2
)

︸ ︷︷ ︸
mϕϕ̈

ϕ̇+
1

2
ṁϕϕ̇

2 + Ṡh (4.72)

=
1

2
˙̃xT
(
ṀC(q)− 2CC(q, q̇)

)
˙̃x− ˙̃xTDC

˙̃x− ˙̃xTfh + fsϕ̇− dϕϕ̇
2 − cϕϕ̇

3

+
1

2
ṁϕϕ̇

2 + Ṡh (4.73)

=− ˙̃xTDC
˙̃x+ ẋTfh − ẋTd︸︷︷︸

ϕ̇ dxTd (ϕ)/dϕ

fh + fsϕ̇− dϕϕ̇
2−cϕϕ̇3 +

1

2
ṁϕϕ̇

2︸ ︷︷ ︸
1
2
ṁaẋ

T
d ẋd

+Ṡh (4.74)

=− ˙̃xTDC
˙̃x+ ẋTfh − ϕ̇

dxTd (ϕ)

dϕ
fh︸ ︷︷ ︸

fs

+fsϕ̇− dϕϕ̇
2 − 1

2
ṁaẋ

T
d ẋd + Ṡh (4.75)

=− ˙̃xTDC
˙̃x+ ẋTfh − dϕϕ̇

2 +
1

2
ṁaẋ

T
d ẋd + Ṡh. (4.76)

In (4.74), the time derivative of the phase-based admittance mass in (4.21) is used derived
as

ṁϕ = ṁa
dxTd
dϕ

dxd
dϕ

+ 2maϕ̇
d2xTd
dϕ2

dxd
dϕ

, (4.77)

which, considering (4.23), results in

ṁϕϕ̇
2 − 2cϕϕ̇

3 = ṁa
dxTd
dϕ

dxd
dϕ

ϕ̇2 +
XXXXXXXXX
2maϕ̇

3d
2xTd
dϕ2

dxd
dϕ

−
XXXXXXXXX
2ma

d2xTd
dϕ2

dxd
dϕ

ϕ̇3

= ṁaẋ
T
d ẋd, (4.78)
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Figure 4.18: Port-based representation of the overall system. The phase-based admittance mass m′
ϕ

is associated with the modified admittance mass m′
a after tank augmentation.

Given the non-negativity of ˙̃xTDC
˙̃x and dϕϕ̇

2, and considering (4.69), it can be deduced
from (4.76) that

Ṡsys ≤
1

2
ṁaẋ

T
d ẋd︸ ︷︷ ︸

PT

. (4.79)

As no assumption can be made for the sign of PT in (4.79), a virtual energy tank with the
storage function ST ∈ R≥0 can be augmented with the controllable variable ṁa such that
ṠT = −PT ,. The admittance massma is dynamically adjusted by the tank tom′

a in a manner
(as illustrated below) ensuring that the magnitude of its variation rate is always limited to
µ ∈ R≥0 such that

|ṁ′
a| ≤ µ. (4.80)

Finally, the variation rate limiter µ ∈ R≥0 is consistently determined as a smooth function
of the tank energy level as in the following.

µ =


(ma,max −ma,min) if S∆

T ≤ ST ,
1
2 (ma,max −ma,min)

(
1− cos

(
π
ST−Slow

T

S∆
T

))
if Slow

T ≤ ST < S∆
T ,

0 else.

(4.81)

Here, Slow
T , S∆

T ∈ R≥0 are the tank lower limit and the corresponding threshold, respectively,
as described in Section 2.3. Figure 4.18 depicts the port-based representation of the overall
system.

Remark: Note that in the context of valve-based virtual energy tanks introduced in Sec-
tion 2.3, it can be assumed that

γT =
µ

(ma,max −ma,min)
, (4.82)

with γT = 0 for when ma,max = ma,min.

Admittance Variation Rate Limiter

Here, it is demonstrated how the variable µ effectively constrains the variation rate of the ad-
mittance mass ma in practice. Consider ma(t) as the admittance mass determined by (4.46)
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Figure 4.19: Proposed control architecture in detail – The block colors are in accordance with the
approach structure depicted in Figure 4.14.

at time t, and m′
a(t−∆t) as its tank-modified value in the previous time-step. Accordingly,

ṁa(t) can be approximated by

ṁa(t) =
ma(t)−m′

a(t− dt)

dt
. (4.83)

The admittance variation rate can then be limited by µ if m′
a(t) is modified via

m′
a =

{
ma(t) if |ṁa(t)| ≤ µ,

m′
a(t− dt) + µma(t)−m

′
a(t−dt)

|ṁa(t)| else.
(4.84)

Consequently, the modified admittance mass variation rate is

ṁ′
a(t) =

m′
a(t)−m′

a(t− dt)

dt
, (4.85)

which according to (4.84) becomes

ṁ′
a(t) =


ṁa(t) if |ṁa(t)| ≤ µ,

µ
ma(t)−m′

a(t− dt)

dt|ṁa(t)|︸ ︷︷ ︸
±1

else. (4.86)

As a result, the modified admittance variation rate is always limited by µ, i.e.,

|ṁ′
a| ≤ µ. (4.87)

Figure 4.19 depicts the overall control architecture of the proposed adaptive haptic motion
guidance policy.

4.2.5 Experiments

Several experiments were conducted in this section to evaluate different aspects of the pro-
posed approach, employing a 7-DoF Franka Emika robot. In Experiment 1 (see Figure 4.20),
the guiding wrench fh is generated by the gravity of an unmodeled load attached to the
end-effector. In Experiments 2 and 3 (see Figure 4.24 and Figure 4.27), the guiding wrench
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Exp. 1.1 Exp. 1.2 Exp. 1.3 & 1.4Exp. 1.c        dExp. 1.bExp. 1.a

Figure 4.20: Experiment 1 – The attached weight propels the phase ϕ toward 1, causing the robot
setpoint to move along the encoded path. To demonstrate the impact of phase distri-
bution on the trajectory, in Experiment 1.a and Experiment 1.b, the phase is uniformly
spread across the path, whereas in Experiment 1.c and Experiment 1.d, an exponential
phase distribution is chosen.

is generated by a human operator. The wrench fh measured by the robot is used to generate
the desired trajectory according to (4.19)–(4.20). The robot is equipped with a Cartesian
impedance controller (3.1) to follow the generated trajectory. Throughout the first three
experiment sets, the controller stiffness KC takes the form of a diagonal matrix with ele-
ments {1000, 1000, 1000, 50, 50, 50} [N/m, Nm/rad]. The damping matrix DC is configured
for critical damping [381] in all experiments.

To measure the human body configuration to shape the guidance behavior in Experiments
2, 3, and 5, a setup similar to Section 4.1 is used. An Intel RealSense D435 RGB-D camera
with OpenCV3 software [347] is utilized to detect human keypoints. Color images are pro-
cessed by the OpenPose library [388] to estimate human keypoints based on the BODY-25
model. The keypoint locations are deprojected using the aligned depth image; see Figure 4.22
for an example of the model superposition over an RGB image. The keypoint positions are
then fed to a simplified kinematics model of the human arm depicted in Figure 4.23, to esti-
mate the joint angles qh and the Jacobian matrix Jh(qh). As the BODY-25 model considers
only three keypoints for each arm (wrist, elbow, and shoulder), the arm keypoint locations
are used to identify the values of only three joints associated with arm abduction/adduction,
arm flexion/extension, and elbow flexion/extension, depicted as joint 1, 2, and 4, respec-
tively, in Figure 4.23. Due to this technical limitation, only three joints of the right arm
kinematics are considered to build the body Jacobian matrix Jh(qh).

Experiment 1: Force-Driven Phase Evolution Control

This set of experiments evaluates the performance of the proposed human-guided motion
generator. To maintain a consistent applied force on the robot, a 2.6 kg weight is attached
to the robot end-effector, as depicted in Figure 4.20. In all experiments, the constrained
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Figure 4.21: Experiment 1 – The attached weight applies a relatively constant force along the z-
direction, which, in accordance with the phase-based admittance law, shapes the phase
trajectory. The resultant desired motions in Experiment 1.a and Experiment 1.d ex-
hibit similarities due to the closely matched generalized admittance parameters ma

and da.

path is defined in 3-dimensional Cartesian space (m = 3) with a length of 0.7 m. The
path is vertical in Experiment 1.a, Experiment 1.c, and Experiment 1.d, and a circular arc
in Experiment 1.b. The admittance parameters for Experiment 1.a, Experiment 1.b, and
Experiment 1.c are empirically configured to produce appropriate motion under the influence
of the attached weight gravity such that

mϕ = 20, dϕ = 80, cϕ = 0. (4.88)

They are shaped according to (4.21)–(4.23) in Experiment 1.d. Finally, the phase value is
saturated at 1. This ensures that when the setpoint reaches the endpoint of the path, the
phase no longer increases.

Experiment 1.a: In this experiment, the path is uniformly encoded by phase as

xd(ϕ) = xd,0 + [0, 0,−0.7ϕ]T . (4.89)
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4.2 Path-Constrained Adaptive Haptic Motion Guidance

In (4.89), xd,0 ∈ R3 defines the initial pose. As a result, the path direction vector dxd(ϕ)/dϕ
for the encoded path (4.89) remains constant according to

dxd(ϕ)/dϕ =
[
0, 0,−0.7

]T
. (4.90)

Thus, considering an approximate constant wrench fh being applied to the robot, a constant
steering force fs guides the phase toward 1 according to (4.20). As can be observed in
Figure 4.21, the setpoint xd proceeds throughout the desired path by the phase progress,
and the robot impedance controller moves the robot accordingly.

Experiment 1.b: The path in this experiment is set to a 0.7 m long arc equivalent to
one-third of a full circle; see Figure 4.20. It is again uniformly encoded according to

xd(ϕ) = xd,0 + 0.7
3

2π

 0

sin(π6 )− sin(2πϕ3 + π
6 )

cos(2πϕ3 + π
6 )− cos(π6 )

 , (4.91)

with the direction vector

dxd(ϕ)

dϕ
=−0.7

[
0, cos

(
2πϕ

3
+
π

6

)
, sin

(
2πϕ

3
+
π

6

)]T
. (4.92)

Hence, while the path direction vector maintains a constant magnitude, it does not consis-
tently align with the applied wrench fh. Consequently, the steering force fs fluctuates along
the path, as depicted in Figure 4.21. As a result, the evolution of the phase differs from the
previous experiment. Specifically, at the midpoint of the path (i.e., for ϕ = 0.5, due to the
uniform encoding of the path), when the path direction vector aligns with gravity, fs reaches
its maximum value, thereby accelerating the progression of the phase.

Experiment 1.c: The manner in which the phase-based admittance law (4.20) generates
the intended motion relies on the distribution of the variable phase throughout the encoded
path, or in other words, how the path is encoded. To illustrate this, in contrast to the
preceding scenarios, the path in this case—although akin to Experiment 1.a in its exclusive
alignment along the z-axis—is not uniformly encoded (refer to Figure 4.20).

xd(ϕ) = xd,0 +
[
0, 0,−0.7

1− e−3ϕ

1− e−3

]T
. (4.93)

As a result, the path direction vector becomes

dxd(ϕ)/dϕ =
−2.1

1− e−3

[
0, 0, e−3ϕ

]T
, (4.94)

which has no constant norm anymore. At the path outset (ϕ = 0), the path direction vector
norm is about 22× that at the path end (ϕ = 1). This leads to higher initial values of fs,
resulting in pronounced accelerations in both ϕ and xd(t) compared to Experiment 1.a, as
shown in Figure 4.21. As the phase approaches 1, the steering force diminishes, significantly
slowing down the phase progression.
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4. Reactive Phase-Based Planning for Path-Centric Manipulation

Figure 4.22: Body configuration at the start (left) and end (right) of Experiment 2.b. Joint angles
are estimated using the positions of the detected body keypoints.

Experiment 1.d: As mentioned earlier, utilizing the conventions (4.21), (4.22), and (4.23),
the phase-based parameters mϕ, dϕ, and cϕ can be expressed as functions of physically intu-
itive variablesma and da. This experiment aims to analyze the effect of such a transformation
on the approach behavior. Here, the same encoded path as in Experiment 1.c is used. The
admittance mass and damping variables are set to ma = 40 kg and damping da = 160 Ns/m,
respectively. As shown in Figure 4.21, the phase-based parameters evolve along the path due
to changes in the path direction vector dxd(ϕ)/dϕ in (4.94). At the path outset, dxd(ϕ)/dϕ
has greater magnitude, leading to larger phase-based parameters. However, as ϕ approaches
1, the vector magnitude decreases, causing reductions in mϕ, dϕ, and cϕ.

These admittance parameters are shaped such that the phase progress ϕ(t) yields a de-
sired motion xd(t) akin to motion resulting from applied wrench fh on a 40 kg mass with
viscous friction coefficient 160 Ns/m. In other words, by utilizing generalized admittance
parameters ma and da and adjusting phase-based parameters accordingly, desired motion
generation (4.20) becomes independent of phase distribution policy. Figure 4.21 illustrates
that generated desired motions in Experiment 1.a and Experiment 1.d are nearly identical
despite differing desired path encodings. This similarity arises because the phase-based pa-
rameters in Experiment 1.a are comparable to those obtainable by using the path direction
vector (4.90), along with generalized parameters ma = 40 and da = 160 in (4.21)–(4.23) as
follows:

mϕ = 19.6, dϕ = 78.4, cϕ = 0. (4.95)

These values are almost equivalent to the ones in (4.88).

Experiment 2: Human-Aware Motion Guidance Adaptation

This set of experiments aims to explore the behavior of the guidance law with the incorpora-
tion of parameter adaptation algorithm (4.46). Here, a human operator is supposed to guide
the robot through a 0.1 m predefined uniformly encoded path by applying wrenches on the
robot end-effector; see Figure 4.24. As previously mentioned, the human body configuration
is determined by detecting and locating the keypoints (shoulder, elbow, and wrist) using the
OpenPose software and a RealSense RGB-D camera, as shown in Figure 4.22. Using the
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4.2 Path-Constrained Adaptive Haptic Motion Guidance

Figure 4.23: Arm kinematic structure introduced in [392]. In the experiments, only the 1st, 2nd,
and 4th joints were used to calculate the Jacobian matrix.

detected keypoint positions along with the 7-DoF kinematics model of the human arm from
[392], three joint angles qh(1), qh(2), and qh(4) are identified; see Figure 4.23. These angles
are used to calculate the Jacobian matrix Jh(qh). Consequently, the manipulability ellipsoid
can be continuously recognized, and the metric l is determined by projecting the principal
radii of the ellipsoid onto the desired path.

Across all experiments, the minimum and maximum values for the principal radii lengths
are defined as rmin = 0 and rmax = 0.7 m, respectively. The admittance mass ma is shaped
based on (4.46), using minimum and maximum values of ma,min = 1 kg and ma,max = 80 kg,
respectively. Finally, the damping coefficient da is consistently set to half of ma throughout
all experiments.

Experiment 2.a: In the first experiment, the operator’s arm initial configuration is approx-
imately qh ≈ [75, 45, 97]T degrees. This configuration leads to the manipulability ellipsoid
illustrated in Figure 4.24. Projecting the principal radii of this ellipsoid onto the encoded
path—a straight line to the operator’s left side—yields l ≈ 0.26 m, corresponding to an
admittance mass of approximately ma ≈ 50 kg. The operator guides the robot by applying
the wrench fh, resulting in the generation of the steering force fs, visible in Figure 4.25.

Experiment 2.b: In this experiment, the human operator’s arm starts in an extended
position near a singularity, resulting in an extremely elongated manipulability ellipsoid, de-
picted in Figure 4.24. The constrained path aligns as a straight line following the human
arm, requiring the operator to pull the robot toward themselves. At ϕ = 0, projecting the
ellipsoid radii onto the encoded path yields a minimal metric value l ≈ 0.04 m. This metric
corresponds to a high admittance mass of around ma ≈ 76 kg. As elucidated before, such an
arm configuration results in low joint torques for the necessary guiding wrench. Conversely,
a relatively high joint velocity may be necessary for swift movement along the path. Thus, a
high admittance mass is preferable in this scenario. As illustrated in Figure 4.25, achieving
the desired motion along the path requires notably elevated steering forces. Despite these
considerable forces, completing the 0.1 m path takes the longest duration, approximately
t ≈ 1.8 s.

Experiment 2.c: Though the human arm configuration resembles the previous case, the
constrained path in this experiment closely follows the ellipsoid longer radius; see Figure 4.24.
Consequently, the initial projection norm l ≈ 0.67 m is in close proximity to rmax. This
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Exp. 2.1 Exp. 2.2 Exp. 2.3Exp. 2.a Exp. 2.b Exp. 2.c

Figure 4.24: Experiment 2 – Lower figures display initial configurations, while upper figures depict
motion along the 0.1 m paths. Manipulability ellipsoids and their principal radii are
shown for operator arm initial configurations. To enhance detail, ellipsoids are pre-
sented at half their actual size.

proximity results in a relatively low admittance mass of ma ≈ 4 kg. While the configuration
is similar to the previous case, the altered guidance direction may require significant joint
torques to achieve the same magnitude as the guiding wrench. Hence, the reduced admittance
mass in this experiment serves to diminish the necessary magnitude of the guiding wrench.
Unlike in Experiment 2.a, as evident in Figure 4.25, the joint motions required for Cartesian
motion are comparatively minor. Thus, even the swift Cartesian motion (ϕ = 1 at t =
0.55 s) does not result in high joint velocities. Therefore, for this scenario, the comparatively
light admittance mass, designed to minimize configuration-related large joint torques and
velocities during guidance, effectively aligns with the adaptation objective.

Here, it is valuable to compare the effect of using the manipulability pseudo-ellipsoid ap-
proach instead of the conventional ellipsoid. In other words, how would the control approach
have worked if, instead of the manipulability pseudo-ellipsoid radius along the path (i.e.,
the projection norm l), the actual ellipsoid radius r was used? To answer this question, the
evolution of the operator arm configuration and, thus the manipulability ellipsoid should be
examined first. Figure 4.26 illustrates the variation of the arm joint angles ∆qh, the ellipsoid
principal radii lengths ∆ri, and the angles between the desired path direction and the princi-
pal radii ∆θi during the guidance. As the maximum variation of the body joints is less than
3 degrees, the ellipsoid configuration does not significantly change. In fact, the maximum
change in the principal radii lengths is less than 0.005 m, and in the angles between the
principal radii and the path is 2.5 degrees, as shown in Figure 4.26. However, at t = 0.35 s
and t = 0.53 s, the ellipsoid radius along the path, i.e., r, experiences abrupt changes.

Figure 4.26 demonstrates that if, instead of l in the admittance adaptation law (4.46), the
radius length r was used, the admittance mass ma,r would have had instantaneous variations
from 47 kg to 13 kg and from 26 kg to 56 kg at the aforementioned time instants. For the
same steering force fs, by suddenly changing the mass ma, the desired acceleration would
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Figure 4.25: Experiment 2 – The mass ma adjusts continuously based on the norm l. The average
force magnitudes applied in the path direction are −5 N, −7 N, and −1 N for Experi-
ment 2.a, Experiment 2.b, and Experiment 2.c, respectively.
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Figure 4.26: Experiment 2.c – The ellipsoid radius r along the path and the associated admittance
mass ma,r show abrupt changes, potentially diminishing the control performance.

instantly change accordingly. With a proper motion controller, this would result in abrupt
changes in the robot motion during the interaction, which could be harmful to the human.
Additionally, the maximum admittance variation rate ṁa,r associated with the ellipsoid
radius r is 200 times larger than the same value ṁa,l associated with the pseudo-ellipsoid
radius l. Hence, the tank energy level would have experienced fluctuations with 200 times
larger magnitudes if r was used as the assessment metric. Note that such abrupt variations in
metric r exist even though the rate of changes in the signal qh is limited to π rad/s, as shown
in Figure 4.26. This phenomenon indicates that at certain human body configurations, even
a slight variation in the sensory data could drastically change the control behavior when
using the conventional manipulability ellipsoid.

Experiment 3: The Impact of Tank Energy in a Pendulum Collision Scenario

Previous experiments demonstrated how applying a wrench to the robot can guide the set-
point along a constrained path and how the guidance response varies with differentma values.
Moreover, the adaptability ofma was shown according to the human body configuration for a
desired guidance behavior. Subsequent experiments reveal potential issues with shaping ma,
leading to undesired energy generation that violates passivity. A solution involving a virtual
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Figure 4.27: Experiment 3 – The operator guides the robot through the path, and the robot collides
with a pendulum. The generated high virtual kinetic energy in Experiment 3.a pushes
the pendulum to the maximum until ϕ = 1. In contrast, the augmented virtual tank in
Experiment 3.b prevents the virtual kinetic energy from growing, and as a result, the
impact force is able to stop the desired motion. Time t and energy Eka are indicated
in seconds and joules, respectively.

energy tank is applied to curb this by constraining the rate of admittance mass change, ṁa,
ensuring it remains below the permissible µ as defined in (4.86). In this scenario, the oper-
ator guides the robot along a uniformly encoded path with changing arm configuration; see
Figure 4.27. The guidance adaptation policy mirrors the earlier experiment. The minimum
and maximum manipulability ellipsoid radii are set to rmin = 0.05 m and rmax = 0.5 cm,
with corresponding admittance mass ma,min = 10 kg and ma,max = 100 kg, respectively.
Damping coefficient is da = ma/4. As the operator configuration alters, l decreases, and ma

increases. At ϕ = 0.8 along the path, a collision occurs with a pendulum bearing a 5 kg
weight, depicted in Figure 4.27. Two experiments are presented: one with high initial tank
energy, insignificantly affecting performance, and another with low initial energy, limiting
mass variation. Both cases utilize an energy threshold E∆ = 1 J. The post-tank admittance
mass is denoted as m′

a, accompanied by its virtual kinetic energy Eka defined as

Eka =
1

2
m′
aẋ

T
d ẋd. (4.96)

The impact of the initial energy level in the tank on the virtual kinetic energy Eka and,
consequently, the behavior after collision in each experiment are illustrated in the following
experiments; see Figure 4.27.

Experiment 3.a: As depicted in Figure 4.28, the initial three seconds showcase the human
operator exerting the interaction wrench fh on the robot. This action produces the steering
force fs, propelling the robot along the path. The projection norm l and, consequently, the
admittance mass ma vary due to changes in the operator’s arm configuration. Despite the
high initial energy in the tank (ST (t = 0) = 18 J), the energy level diminishes asma increases.
However, since the tank energy never reaches the S∆

T threshold, the tank output µ remains
constant. Thus, the admittance mass can freely adjust using (4.46). These admittance
parameters, ma and da, influence the phase-based parameters in the guidance law (4.20),
ultimately giving rise to the desired motion xd(ϕ), as shown in Figure 4.26.
Around t ≈ 3 s, the operator withdraws their hand, and at approximately t ≈ 3.3 s, the

robot collides with the pendulum. The impact force abruptly opposes the steering force,

135



4. Reactive Phase-Based Planning for Path-Centric Manipulation

0 1 2 3 4 5 6

-30

-20

-10

0

10

0

0.5

1

-30

-20

-10

0

10

0

0.2

0.4

0

10

20

0

50

100

0

50

100

0

0.5

1

0 1 2 3 4 5 6
-0.5

0

0.5

22,19
<latexit sha1_base64="FfA8ruODZb2fUwxi7CeEzAF0lQo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkqi9bUruHFZwdpCG8JkOmmHzkzCzEQMIf6KGxeKuPVD3Pk3JmkQtR4YOJxzL/fM8UJGlbasT6OysLi0vFJdra2tb2xumds7tyqIJCZdHLBA9j2kCKOCdDXVjPRDSRD3GOl508vc790RqWggbnQcEoejsaA+xUhnkmvWfTeZHELtDjnSE8mT+zR1zYbVtArAeWKXpAFKdFzzYzgKcMSJ0JghpQa2FWonQVJTzEhaG0aKhAhP0ZgMMioQJ8pJivAp3M+UEfQDmT2hYaH+3EgQVyrmXjaZR1R/vVz8zxtE2j93EirCSBOBZ4f8iEEdwLwJOKKSYM3ijCAsaZYV4gmSCOusr1pRwkWOk+8vz5Pbo6Z92mxdtxrt47KOKtgFe+AA2OAMtMEV6IAuwCAGj+AZvBgPxpPxarzNRitGuVMHv2C8fwEbVZUt</latexit>

fh,tx
<latexit sha1_base64="jnkB8Rk3YBzFHQ6szP1uYH4vtIE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkqi9bUruHFZwT6gDWEynbRDZyZhZiKEEH/FjQtF3Poh7vwbkzSIWg8MHM65l3vmeCGjSlvWp1FZWl5ZXauu1zY2t7Z3zN29ngoiiUkXByyQAw8pwqggXU01I4NQEsQ9Rvre7Dr3+/dEKhqIOx2HxOFoIqhPMdKZ5Jp1302mx1C7I470VPIkTlPXbFhNqwBcJHZJGqBExzU/RuMAR5wIjRlSamhboXYSJDXFjKS1UaRIiPAMTcgwowJxopykCJ/Cw0wZQz+Q2RMaFurPjQRxpWLuZZN5RPXXy8X/vGGk/UsnoSKMNBF4fsiPGNQBzJuAYyoJ1izOCMKSZlkhniKJsM76qhUlXOU4+/7yIumdNO3zZuu21WiflnVUwT44AEfABhegDW5AB3QBBjF4BM/gxXgwnoxX420+WjHKnTr4BeP9CxzblS4=</latexit>

fh,ty

<latexit sha1_base64="H5XQbyLp5aFs4uSb7dDU140Nj0g=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhdRE62tXcOOygn1AE8JkMm2HTiZhZiItIeDGX3HjQhG3/oQ7/8YkDaLWAxcO59zLvfe4IaNSGcanVpqbX1hcKi9XVlbX1jf0za22DCKBSQsHLBBdF0nCKCctRRUj3VAQ5LuMdNzRVeZ37oiQNOC3ahIS20cDTvsUI5VKjr7jjZ3YO1SO5SM1FH48TpIjD1rhkDp61agZOeAsMQtSBQWajv5heQGOfMIVZkjKnmmEyo6RUBQzklSsSJIQ4REakF5KOfKJtOP8hwTup4oH+4FIiyuYqz8nYuRLOfHdtDO7VP71MvE/rxep/oUdUx5GinA8XdSPGFQBzAKBHhUEKzZJCcKCprdCPEQCYZXGVslDuMxw+v3yLGkf18yzWv2mXm2cFHGUwS7YAwfABOegAa5BE7QABvfgETyDF+1Be9Jetbdpa0krZrbBL2jvX19ImBU=</latexit>

dxd,tx/d�<latexit sha1_base64="PMQwDUsWQarJU6pr51IdmQALNig=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhdRE62tXcOOygn1AE8JkMm2HTiZhZiKGEHDjr7hxoYhbf8Kdf2OSBvF14MLhnHu59x43ZFQqw/jQKjOzc/ML1cXa0vLK6pq+vtGVQSQw6eCABaLvIkkY5aSjqGKkHwqCfJeRnju5yP3eDRGSBvxaxSGxfTTidEgxUpnk6FverZN4+8qxfKTGwk/iND3woBWOqaPXjYZRAP4lZknqoETb0d8tL8CRT7jCDEk5MI1Q2QkSimJG0poVSRIiPEEjMsgoRz6RdlL8kMLdTPHgMBBZcQUL9ftEgnwpY9/NOvNL5W8vF//zBpEantkJ5WGkCMfTRcOIQRXAPBDoUUGwYnFGEBY0uxXiMRIIqyy2WhHCeY7jr5f/ku5hwzxpNK+a9dZRGUcVbIMdsAdMcApa4BK0QQdgcAcewBN41u61R+1Fe522VrRyZhP8gPb2CWDVmBY=</latexit>

dxd,ty/d�

<latexit sha1_base64="7LesVrakfXE6/L0AS4wByjP9318=">AAAB6nicbVDLSsNAFL2pr1pfVZduBovgqiRaX7uCG5eVPqENZTKdtEMnkzAzEUroJ7hxoYhbv8idf+MkDaLWAxcO59zLvfd4EWdK2/anVVhZXVvfKG6WtrZ3dvfK+wcdFcaS0DYJeSh7HlaUM0HbmmlOe5GkOPA47XrT29TvPlCpWChaehZRN8BjwXxGsDZSszlsDcsVu2pnQMvEyUkFcjSG5Y/BKCRxQIUmHCvVd+xIuwmWmhFO56VBrGiEyRSPad9QgQOq3CQ7dY5OjDJCfihNCY0y9edEggOlZoFnOgOsJ+qvl4r/ef1Y+9duwkQUayrIYpEfc6RDlP6NRkxSovnMEEwkM7ciMsESE23SKWUh3KS4+H55mXTOqs5ltXZfq9TP8ziKcATHcAoOXEEd7qABbSAwhkd4hheLW0/Wq/W2aC1Y+cwh/IL1/gUdfY3J</latexit>

ST
<latexit sha1_base64="cvcMTgen6lkcL81Zi4XdY9R6OQc=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiRaX7uCLlxW7AvbWCbTaTt0MgkzE6GE/oUbF4q49W/c+TdO0iBqPXDhcM693HuPF3KmtG1/WrmFxaXllfxqYW19Y3OruL3TVEEkCW2QgAey7WFFORO0oZnmtB1Kin2P05Y3vkz81gOVigWirichdX08FGzACNZGurvt1e+7V5Rr3CuW7LKdAs0TJyMlyFDrFT+6/YBEPhWacKxUx7FD7cZYakY4nRa6kaIhJmM8pB1DBfapcuP04ik6MEofDQJpSmiUqj8nYuwrNfE90+ljPVJ/vUT8z+tEenDuxkyEkaaCzBYNIo50gJL3UZ9JSjSfGIKJZOZWREZYYqJNSIU0hIsEJ98vz5PmUdk5LVduKqXqcRZHHvZgHw7BgTOowjXUoAEEBDzCM7xYynqyXq23WWvOymZ24Res9y8vj5Cz</latexit>

S�
T

<latexit sha1_base64="pR8j0X8COPusH0fExGw8K5VwhHc=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWa0vnYFNy4r2Ae0w5BJM21okhmSTGkZ5k/cuFDErX/izr8x0w6i1gOBwzn3ck9OEDOqtON8WqWV1bX1jfJmZWt7Z3fP3j9oqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMb3O/MyFS0Ug86FlMPI6GgoYUI20k37anfqr9Pkd6JHk6zTLfrjo1Zw64TNyCVEGBpm9/9AcRTjgRGjOkVM91Yu2lSGqKGckq/USRGOExGpKeoQJxorx0njyDJ0YZwDCS5gkN5+rPjRRxpWY8MJN5RPXXy8X/vF6iw2svpSJONBF4cShMGNQRzGuAAyoJ1mxmCMKSmqwQj5BEWJuyKvMSbnJcfH95mbTPau5lrX5frzbOizrK4Agcg1PggivQAHegCVoAgwl4BM/gxUqtJ+vVeluMlqxi5xD8gvX+Bal0lG0=</latexit>xtx
<latexit sha1_base64="5aPPZLxnUYn8MT0PlUa9qiHVh7g=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSqL1tSu4cVnBPqANYTKdtENnJmFmUiwhf+LGhSJu/RN3/o2TNIhaDwwczrmXe+YEMaNKO86ntbS8srq2Xtmobm5t7+zae/sdFSUSkzaOWCR7AVKEUUHammpGerEkiAeMdIPJTe53p0QqGol7PYuJx9FI0JBipI3k2/aDn2p/wJEeS57Ossy3a07dKQAXiVuSGijR8u2PwTDCCSdCY4aU6rtOrL0USU0xI1l1kCgSIzxBI9I3VCBOlJcWyTN4bJQhDCNpntCwUH9upIgrNeOBmcwjqr9eLv7n9RMdXnkpFXGiicDzQ2HCoI5gXgMcUkmwZjNDEJbUZIV4jCTC2pRVLUq4znH+/eVF0jmtuxf1xl2j1jwr66iAQ3AEToALLkET3IIWaAMMpuARPIMXK7WerFfrbT66ZJU7B+AXrPcvqvqUbg==</latexit>xty

<latexit sha1_base64="xVIpOXiwwLToCbrL2zUzWRFmrQQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKWw0vm4BLx4jmgckS5idzCZDZmaXmVkhLPkELx4U8eoXefNvnN0sosaChqKqm+4uP+JMG9f9dApLyyura8X10sbm1vZOeXevrcNYEdoiIQ9V18eaciZpyzDDaTdSFAuf044/uU79zgNVmoXy3kwj6gk8kixgBBsr3YkBHpQrbtXNgBZJLScVyNEclD/6w5DEgkpDONa6V3Mj4yVYGUY4nZX6saYRJhM8oj1LJRZUe0l26gwdWWWIglDZkgZl6s+JBAutp8K3nQKbsf7rpeJ/Xi82waWXMBnFhkoyXxTEHJkQpX+jIVOUGD61BBPF7K2IjLHCxNh0SlkIVynOvl9eJO2Tau28Wr+tVxqneRxFOIBDOIYaXEADbqAJLSAwgkd4hheHO0/Oq/M2by04+cw+/ILz/gVYzY3w</latexit>ma
<latexit sha1_base64="pBQCtVioMjo/zQ3umPxLRNvE6Es=">AAAB63icbVDLSsNAFL2pr1pfUZduBovoqiRaX7uCG5cV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+5829M0iBqPXDhcM693HuPH3GmjeN8WqWl5ZXVtfJ6ZWNza3vH3t1r6zBWhLZIyEPV9bGmnEnaMsxw2o0UxcLntONPbjK/80CVZqG8N9OIegKPJAsYwSaTxAAfD+yqU3NyoEXiFqQKBZoD+6M/DEksqDSEY617rhMZL8HKMMLprNKPNY0wmeAR7aVUYkG1l+S3ztBRqgxREKq0pEG5+nMiwULrqfDTToHNWP/1MvE/rxeb4MpLmIxiQyWZLwpijkyIssfRkClKDJ+mBBPF0lsRGWOFiUnjqeQhXGc4/355kbRPa+5FrX5XrzbOijjKcACHcAIuXEIDbqEJLSAwhkd4hhdLWE/Wq/U2by1Zxcw+/IL1/gW5/o4h</latexit>

m0
a

Exp. 3.a Exp. 3.b

0

0.5

1

0

0.5

1

-0.1

-0.05

0

0 0.5 1 1.5
-0.4

-0.3

-0.2

-0.1

0 0.1 0.2 0.3 0.4 0.50 0.5 1 1.5

0

50

100

0

0.2

0.4

0.6

0

20

40

60

80

0

0.5

1

0

0.5

1

-0.1

-0.05

0

0 0.5 1 1.5
-0.4

-0.3

-0.2

-0.1

0 0.1 0.2 0.3 0.4 0.50 0.5 1 1.5

0

50

100

0

0.2

0.4

0.6

0

20

40

60

80

<latexit sha1_base64="dV9lMKt/I/LQlkwymEgYSr+w7qA=">AAAB6nicbVDLSsNAFL3xWeur6tLNYBFclUTqa1dw47KifUAbymQ6aYdOZsLMRCihn+DGhSJu/SJ3/o2TNIhaD1w4nHMv994TxJxp47qfztLyyuraemmjvLm1vbNb2dtva5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QST68zvPFClmRT3ZhpTP8IjwUJGsLHSXTjQg0rVrbk50CLxClKFAs1B5aM/lCSJqDCEY617nhsbP8XKMMLprNxPNI0xmeAR7VkqcES1n+anztCxVYYolMqWMChXf06kONJ6GgW2M8JmrP96mfif10tMeOmnTMSJoYLMF4UJR0ai7G80ZIoSw6eWYKKYvRWRMVaYGJtOOQ/hKsPZ98uLpH1a885r9dt6tVEv4ijBIRzBCXhwAQ24gSa0gMAIHuEZXhzuPDmvztu8dckpZg7gF5z3L2m4jfw=</latexit>

fs

<latexit sha1_base64="563FImg+gGQatm3M7/+UBnTGrmk=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4ChOJ2y3gxWMCZoFkCD2dmqRNz0J3jxCGfIEXD4p49ZO8+Tf2TAZR44OCx3tVVNVzI8GVtu1Pq7Cyura+UdwsbW3v7O6V9w86KowlwzYLRSh7LlUoeIBtzbXAXiSR+q7Arju9Sf3uA0rFw+BOzyJ0fDoOuMcZ1UZqiWG5YlftDGSZ1HJSgRzNYfljMApZ7GOgmaBK9Wt2pJ2ESs2ZwHlpECuMKJvSMfYNDaiPykmyQ+fkxCgj4oXSVKBJpv6cSKiv1Mx3TadP9UT99VLxP68fa+/KSXgQxRoDtljkxYLokKRfkxGXyLSYGUKZ5OZWwiZUUqZNNqUshOsU598vL5POWbV2Ua236pVGPY+jCEdwDKdQg0towC00oQ0MEB7hGV6se+vJerXeFq0FK585hF+w3r8A6XWNHA==</latexit>

l

<latexit sha1_base64="vgtsHVfVzbW7d91Xjou2CbarXUw=">AAAB6nicbVDLSsNAFL3xWeur6tLNYBFclUTqa1dw47KifUAbymQ6aYfOTMLMRCihn+DGhSJu/SJ3/o2TNIhaD1w4nHMv994TxJxp47qfztLyyuraemmjvLm1vbNb2dtv6yhRhLZIxCPVDbCmnEnaMsxw2o0VxSLgtBNMrjO/80CVZpG8N9OY+gKPJAsZwcZKd32RDCpVt+bmQIvEK0gVCjQHlY/+MCKJoNIQjrXueW5s/BQrwwins3I/0TTGZIJHtGepxIJqP81PnaFjqwxRGClb0qBc/TmRYqH1VAS2U2Az1n+9TPzP6yUmvPRTJuPEUEnmi8KEIxOh7G80ZIoSw6eWYKKYvRWRMVaYGJtOOQ/hKsPZ98uLpH1a885r9dt6tVEv4ijBIRzBCXhwAQ24gSa0gMAIHuEZXhzuPDmvztu8dckpZg7gF5z3L3LKjgI=</latexit>µ

<latexit sha1_base64="Hqih5Jez34KLkZZrao84MNL9L3M=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiRSX7uCG5cV7APaUCbTSTN0ZhJmJkII/QU3LhRx6w+5829M0iBqPXDhcM693HuPF3GmjW1/WpWV1bX1jepmbWt7Z3evvn/Q02GsCO2SkIdq4GFNOZO0a5jhdBApioXHad+b3eR+/4EqzUJ5b5KIugJPJfMZwSaXRlHAxvWG3bQLoGXilKQBJTrj+sdoEpJYUGkIx1oPHTsyboqVYYTTeW0UaxphMsNTOsyoxIJqNy1unaOTTJkgP1RZSYMK9edEioXWifCyToFNoP96ufifN4yNf+WmTEaxoZIsFvkxRyZE+eNowhQlhicZwUSx7FZEAqwwMVk8tSKE6xzn3y8vk95Z07lotu5ajXarjKMKR3AMp+DAJbThFjrQBQIBPMIzvFjCerJerbdFa8UqZw7hF6z3Lyj0jms=</latexit>

�

Human-applied 
force [N]

Phase [-]

Admittance mass 
variation limit [kg/s]

Path direction [m]

Steering force [Nm]

Projection norm [m]

Tank energy [J]

Admittance mass 
weight [kg]

Robot position [m]

Figure 4.28: Experiment 3 – Unlike Experiment 3.a, low initial energy of tank in Experiment 3.b
prevents the admittance mass from increasing. Consequently, m′

a remains below ma.
The dashed vertical lines mark the collision time.
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Configuration 1 Configuration 3 Configuration 2 a b c

Figure 4.29: Experiment 4 – A simulated 2-DoF human arm kinematics model in three different
configurations with their associated manipulability ellipses.

countering the phase progression. By this moment, the low projection norm l caused by the
extended arm configuration leads to ma reaching its peak value. Consequently, a substantial
virtual momentum arises, generating high virtual kinetic energy (Eka = 5.5 J). Therefore,
during the collision, the opposing force fs is insufficient to halt phase advancement. As the
phase hits 1, the desired trajectory halts, and due to the pendulum tilting, gravitational
force strengthens, driving the phase in reverse. Subsequently, the robot traces the desired
trajectory back toward the operator.

Experiment 3.b: The initial energy within the virtual tank for this experiment is set at
3 J. Consequently, the rise in admittance mass ma gradually consumes the tank energy until
it reaches the lower threshold S∆

T . At this juncture, the tank output µ decreases to zero, and
the ability to shape ma ceases. This leads to a distinctive outcome compared to the previous
experiment, where the virtual kinetic energy remains steady at Eka = 1.5 J. Subsequently,
the robot post-impact behavior differs. The impact force from the pendulum, while weaker
than in Experiment 3.a, proves sufficient to arrest and reverse the robot motion prior to
completing the path, specifically at ϕ = 0.9. The findings clearly illustrate that the drained
tank energy during the rise of admittance mass in Experiment 3.a amplified the virtual
kinetic energy of the motion generator. This energy was then expended to fully elevate the
pendulum post-impact. On the other hand, the constrained tank energy in Experiment 3.b
limited the generated virtual kinetic energy, which was insufficient to raise the pendulum
entirely.

Experiment 4: Sensitivity Evaluation of Manipulability Analysis for a Simulated Arm

To better understand the impact of errors in joint angle estimation on the assessment metrics
r and l, an example of a 2-DoF planar arm is examined here with each link measuring 0.3 m
in length, as depicted in Figure 4.29. For each configuration, there is an ideal manipulability
ellipse determined by the actual joint positions q†h,1 and q†h,2. Depending on the vector ν, the
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Figure 4.30: Experiment 4 – Maximum deviation of the estimated values associated with the manip-
ulability pseudo-ellipsoid l (left) and the conventional ellipsoid r (right) due to changes
in joint angle values qh,1 and qh,2 corresponding to different body configurations de-
picted in Figure 4.29.

ideal metrics r† and l† can be calculated using (4.55) and (4.45), respectively, considering the
principal radii lengths and directions of the ideal ellipse. If the sensed human configuration
qh deviates from the actual one q†h, the estimated ellipse, and consequently the estimated
metrics r and l, will differ from the ideal values with the following errors

∆r = r† − r, ∆l = l† − l. (4.97)

Considering all possible directions ν and consequently all potential values for ∆r and
∆l, Figure 4.30 illustrates the maximum absolute errors (i.e., |∆r|max and |∆l|max) for all
combinations of sensed joint angles qh,1 and qh,2 within a range of ±5 degrees from the actual

joint angles q†h,1 and q†h,2. It is evident that when the arm is close to a singularity, even a
slight estimation imprecision in one joint angle can lead to significant errors in r. Conversely,
this is not the case for l, and consequently, even in the presence of considerable noise in
the joint angle estimation during manipulability evaluation, the assessment metric l would
not undergo significant changes. This becomes particularly crucial when the manipulability
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Figure 4.31: Experiment 5 – The subject moves along the direction index 6 depicted in Figure 4.32.
The 16 Vicon cameras track the attached markers, and the body joint angles are
continuously measured based on the Vicon built-in upper limb human model.

assessment metric is employed to execute an action, such as adjusting the control parameters
of a collaborative robot. Sudden and drastic changes in this metric could lead to undesirable
behavior or inconvenience. It should be mentioned that much like the radius r, the metric l is
derived from the manipulability ellipsoid. However, it serves as a less stringent (and therefore
more robust) tool for assessing manipulability, making it more suitable in the presence of
noisy body pose estimation.

Experiment 5: Manipulability Ellipsoid vs. Pseudo-Ellipsoid

As previously discussed, manipulability analysis enables the assessment of the feasibility of
end-point motions in various directions based on the required joint motion. In this context,
an experiment is devised to evaluate the effectiveness of the manipulability pseudo-ellipsoid
in comparison to the conventional ellipsoid approach. Three participants are instructed
to move their hand along seven distinct horizontal Cartesian directions, starting from two
different initial arm configurations, as depicted in Figure 4.31. The participants are identified
as Subject 1, a male with a height of 1.76 m, Subject 2, a female with a height of 1.63 m,
and Subject 3, a male with a height of 1.89 m. To determine the anticipated body Cartesian
motions, the participants are instructed to hold and move in sync with a robot end-effector
following the specified directions; see Figure 4.31. The Cartesian paths consisted of short
straight lines measuring 10 m in length, directed toward the hours 3 to 9 on an imaginary
horizontal clock face positioned in front of the participants; see Figure 4.32. Prior to each
motion, the metrics r and l are computed using (4.55) and (4.45), respectively, based on the
direction ν and the body configuration qh recorded by the RealSense camera. These metrics
signify the requisite instantaneous joint motions for the corresponding Cartesian motions.
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Figure 4.32: Experiment 5 – Subjects are asked to have instantaneous short motions along seven
directions according to an imaginary horizontal clock face.

To assess their accuracy, the actual resulting body joint motions needed to be determined
as the ground truth. To achieve this, a Vicon® motion capture system equipped with 16
infrared cameras and one HD camera is utilized to record the motion of the right upper limb
at 200 Hz during the experiment. Markers are strategically placed on bony landmarks in
accordance with Vicon recommendations for upper limb tracking; see Figure 4.31. The Vicon
Nexus software is employed to compute joint angles using a predefined model template of
upper limbs.
Given the length r of the manipulability ellipsoid radius along the direction ν, the joint

velocity norm ∥q̇h,ν∥ associated with the Cartesian velocity ẋh,ν along ν can be estimated
via5

∥q̇h,ν∥ =
∥ẋh,ν∥
r

. (4.98)

Given that the motion duration along the 0.1 m lines was 1 s, it can be assumed that
∥ẋh,ν∥ ≈ 0.1 m/s. Utilizing (4.98), the significance of the motion in the body joints can
be estimated according to both the manipulability ellipsoid radius r and the manipulability
pseudo-ellipsoid radius l as

δr =
0.1

r
, δl =

0.1

l
. (4.99)

The estimated values δr and δl are then compared with the observed joint motions ∥∆qh∥
recorded by the Vicon system for the three body joints used to derive r and l. As shown
in Figure 4.33, the joint motion estimation δl obtained through the manipulability pseudo-
ellipsoid closely aligns with the actual values when compared to the estimated values δr
derived from the conventional method. Specifically, during configuration a , the mean ab-
solute errors between δl and ∥∆qh∥ are 14, 7, and 17 degrees for subjects 1, 2, and 3,
respectively. In configuration b , the mean absolute errors are 3, 5, and 3 degrees for the

5For a unit-norm joint velocity, the Cartesian velocity’s norm along ν is r.
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Figure 4.33: Experiment 5 – Estimated and actual values of body joints motions for seven Cartesian
motions depicted in Figure 4.32. The manipulability pseudo-ellipsoid estimation δl
resulted in being closer to the actual values compared to the standard method.

same subjects. In contrast, the mean absolute errors between δr and ∥∆qh∥ during configu-
ration a are 39, 30, and 134 degrees, and during configuration b are 4, 16, and 5 degrees
for subjects 1, 2, and 3, respectively. The disparity between δl and δr is much more pro-
nounced in configuration a , where the arm is in close proximity to a singularity, resulting

in a much narrower manipulability ellipsoid compared to configuration b . As previously
mentioned, one potential explanation for the relatively subpar performance of the conven-
tional manipulability ellipsoid method may be its sensitivity to the measurement of body
configuration. The Vicon motion capture system boasts significantly higher measurement
accuracy compared to the markerless single-camera vision system utilized for manipulability
assessment. Hence, especially when sensitivity is heightened, the outcomes could diverge
considerably from one another.

Another contributing factor to the significant disparity between δr and ∥∆qh∥ may be the
overly simplified model employed to construct the Jacobian matrix. As previously described,
only three joints are taken into consideration in the human arm kinematics model, with
the assumption that the other joints remained fixed during the motions, as depicted in
Figure 4.23. Consequently, the subjects are instructed to focus solely on manipulating the
specified three joints during the experiments. However, based on the results from the Vicon
system, they inadvertently engage other joints to a small extent. The average values of
∥∆qh∥ across all seven directions, when only the primary three joints are considered, are 31,
22, and 27 degrees during configuration a , and 23, 20, and 17 degrees during configuration

b , for subjects 1, 2, and 3, respectively, as shown in Figure 4.33. Yet, when six joints
(i.e., joint 2 to joint 7, as indicated in Figure 4.23) are taken into account, the average
values of ∥∆qh∥ shifted to 45, 28, and 32 degrees in configuration a , and 28, 22, and 20

degrees in configuration b , for subjects 1, 2, and 3, respectively. The inclusion of these
additional joints may have compensated for the need for substantial motions in the primary
three joints, which are estimated by the simplified 3-DoF model. Therefore, it is possible that
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Figure 4.34: Pyrography on a wood plate with three different modes; the operator is supposed to
create a consistent line along the drawn paths.

if the additional joints were kept stationary or a more sophisticated kinematics model was
utilized, the estimations might have been more accurate. However, due to the constraints of
the vision system, which only permits the measurement of three joint values, the simplified
model was the only feasible option for the assessment. Interestingly, even with this limitation,
the estimated values δl are, on average, closer to the actual values ∥∆qh∥ that included all six
joints, compared to the estimated values δr. In summary, for the manipulability assessment
objective, considering both sensory errors and model inaccuracies, the approach relying on
the manipulability pseudo-ellipsoid yields more dependable estimations compared to the
conventional method.

4.2.6 User Study in Pyrography

To assess the effectiveness of the proposed haptic motion guidance in a real-world human-
robot interaction scenario, a user study with approval from the Ethics Commission of the
Technical University of Munich (review number 744/21 S-SR) is designed for a pyrography
(wood burning) task. In this task, a heated metal tip is moved on a wooden surface to create a
line mark; see Figure 4.34. The thickness of the line is controlled by adjusting metal pressure
and movement speed, demanding both precision (staying on the line) and robustness (coping
with wood surface or metal temperature changes). The objective is to achieve a consistent
mark along a predefined line; see Figure 4.34. A disturbance is introduced by reducing
metal temperature midway, potentially causing line inconsistency if the burner speed is not
adjusted. Figure 4.35 depicts the result of a robot autonomously moving the wood burner
at constant speed on various wood types; a fainter mark on the latter half underlines the
need to address the disturbance. As advanced sensors may be absent, human involvement is
crucial to visually assess the quality and adapt the burner pace.

Twenty volunteers were tasked with creating a uniform line along drawn paths on 20 wood
plates using three modes (see Figure 4.34):

• Mode 1: The robot holds the wood burner, and the human operator guides the motion
via the proposed guidance law (i.e., the phase-based motion generator + impedance
control + gravity compensation).

142



4.2 Path-Constrained Adaptive Haptic Motion Guidance

Figure 4.35: Automated pyrography with an impedance-controlled robot along a predefined path
at a constant speed. The wood burner temperature intentionally drops by a quarter
in the middle, resulting in a fainter marked line thereafter.

• Mode 2: The robot holds the wood burner, and the human operator guides the motion
by freely moving the robot (i.e., only gravity compensation).

• Mode 3: The human operator holds the wood burner in hand, without a robot.

In mode 1, the desired path is uniformly encoded, and the stiffness of the impedance controller
orthogonal to the plate surface is set to zero. This enables the operator to easily lift the
robot end-effector, removing the wood burner from the plate (see Figure 4.34). Notably, any
parameter adaptation is excluded from the guidance law. Instead, after a few preliminary
trials, the parameters ma and da are fixed based on each user’s preference. In mode 2, for
enhanced comfort, the rotational stiffness is set high. This allows the operator to move
the wood burner solely in a linear manner, without the need to adjust the orientation of
the tip. Safety-wise, the human is instructed to keep their hand away from both the wood
burner tip and the wood surface. Importantly, the intention behind this user study is not to
compare the proposed guidance algorithm with related literature works. Rather, the focus
is on gaining firsthand insights into the proposed approach, particularly in comparison to
scenarios without robot involvement.
A total of 20 participants took part, including an equal split of 10 males and 10 females,

with ages ranging from 22 to 61 and an average of 31.3 years. Initially, each participant’s
table height was adjusted, and they were given a few minutes to acquaint themselves with
pyrography. Subsequently, the experiment and questionnaire (depicted in Figure 4.37) were
explained. Additionally, they had a brief period before each mode to practice and, especially
in mode 1, set their personalized, comfortable admittance parameters. The order of modes
was randomized for each user to prevent potential questionnaire response bias. In the ques-
tionnaire, participants were first queried about their experience in physical interaction with
robots, yielding an average response of 2.45 on a scale of 1 (none) to 5 (very experienced).
They were also asked about their prior involvement in crafts or pyrography-related activities,
resulting in an average response of 2.9. Following this, participants engaged in the task using
one of the three modes and promptly provided responses to mode-specific questions using a
Likert scale (ranging from strongly disagree to strongly agree, as depicted in Figure 4.37):

• Comfort: I felt comfortable during the task.
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Figure 4.36: Pyrography user study results; twenty participants utilized three distinct modes to
produce uniform lines on twenty wooden plates. The lines on the left, center, and right
of each plate correspond to mode 1, mode 2, and mode 3, respectively.

• Freedom: My body posture was unconstrained, and I was free to change it during the
task.

• Control: I had complete control over the task performance.

• Ease: It was easy to fulfill the task requirement of staying on the path.

• Safety: I felt safe during the task.

Finally, on a scale of 1 to 5 with 1 being the worst and 5 being the best evaluation score,
the participants replied to the two following questions:

• Efficacy: How would you rate your ability to deliver a good result with the approach
(given your current training level)?

• Overall: What is your overall evaluation of the approach?

Figure 4.36 illustrates the resulting wood plate shapes, while Figure 4.38 presents the
questionnaire outcomes. Mode 1 garnered the highest scores across most questions. On
average, participants found mode 1 notably easier and more effective in achieving the desired
outcome. Specifically, among participants with handicraft expertise below 3, the comfort
question had an average response of 4.7 for mode 1, compared to 3.4 and 2.7 for mode 3 and
mode 2, respectively. This subgroup also considered mode 3 the least safe, with an average
rating of 3.9. Intriguingly, participants with handicraft expertise above 3 still awarded the
highest average score for the efficacy question to mode 1 (4.4), followed by mode 3 (4.1) and
mode 2 (3). Regarding the freedom question, mode 3 garnered the highest overall average
response. An interesting observation emerged from participants with a robot interaction
experience level of 1 or 2, who assigned a 4.8 average score for the control question to mode
1, compared to 3.6 for mode 2 and 3.9 for mode 3. This suggests that, relative to the overall
ratings, they had a more favorable experience when the robot was engaged. Notably, their
mean response for the question regarding overall experience was 4.9 for mode 1. Lastly, time
was another factor under consideration. Mode 1 proved to be the fastest for 14 participants,
whereas mode 3 was the fastest for only 4 participants. Conversely, mode 3 was the slowest
for 10 participants, followed by mode 2 for 7 participants.
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Pyrography User Study 

User information1 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Name abbreviation: ______   

Gender:  female,   male,   others   

Age: ______  

On a scale of 1 to 5 (with 1 being inexperienced and 5 being proficient), how 
experienced/skilled are you in 

 working or physically interacting with robot arms:  

1 ,  2 ,  3 ,  4 ,  5  

 handicraft or activities related to pyrography:  

1 ,  2 ,  3 ,  4 ,  5  

Questionnaire ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Part I) Considering the following rating numbers 

1. Strongly disagree, 
2. Disagree, 
3. Neither agree nor disagree, 
4. Agree, 
5. Strongly agree, 

and given the task to be burning a solid line along the predefined path on the wood, 
how would you evaluate the following experience statements? 

Q.1. [comfort] I felt comfortable during the task. 

Q.2. [freedom] My body posture was unconstrained, and I was free to change it during 
the task. 

Q.3. [control] I had complete control over the task performance.  

Q.4. [ease] It was easy to fulfill the task requirement of staying on the path.  

Q.5. [safety] I felt safe during the task. 

Part II) On a scale of 1 to 5 (1 being the worst and 5 being the best evaluation score),  

Q.6. [efficacy] how would you rate your ability to deliver a good result with the approach 
(given your current training level)? 

Q.7. what is your overall evaluation of the approach?  

 Approaches ➝ H + R (i) H + R (ii) H 
 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
Q.1. comfort                
Q.2. freedom                
Q.3. control                
Q.4. ease                
Q.5. safety                
Q.6. efficacy                
Q.7. overall                

 
                                                           
1 No individual data will be public.  

Figure 4.37: The questionnaire employed in the pyrography user study.
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Figure 4.38: Pyrography questionnaire results; in each box, bars of varying colors (from green to
red, top to bottom) represent votes for each question and mode. They encode responses
from strongly agree to strongly disagree for the initial five questions and scores 5 to
1 for the last two questions. Bar lengths correspond to the number of votes, and the
average vote is displayed in the bottom-right corner of each box.
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4.3 Support-Adaptive Robot-Aided Movement Rehabilitation

Repetitive motion plays a pivotal role in movement rehabilitation, a factor that can be
effectively facilitated by robots. However, for enhanced therapy effectiveness, active patient
participation in the movement is equally crucial. Recognizing this, a new class of robot
control, known as Assist-As-Needed (AAN) control, has emerged in rehabilitation robotics.
Its primary objective is to adjust the level of robot support provided to the patient, main-
taining a challenge point that may motivate the patient to actively engage in the motion.
This policy, however, is effective only if the patient is not impeded (e.g., by the robot) when
intending to move in the appropriate direction. While reducing robot support can enhance
this, it may not be sufficient, as the physical characteristics of the robot (e.g., inertia) can still
impede the patient’s voluntary movements. Thus, the rehabilitation robot should possess a
permissiveness feature when necessary.

This section aims to address all three aforementioned aspects: repetitive movement along
a therapeutic path, adjusting robot support and regulating robot permissiveness along the
path. Similar to the other sections of this chapter, the concept of phase-encoded paths and
adjusting the phase trajectory is employed here. The proposed approach offers two distinctive
benefits in practice. First, since it is derived on the trajectory level (i.e., decoupled from
the controller), it is applicable to any rehabilitation robot with diverse motion controllers.
Second, the approach can provide a controllable degree of permissiveness to robots that, due
to their physical characteristics, are not inherently capable of offering it. Consequently, it
can render a greater number of robots suitable for rehabilitation, even those with lower costs.
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Figure 4.39: A rehabilitation robot moving the patient’s limb along a therapeutic path.

The proposed approach addresses the dual aspects of support and permissiveness in a
complementary manner. It establishes a relationship where a higher level of support along a
therapeutic path corresponds to a lower level of permissiveness and vice versa. Consequently,
manipulating a single value—phase speed—enables the delivery of the intended level of sup-
port/permissiveness. This modulation is tailored to the patient’s physical impact on the
movement. The following sections introduce a metric to monitor the patient’s influence on
the motion. Subsequently, a phase-modulation policy is presented, followed by an iterative
learning method that determines the appropriate support/permissiveness level. Finally, the
proposed policies are compared with the energy-based modeling paradigm.

4.3.1 Patient Physical Effect Metric

Consider a robot affixed to the patient’s limb, equipped with a controller to trace a desired
trajectory along a therapeutic path defined in an m-dimensional Cartesian space; refer to
Figure 4.39. Unless the patient precisely follows the desired trajectory, their unmodelled
presence introduces disturbances to the motion-following task. Instead of having the con-
troller reject such disturbances to adjust the support/permissiveness level, the objective is
to grant the patient flexibility in their movement along the path. Depending on the con-
trol performance and the robot’s physical characteristics, one consequence of the patient’s
presence may be a deviation of the robot from the setpoint. For the same controlled robot,
a more pronounced deviation indicates that the patient is exerting greater effort to diverge
from the desired trajectory, whether intentionally or unintentionally. Thus, an observation
metric can be derived based on this deviation.

The goal is to adjust the support/permissiveness level exclusively along the therapeutic
path. Therefore, the observation metric should align with this objective. To achieve this,
the path can be encoded using the phase variable ϕ ∈ [0, 1], as outlined in Section 4.1.
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Figure 4.40: Projection of the Cartesian error x̃ onto the phase-encoded path.

Subsequently, the phase-based tracking error ϕ̃ ∈ R can be approximated by projecting the
Cartesian error x̃ = xd − x onto the path tangent unit vector ν(ϕ) derived in (4.44) as
follows (see Figure 4.40):

ϕ̃ ≈ x̃Tν(ϕ)

ld
. (4.100)

Here, ld ∈ R>0 is the length of the desired path, determined by

ld =

∫ 1

0
xd(ϕ)dϕ. (4.101)

Ultimately, the significance of the deviation of the robot from the setpoint along the path
can be ascertained through ϕ̃, for instance, by defining6 the phase-based deviation metric E
as

E =
1

2
kϕϕ̃

2, (4.102)

with kϕ ∈ R>0 being a user-defined parameter. The non-zero values of E may stem from
two distinct patient behaviors: either resistance to the motion or an attempt to move faster
than the desired trajectory. These cases can be differentiated by comparing the direction of
the patient-applied wrench fh ∈ Rm with respect to the path direction. This is achieved by
projecting the interaction wrench onto the desired path as

fϕ = fThν(ϕ), (4.103)

and considering the sign of fϕ. Combining (4.102) and (4.103), the path-centric patient’s

physical effect metric Ê ∈ R can be derived as

Ê = sgn(fϕ)E. (4.104)

A relatively larger Ê indicates that the patient is (intentionally/unintentionally) trying to
deviate from the setpoint. Its sign indicates whether the intended movement is in the forward
or backward direction relative to the desired motion. In the following, it is shown how
adapting the desired trajectory based on Ê can result in support/permissiveness adaptation
of the robot.
6Note that other definitions could be used for the phase-based deviation metric, e.g., by taking into account
the velocity error as in (4.112).
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4.3.2 Reactive Phase Modulation for Support Regulation

As mentioned above, the proposed approach adjusts the robot’s level of support or permis-
siveness through the modulation of the desired trajectory. To ensure this adaptive behavior
is exclusive to the therapeutic path, the trajectory modulation is carried out in phase space.
This is achieved through the adjustment of the phase progression speed, maintaining the
robot setpoint consistently on the desired path. Suppose there exists a nominal phase tra-
jectory ϕ†(t), with the phase velocity Ω†(t) = ϕ̇†(t), associated with the initially assigned

therapist’s nominal desired trajectory x†
d(t). During therapy, the phase trajectory ϕ(t), de-

termining the desired Cartesian trajectory xd(t), can be shaped by adjusting the nominal
phase velocity via

ϕ(t) =

∫ t

0
σaanΩ

†(ε) dε. (4.105)

Here, σaan ∈ R represents the Assist-As-Needed velocity adaptation gain used to adjust
the nominal phase velocity. As demonstrated in the following, its value can be dynamically
determined based on the patient’s input Ê to consistently provide the desired level of support
along the path.
When the magnitude of Ê (i.e., E) is low, associated with negligible physical effect of the

patient, σaan can be set to 1, indicating no velocity adaptation. However, when Ê is positive
and large, indicating the patient’s attempt to move faster, σaan can take on larger values
to align with the patient’s motion intention. In contrast, when Ê is negative and large,
signifying resistance from the patient, σaan can be reduced to zero. Finally, when Ê takes
even larger negative values, indicating the patient’s attempt to move backward, σaan can
assume negative values, resulting in a backward desired trajectory. Thus, the phase velocity
is adjusted according to the thresholds defined for Ê. Consequently, a cascading-shaped map
between Ê and σaan could be constructed as a smooth function (depicted in Figure 4.41)
derived as

σaan(Ê) =



−σN,max if Ê < −EN4,

−σN,max +
σN,max

2

(
1− cos

(
EN4+Ê
EN4−EN3

π
))

if − EN4 ≤ Ê < −EN3,

0 if − EN3 ≤ Ê < −EN2,
1
2

(
1− cos

(
EN2+Ê
EN2−EN1

π
))

if − EN2 ≤ Ê < −EN1,

1 if − EN1 ≤ Ê < EP1,

1 +
σP,max−1

2

(
1− cos

(
Ê−EP1
EP2−EP1

π
))

if EP1 ≤ Ê < EP2,

σP,max if EP2 ≤ Ê.

(4.106)

Here, σP,max ≥ 1 and σN,max ≥ 0 represent the maximum magnitudes of the velocity
adaptation gain for forward and backward motions, respectively. Moreover, Ej ≥ 0 with
j = P1, P2, N1, N2, N3, N4 represent the velocity adaptation thresholds from which the
smooth transitions between different values of σaan begin.
The cascading-shaped map determines the reactive behavior of the robot in response to

variations in the patient’s physical effect Ê. If the patient remains close to the desired
trajectory without significant deviation, resulting in small values for ϕ̃(t) and thus Ê, no
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Figure 4.41: Cascading-shaped map – The red area indicates minimal velocity adaptation, signifying
full support, while in the blue area, the nominal velocity is adjusted based on the
patient’s input. A larger red region implies a more supportive robot behavior.

velocity modulation would occur (i.e., σaan ≈ 1). When the patient actively or passively
resists the motion, Ê becomes negative. If the resistance is strong enough to exceed the
threshold −EN1, σaan will decrease, allowing the patient to slow down, stop or even reverse
the motion. Finally, if the patient tries to move faster than the nominal trajectory, Ê
becomes positive. In this case, when Ê surpasses the limit EP1, σaan increases, enabling the
patient to move faster. Therefore, the configuration of the thresholds Ej directly influences
the robot’s supportive/permissive behavior. A larger region with σaan ≈ 1 (the red area in
Figure 4.41) indicates greater support from the robot, while a larger area with σaan ̸= 1 (the
blue area in Figure 4.41) signifies more ease for the patient to modify the phase trajectory,
corresponding to a more permissive behavior of the robot.

4.3.3 Progressive Phase-Based Assist-As-Needed Control

As elaborated before, when Ê falls between EP1 and −EN1, σaan remains 1, and thus there is
no velocity adaptation. In other words, when −EN1 ≤ Ê < EP1, there is no permissiveness,
and depending on the performance of the employed controller, the robot provides the support
to keep the human on the nominal trajectory x†

d(t). Accordingly, considering Figure 4.41,
the variable S ∈ R≥0 can be defined to represent the extent of the no-adaptation region and,
equivalently, the support level according to

S = EN1 + EP1. (4.107)
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Figure 4.42: Overall control architecture – The proposed support-adaptive approach (highlighted)
can be modularly integrated with any motion-controlled robot.

The larger S is, the less reactive and permissive, and equivalently, the more supportive
the robot becomes. Hence, the configuration of the cascading-shaped map (4.106) can be
dynamically adjusted based on the desired support level by defining adaptation thresholds
E◦ (where ◦ ∈ {P1, P2, N1, N2, N3, N4}) to maintain a constant linear relationship with S
such that

E◦ = ϵ◦S, (4.108)

where ϵ◦ > 0 represents constant scaling values predetermined prior to therapy.

A common strategy to encourage patient engagement in therapeutic movements, thereby
improving recovery outcomes, involves progressively decreasing support when the patient
demonstrates competence and increasing it when the patient faces difficulties in performing
movements independently. This method is known in the literature as the Assist-As-Needed
(AAN) control policy. Similarly, an iterative learning approach is proposed here to adjust
the support level S with each therapeutic motion cycle. Considering that a patient’s body
configuration may vary along the therapeutic path, their capability to execute movements
and the requisite support level might need adjustments within a single motion cycle. Con-
sequently, both the learning parameters and the support level can be defined as functions of
phase ϕ. Considering Sj(ϕ) as the phase-based support profile for iteration j, the adaptation
law for iteration j + 1 can be derived as

Sj+1(ϕ) = Sj(ϕ) + κl(ϕ)(1− σ̄j(ϕ))− κf (ϕ). (4.109)

Here, κl(ϕ), κf (ϕ) ≥ 0 are the learning and forgetting factors, where usually κl >> κf .
Moreover, σ̄j(ϕ) is the average of the σaan values at each phase7 during iteration j.

The adaptation policy (4.109) iteratively determines the appropriate level of support that
the robot should provide to the patient. The idea is to adjust the support level based on the
value of Ê during an iteration. If Ê falls below −EN1, indicating the patient’s resistance to
the motion or their inability to move, the support is increased in the subsequent iteration.
Conversely, when the opposite occurs, the support is decreased with the aim of keeping the
patient at the challenge point. These adjustments can be monitored by observing the value

7A phase value can be traversed more than once due to a non-positive σaan.
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of σaan during the iterations. Upon establishing the value of S, the adaptation thresholds
E◦ are set in accordance with (4.108) with ϵ◦ predetermined at the therapy’s outset. By
employing the iterative adaptation law (4.109), the support level of the robot is adjusted
to provide the patient with only the minimum amount required. This may increase the
patient’s motivation to participate more actively in rehabilitation. Figure 4.42 depicts the
overall architecture.

4.3.4 Energy-Based Support Modeling for an Impedance-Controlled Robot

It is demonstrated in Section 3.1 that when the robot is equipped with an impedance con-
troller (3.1), an energy storage function Si ∈ R≥0 can be assigned to the controlled robot
system, defined as

Si =
1

2
˙̃xTMC(q) ˙̃x+

1

2
x̃TKCx̃. (4.110)

Considering its time evolution derived8 in (3.18), it can be observed that the changes in the
energy level Si have a direct relationship with the physical power Ph = ẋTfh exchanged
between the patient and the robot according to

Ṡi = ẋTfh︸ ︷︷ ︸
Ph

−ẋTd fh︸ ︷︷ ︸
Pd

− ˙̃xTDC
˙̃x︸ ︷︷ ︸

Pdiss

. (4.111)

Here, Pd represents the power associated with the desired trajectory in contact with the
patient, and Pdiss denotes the dissipation power corresponding to the controller damping
effect. Considering (4.110) and (4.111), it can be observed that as Si increases, it becomes
more likely for Ph to take on large negative values. A negative Ph indicates motion opposing
the wrench applied by the human to the robot, corresponding to the supportive behavior of
the robot. Therefore, to adapt the support level, one way could be to adjust the maximum
level that Si could reach. Referring to (4.111), one way to achieve this is by manipulating
the power Pd, specifically by adjusting the desired velocity ẋd; see Figure 4.43.
To exclusively apply the aforementioned observations along the therapeutic path, the en-

ergy function Si can be derived in a path-centric manner by expressing the relevant variables
in the phase domain. This yields the phase-based energy function Si,ϕ ∈ R≥0, derived as

Si,ϕ =
1

2
mC,ϕ

˙̃
ϕ2 +

1

2
kC,ϕϕ̃

2. (4.112)

Here,mC,ϕ ∈ R>0 and kC,ϕ ∈ R≥0 represent the robot mass matrix and the controller stiffness
matrix, respectively, as approximated in the phase domain. Their values can be determined
through the following derivations.

mC,ϕ
˙̃
ϕ = ˙̃xTMT

C(q) ν(ϕ),

=⇒ mC,ϕ

( ˙̃xTν(ϕ)

ld
+

x̃T ν̇(ϕ)

ld

)
≈ ˙̃xTMT

C(q) ν(ϕ),

=⇒ mC,ϕ ≈ ld
˙̃xTMT

C(q)ν(ϕ)
˙̃xTν(ϕ) + x̃T ν̇(ϕ)

, (4.113)

8Note that the force control output ff is excluded here, and the notation f ext is replaced with fh.
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Si,max

Figure 4.43: By adapting the speed of the desired trajectory using the adaptation gain σaan, the
input power Pd can be controlled to maintain the energy level Si below a maximum
threshold, Si,max. This regulation ensures control over the maximum magnitudes of
the transferred power Ph exchanged with the patient.

and

kC,ϕ ϕ̃ = x̃TKT
C ν(ϕ),

=⇒ kC,ϕ
x̃Tν(ϕ)

ld
≈ x̃TKT

C ν(ϕ),

=⇒ kC,ϕ ≈ ld
x̃TKT

C ν(ϕ)

x̃Tν(ϕ)
. (4.114)

Note that for a diagonal matrix KC with elements kC , (4.114) simplifies to

kϕ ≈ ld kC . (4.115)

The phase-based energy function (4.112) is linked to the physical power exchanged along
the path between the robot and the patient. The magnitude of an upper limit for Si,ϕ can
serve as an indicator of the robot support along the path. It is interesting to observe that
if the controller stiffness is sufficiently high, making the effect of KC more significant than
that of MC(q), the first term of (4.112) can be neglected, and Si,ϕ reduces to the proposed
phase-based deviation metric E defined in (4.102).

Remark: It is crucial to emphasize that such energy-based modeling plays a pivotal role
in analyzing system stability. Within the passivity analysis paradigm, if the storage function
Si can be demonstrated to be bounded, it ensures the overall stability of the system [269].
As discussed earlier, the modulation of the desired trajectory in the proposed approach
consistently leads to a reduction in Si (and similarly Si,ϕ and E), thereby confirming that
the proposed method does not compromise system stability.

4.3.5 Pre-Clinical Experiments

Four sets of experiments are conducted to evaluate the proposed velocity adaptation ap-
proach. The first and second sets are carried out using a 7-DoF Franka Emika robot (see
Figure 4.44 and Figure 4.46), while the third and fourth sets utilize a simulation and a pro-
totype of a lower-limb rehabilitation robot (see Figure 4.48 and Figure 4.51), respectively.
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Figure 4.44: Experiment 1 – The attached weight applies a consistent wrench to the robot, simu-
lating an imaginary patient limb.

Experiment 1: Evolution of the Phase-Based Variables

The first set of experiments illustrates the evolution of the introduced variables along the
path. A Franka Emika robot is used, equipped with an impedance controller featuring a
diagonal stiffness matrix with elements {1000, 1000, 1000, 50, 50, 50} [N/m, Nm/rad]. Addi-
tionally, the damping matrix is selected to achieve critical damping [381].

The desired path is an almond-shaped curve comprised of two circular arcs, each spanning
1/5 of a circle with a 2.5 m radius (Figure 4.44). The phase variable is monotonically
distributed along the path, and the nominal phase velocity Ω† is consistently set to 0.1 Hz.
Three experiments are conducted. In the first one, no external wrench is applied to the
robot. In the second and third experiments, a weight of 2.6 kg is attached to generate an
approximately constant external wrench. While the first two experiments are designed to
illustrate the behavior of the proposed physical effect metrics, the third experiment utilizes
the phase modulation policy derived in (4.106). The results are shown in Figure 4.45.

Experiment 1.a: As shown in Figure 4.45, the phase value increases from 0 to 1 with a
constant velocity in 10 seconds. The small tracking error results in a non-zero phase error ϕ̃
and thus deviation metric E. Yet, considering (4.103), as the applied wrench fh (equivalent
to f ext in Figure 4.45) is zero, fϕ and consequently Ê remain zero during the experiment.

Experiment 1.b: In the second experiment, the attached weight leads to a larger tracking
error, resulting in a more substantial phase error and deviation metric. Since fh is no longer
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Figure 4.45: Experiment 1 – The physical effect metric Ê quantifies the impact of the attached
weight on the motion.
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4.3 Support-Adaptive Robot-Aided Movement Rehabilitation

Figure 4.46: Experiment 2 – The desired path and the iteratively adapted support profile are vi-
sualized. The markers indicate the actual phase value. The faded lines depict the
support profile from the previous iteration.

zero, fϕ and Ê attain non-zero values. During the first half of the path (i.e., when ϕ < 0.5),
the attached weight gravity is against the desired motion. This situation is realized via the
large negative values of the effect metric Ê. However, in the second half of the path (i.e.,
when ϕ > 0.5), the weight gravity pushes the robot in the desired velocity direction. As
shown in Figure 4.45, Ê has a positive value in this period.

Experiment 1.c: In this experiment, the phase modulation policy (4.106) is employed with
the adaptation thresholds EP1 = 0.004, EP2 = 0.008, EN1 = 0.1, EN2 = 0.2, EN3 = 0.3,
and EN4 = 0.4. Moreover, the maximum adaptation gains are set to σP,max = 2 and

σN,max = 1. As depicted in Figure 3.4, when ϕ < 0.5, Ê falls between −EN1 and −EN2.
Thus, considering (4.106), the phase velocity adaptation gain9 becomes 0 < σ < 1. As a
result, the phase velocity decreases according to (4.105). This can be observed in Figure 3.4,
where it takes around 2 seconds longer for the setpoint to reach the middle of the path
compared to the previous two experiments. In contrast, as the value of σ gets larger than 1
in the second half of the path, the phase velocity increases. Thus, the desired trajectory is
continuously modified according to the contribution of the attached weight to the motion.

Experiment 2: Assist-As-Needed Control

In this experiment, the iterative support adaptation policy is evaluated in the presence of a
human operator using the same robot and controller as in the previous experiment. The path
is a horizontal circle with a radius of 0.2 m (Figure 4.46). The support variable S is defined as

9In the experimental section, for brevity, σaan is denoted as σ.
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Figure 4.47: Experiment 2 – The phase-based support profile S(ϕ) iteratively adapts according to
the human operator’s performance in the motion.

a function of phase. The path is divided into ten regions with individual support values, and
S(ϕ) is defined by smoothly connecting those values. For achieving the threshold parameters
for each iteration, (4.108) is used with ϵP1 = 1, ϵP2 = 2, ϵN1 = 1, ϵN2 = 2, ϵN3 = 3, and
ϵN4 = 4. The maximum adaptation gains are σP,max = 1.5 and σN,max = 1. Finally, the
learning and forgetting factors are chosen to be κl = 0.5 and κf = 0.1, respectively. As κf
is comparatively large, a minimum value of 0.01 is defined for S.

A novel approach is used to identify the required initial support value. The phase mod-
ulation is deactivated during the first three iterations, and the operator is asked to remain
passive. Prior to iteration 4, the support is set to be slightly more than the average value of
−Ê, for each region. As shown in Figure 4.47, in the middle and end of the path in iteration
4, higher required support was estimated due to a more perceived resistance at those regions
during the initial stage.

As of iteration 4, the support value of each region at each iteration is determined as a
function of the previous iteration support as well as the average value of σ at that region
according to (4.109). Until iteration 7, as σ remains close to 1, the estimated support value
is decreased due to the forgetting factor. At this stage, let us focus mainly on the second
and third regions (i.e., where 0.1 < ϕ < 0.3). In iteration 9, the support is very low for these
regions. Therefore, as the human operator is still passive, the velocity drops during the
second region (i.e., σ < 1). Subsequently, the operator gets involved by pushing the robot
(fϕ >> 0), resulting in keeping Ê close to zero. Consequently, σ remains at 1 almost all over
the third region. That leads to an even lower support level in iteration 10. Eventually, S for
the third region reaches its minimum value in iteration 11. The operator is then asked not
to participate in the motion to mimic the muscle fatigue phenomenon. At that point, as fϕ
constantly switches between 0 and negative values, σ switches between −1 and +1, and the
robot slowly carries the human arm to the fourth region. As a result, σ̄ gets a small value
for the third region in iteration 11, and thus S(ϕ) is increased for iteration 12. In practice, it
feels as if the robot has noticed that the operator cannot contribute to the motion anymore
and thus increases the support.
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4.3 Support-Adaptive Robot-Aided Movement Rehabilitation

Figure 4.48: Experiment 3 – Visual representation of the lower-limb rehabilitation robot and the
patient simulated in MATLAB Simscape.

Experiment 3 – Simulated Lower-Limb Rehabilitation

A lower-limb rehabilitation robot is simulated for this experiment using MATLAB Simscape
software, as depicted in Figure 4.48. A human model is designed to anthropomorphically
resemble a human, and limb weights are chosen according to [393]. Joint impedance control
is implemented on the hip joint with a stiffness of 300 Nm/rad and damping of 20 Nm/rad. A
Cartesian impedance controller is used for the robot with a diagonal stiffness matrix having
elements of 150 and 4000 N/m in the horizontal and vertical axes, respectively, as shown
in Figure 4.48. The damping matrix is adjusted to achieve critical damping [381]. The
test scenario was designed as follows: the human is in a horizontal configuration, and their
motion trajectory is intentionally slower (sinusoidal with a frequency of 0.6 Hz) than the robot
desired trajectory (sinusoidal with a frequency of 1 Hz). This motion discrepancy results
in an increase in E. Three scenarios with three sets of values for the velocity adaptation
thresholds are considered, as illustrated in Figure 4.49.

The results of this simulation experiment, as shown in Figure 4.48, demonstrate how the
desired trajectory adapts according to the error imposed by the human motion. Considering
Figure 4.49, when the adaptation threshold is set high (indicating high support), no velocity
modification is observed. On the other hand, when the threshold is set low (indicating high
permissiveness), the resulting motion aligns with the human’s desired trajectory.

Experiment 4 – Correlation of Support Level and Muscle Activity

In this set of experiments, the actual robot prototype used in the previous simulation is
employed. The system is torque-controlled and comprises three joints, including one passive
and two active joints, as depicted in Figure 4.51. An impedance control is implemented with
parameters similar to the simulation. To quantitatively assess the human participation level
in the motion, muscle activity of the rectus femoris is measured via EMG sensors during
hip flexion. The signals are post-processed by applying a bandpass filter (50 - 600 Hz, 4th
order Butterworth), rectifying the signal, applying a lowpass filter (2 Hz cutoff, 4th order
Butterworth), and normalizing to the peak value during the session.
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Figure 4.49: Experiment 3 – As the adaptation thresholds EP1 and EP2 decrease, the robot behavior
becomes more permissive.
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Figure 4.50: Experiment 4 – The involvement of the human in the motion can be validated by
observing the EMG signal of the rectus femoris muscle.
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4.3 Support-Adaptive Robot-Aided Movement Rehabilitation

Figure 4.51: Experiment 4 – Initial configuration (left) and final configuration (right) of the leg
during a half-cycle of the iterative motion.

Figure 4.50 illustrates the experiment procedure. Three experiments are conducted with
σP,max = σN,max = 1. The cascading-shaped map is configured such that EP1 = EN1

and EP2 = EN2 = EN3 = EN4. The initial values of the threshold EP2 are set to 23
for Experiment 3.a, 22 for Experiment 3.b, and 21 for Experiment 3.c. The support level
is constant throughout the path and is iteratively adjusted at each iteration according to
(4.109). The learning and forgetting factors are set to 0 and 0.1 for Experiment 3.a, 2 and
3 for Experiment 3.b, and 3 and 1 for Experiment 3.c, respectively.

As depicted in Figure 4.51, in Experiment 4.a, the value of E consistently remains well
below EP1, keeping the adaptation gain σ constantly at 1. However, in Experiment 4.b, σ
drops to zero, resulting in a stationary setpoint between times 5 s and 10 s. Nevertheless,
as soon as the rectus femoris is activated to initiate hip flexion, the desired motion resumes.
This correlation between human participation in the motion and the decrease in the support
level is more noticeable in Experiment 4.c.

4.3.6 Certified Lower-Limb Rehabilitation Therapy

The proposed Assist-As-Needed control (AAN) approach has been successfully certified for
clinical use and subsequently commercialized [360, 394] through the lower-limb rehabilita-
tion robot, VEMOTION, manufactured by Reactive Robotics GmbH in Munich, Germany.
This innovative support-adaptive rehabilitation system is currently being actively utilized
in clinical settings worldwide, with clinicians and physiotherapists offering highly positive
feedback [359].

The VEMOTION system (depicted in Figure 4.53) comprises a hospital bed with a har-
ness/seat support system and two torque-controlled arms designed to move the patient’s legs
in a stepping-like motion. The bed allows tilting, providing a maximum patient inclination
angle of 70 degrees. Each foot is strapped to a footplate, capable of passive sliding along the
y-axis and rotation about the z′-axis (Figure 4.53). The z′-axis, perpendicular to the x-y
plane, aligns with the patient’s sagittal plane but not the ankle. The end effectors attach
to the patient’s thighs and execute an arc trajectory in the sagittal plane around the hip
joint center, inducing a stepping-like motion in the patient’s legs. The system moves one
leg at a time, holding the other in full extension (stance phase). Clinicians can set therapy
parameters, including hip range of motion (ROM) and step frequency.
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4. Reactive Phase-Based Planning for Path-Centric Manipulation

Figure 4.52: Schematic representation of the VEMOTION system, featuring only one arm; the last
joint of the arm is passive to prevent closed-chain kinematic constraints.

The kinematic structure of the arms is illustrated in Figure 4.52. The last joint, being
passive, contributes to the motion control derivation through its position. The Assist-As-
Needed (AAN) policy is flexible, allowing therapists to enable or disable it during therapy
sessions. When inactive, the robot impedance control provides full support to the patient
throughout the motion cycle. The AAN policy encompasses an initial calibration stage, as
introduced in Experiment 2. During this stage, the patient is instructed to relax fully, and
the necessary data is collected from three complete left and right leg cycles. Subsequently,
the learned support is delivered to the patient through the phase speed adaptation policy
introduced in this section. In instances where the patient struggles to maintain motion
and the learned support proves insufficient, a time-based auto-support strategy is activated.
This strategy exponentially increases the assistance level to facilitate continuous motion.
Throughout the therapy session, the therapist retains control over the support level, with the
option to assign or adjust it directly through the robot’s intuitive interface; see Figure 4.53.
Several clinical studies have recently commenced to investigate the effectiveness of the

proposed support-adaptive (AAN) policy in the VEMOTION system. In a recent pilot
study [348], an improvement was observed in patients undergoing the AAN policy. However,
it was not entirely certain if the improvement was solely attributable to using the AAN
mode. In this dissertation, detailed in Section 5.3, a series of clinical studies are conducted
on both healthy subjects and ICU patients. The results, illustrated in Figure 5.20, clearly
demonstrate an increase in the subjects’ engagement when the support level is decreased,
as measured by two distinct metrics. For further insights into the clinical outcomes of the
CE-certified support-adaptive policy proposed here, please refer to Section 5.3.
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Figure 4.53: Various components of the lower-limb movement rehabilitation robot VEMOTION,
featuring the proposed innovative Assist-As-Needed policy.
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5 Energy: An Intrinsic Tool for Control,
Planning, and Monitoring

Irrespective of the abstraction level employed for modeling physical interactions, one constant
factor prevails: every interaction involves an exchange of energy. Energy serves as the
catalyst for the occurrence of all phenomena in our surroundings. This metric, devoid of
specific coordinates, enables the creation of a unified model for multi-domain systems.
The two key elements utilized in this dissertation for planning and controlling tactile ma-

nipulation, namely force, and motion, provide direct access to the energy domain. The
interaction wrench and twist can yield the transferred power, representing the rate of ex-
changed energy through the port connecting the robot to its surrounding physical world.
This interaction port repeatedly served as the starting point for constructing the control and
policy blocks within the dissertation, forming a network through which energy flow across
components can be monitored or estimated. A significant advantage of adopting such an
energy-based modeling approach is the ability to explore stability through passivity analy-
sis. Following this, an energy-based component, i.e., a virtual energy tank, can stabilize an
unstable control or policy block. In this context and through such a perspective, this disser-
tation introduced a more robust representation of energy tanks. Referred to as valve-based
energy tanks, they enable the regulation of energy flow through their connection ports. In
the initial stage of this chapter, these innovative energy tanks are employed to integrate
energy as an intrinsic tool, offering an additional degree of freedom to shape the physical
behavior of the robot.
The ability to control a system’s behavior always raises the question of defining the desired

behavior. When there is control over the energy flow within a system, the initial step involves
estimating the energy budget for that system. Similar to other estimation methods, this can
be achieved either by utilizing the system model and making predictions accordingly, by
observing an expert exhibiting optimal behavior and learning from it, or by initiating from a
random guess and refining the optimal budget through trial and error. In the second stage,
this chapter delves into these methods for reference energy assignment.
Throughout this dissertation, the primary goal has been to establish an architecture

wherein the control and policy blocks can be designed and positioned up to the interac-
tion port with the external world. However, what about the world beyond this port? In this
context, the universal metric—energy—can serve as a valuable tool to comprehend the events
occurring on the other side. The evolution of energy flow through the interaction port can
provide information that allows for (even partial) perception of the status or characteristics
of the entity with which the robot is interacting. In the concluding stage of this chapter,
this concept is applied within the realm of rehabilitation, ultimately resulting in a practical
patient monitoring approach suitable for clinical settings.
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5.1 Extended Virtual Energy Tanks for Energy-Aware Control

A virtual energy tank can ensure stability by supplying a limited amount of energy to a
potentially passivity-violating action. In this context, the concept of a valve is introduced
in Section 2.3, allowing the shaping of energy flow to/from the tank. This not only prevents
abrupt and undesirable behaviors associated with depleted tanks but also enables the inde-
pendent consideration of different tank conditions, such as lower and upper energy limits.
The objective here is to illustrate how this extension can address even more intricate energy-
based criteria. Specifically, the focus is on showcasing how valves can regulate the energy flow
in various parts of the system architecture, aligning it with task objectives. In other words,
this section demonstrates how a Valve-Based Virtual Energy Tank can be utilized not only
to ensure system passivity but also to achieve additional energy-aware control objectives.

5.1.1 Multi-Port Energy Tanks

Considering ST ∈ R≥0 as the tank energy and PT ∈ R as the potentially passivity-violating
power that the tank should provide, (2.93) represents the tank energy dynamics derived as

ṠT = −γTPT , (5.1)

where γT ∈ [0, 1] denotes the overall valve gain, addressing multiple energy-based conditions
by incorporating associated valve gains according to

γT =
∏
i∈ΓT

γi, ΓT = [low, up,diss, pi, p, . . .]. (5.2)
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5.1 Extended Virtual Energy Tanks for Energy-Aware Control

The valve conditions enumerated in (5.2) have two additional conditions compared to the
original formulation (2.92) in the initial derivation of tanks in Section 2.3. These two con-
ditions are associated with the tank’s power limits and are presented here for tanks with
multiple ports.

System stability can be compromised by the presence of multiple passivity-violating actions
with their respective powers. In such cases, one approach is to attach multiple tanks, each
for an associated port, enabling individual regulation of the powers. This methodology is
implemented in the unified force-impedance control (UFIC) framework, as demonstrated in
Section 3.1. An alternative approach involves attaching a single tank with one port for the
integration of all passivity-violating powers, allowing for the regulation of the overall energy
flow to the system; see Figure 5.1. This approach is employed in the extended UFIC, as
discussed in Section 3.2. To leverage the benefits of both approaches, a third method is
introduced here, involving the attachment of one tank to control the overall energy flow,
coupled with multiple ports to control each power independently. This is achieved using the
innovative concept of valves.

For a tank with multiple ports, each port i possesses its individual valve gain γT,i. In this
context, the tank gains associated with the lower and upper energy limits γlow,i and γup,i, as
well as the dissipation enforcing gain γdiss,i, remain the same as introduced in (2.94), (2.95)
and (2.96), respectively, in Section 2.3. Additionally, another valve gain can be derived for
each port’s individual power limits. This is particularly relevant when the actions associated
with each port exhibit different characteristics. For example, if a port is responsible for
a sensitive action where a substantial amount of exchanged power could be hazardous, a
conservative power limit can be defined for that specific port. Considering P up,i

T ∈ R≥0 and

P low,i
T ∈ R≤0 as the lower and upper power limits for the i-th port of the tank, the valve gain

associated with the individual power limits can be determined as

γpi,i =


P

upi
T
PT,i

if P
upi
T < PT,i,

P
lowi
T
PT,i

if PT,i < P lowi
T ,

1 else,

(5.3)

where PT,i ∈ R represents the power intended to be transferred through the i-th port of the
tank. By implementing the valve gain (5.3), the transferred power is always between the

designated power limits. Note that by setting P low,i
T = 0, the individual power limit valve,

as indicated in (5.3), exhibits the behavior of the dissipation enforcing valve γdiss defined in
(2.96) for the i-th port.

5.1.2 Energy Flow Regulation for Multi-Priority Control Actions

As explained earlier, the advantage of using a multi-port tank—as opposed to several con-
ventional uni-port tanks for each passivity-violating power—is to facilitate the supervision
and regulation of the overall energy flow. One scenario where this benefit is pertinent is
when there is a conservative limitation on the overall tank energy. In such cases, managing
the energy distribution to individual ports becomes crucial. With such limitations, the rate
of overall exchanged energy flow (i.e., the overall power) can be constrained. Considering
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Tank

Gain scheduler

System

Figure 5.1: A multi-port valve-based virtual energy tank whose port powers are shaped by control-
ling valve gains. Red color corresponds to a passivity-violating power (i.e., PT,i > 0),
and green color is associated with dissipative power (i.e., PT,i < 0).

P low
T ∈ R≤0 and P up

T ∈ R≥0 as the lower and upper overall power limits, respectively, for a
tank with nT ports, the valve gain for the i-th port can be derived according to one of the
following three methodologies.

Equality-Based Gain Scaling (EGS): If all the ports are considered equally for constraining
their respective exchanged powers, their valve gains become

γp,i =



Pup
T∑nT

i=1 PT,i
if P up

T <
∑nT

i=1 PT,i,

P low
T∑nT

i=1 PT,i
if
∑nT

i=1 PT,i < P low
T ,

1 else.

(5.4)

Weight-Based Gain Scaling (WGS): In contrast to the previous case, the gain value for
each port can be assigned based on the port priority. This is relevant when certain passivity-
violating actions play a more crucial role in achieving the task control objective. Considering
ξT,i ∈ R≥0 as the weight for the i-th port, the valve gain becomes

γp,i =



ξT,iP
up
T∑nT

i=1 ξT,iPT,i
if P up

T <
∑nT

i=1 PT,i,

ξT,iP
low
T∑nT

i=1 ξT,iPT,i
if
∑nT

i=1 PT,i < P low
T ,

1 else.

(5.5)

Sequential Gain Assignment (SGA): Instead of constraining all the port powers, as in the
previous two approaches, only the ports with lower priorities can be constrained according
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Figure 5.2: Valve gain scheduling order (from left to right) to avoid the over-conservativeness of a
virtual tank.

to

γp,i =


0 if P up

T <
∑

j∈Ξi PT,j + PT,i,

0 if
∑

j∈Ξi PT,j + PT,i < P low
T ,

1 else,

(5.6)

where

Ξi = {1 ≤ j ≤ nT |ξj ≥ ξi}. (5.7)

According to (5.6), power is permitted to be transferred through a port only if the overall
power limit would not be violated when the intended power is exchanged through the port
as well as the higher-priority ports.

Gain Scheduling Order

Each valve gain used in (5.2) can influence the exchanged power through the tank ports. If,
during the derivation of each valve condition, the effect of other valves is not considered,
this could lead to an over-conservative behavior of the tank. For example, limiting port
powers via (5.3) can already delimit the overall power exchange, obviating the need for the
associated gain derivation laws (5.4)–(5.6) and thus allowing γp to remain at 1. Therefore,
ordering the sequence of applying valve gain conditions (i.e., gain scheduling sequence) is
crucial. To address this, Figure 5.2 proposes a gain scheduling order that prevents the
over-conservativeness of the tank behavior.

5.1.3 Experiments

To demonstrate the effectiveness of the proposed valve gain scheduling policies in practice and
illustrate how they impact the physical behavior of a system, two experiments are designed
using a DLR LWR III robot equipped with a UFIC law (3.12). In the first experiment,
only the Cartesian impedance controller is used, i.e., the force controller is deactivated. In
the second experiment, both controllers are active. The control parameters are shown in
Table 5.1.
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Figure 5.3: Port-based model of a rigid-body robot equipped with the unified force-impedance con-
trol, utilizing a multi-port tank, and in contact with a passive environment.

fd,tz [N] KC [N/m, N.m/rad] Kf,p Kf,i [1/s] Kf,d [s]

Exp. 1 — diag([1000, 1500, 1500, 150, 150, 150]) — — —

Exp. 2 10 diag([1000, 1500, 0, 150, 150, 150]) I6 06×6 2.5I6

Table 5.1: Control parameters employed in the experiments – The Cartesian damping is continually
adjusted to achieve critical damping [381].

As demonstrated in Section 3.1, the stability of this system can be investigated by assigning
the storage function Si defined in (3.14) derived as

Si =
1

2
˙̃xTMC(q) ˙̃x+

1

2
x̃TKCx̃. (5.8)

where x̃ ∈ R6 represents the tracking error, and KC ,MC ∈ R6×6 denote the stiffness and
mass matrices in a 6-dimensional Cartesian space. As shown in (3.18), the following can be
seen for the time evolution of the storage function.

Ṡi ≤ ẋTf ext + ẋTff − ẋTd (ff + f ext). (5.9)

Considering a passive environment satisfying (3.21), the overall system is shown to remain
passive by augmenting two energy tanks for the powers ẋTff and −ẋTd (ff + f ext). In this
section, instead of using two individual tanks, a single multi-port tank is considered with
three ports for the following powers (see Figure 5.3).

PT,1 = ẋTff , (5.10)

PT,2 = ẋTd f ext, (5.11)

PT,3 = ẋTd ff . (5.12)

Obviously, in Experiment 1, as no force control is active, only the second port remains active.
Moreover, in Experiment 2, as force control space is reciprocal to the desired motion, PT,3
remains zero, and thus only the first and second ports are active. The tank parameters for
each experiment are shown in Table 5.2. As evident, the power lower limits are always set
to 0, indicating dissipation enforcing valves (2.96).

170



5.1 Extended Virtual Energy Tanks for Energy-Aware Control

P up,1
T P low,1

T P up,2
T P low,2

T P up
T P low

T ξT,1 ξT,2 Slow
T S∆

T Sup
T

Exp. 1 — — (5.14) 0 (5.14) 0 — — 90 0.5 120

Exp. 2 2 0 2 0 1 0 15 1 5 0.5 20

Table 5.2: Tank parameters used in the experiments – Since only one port is active in the first
experiment, the individual and overall power limits remain identical. Moreover, the
power upper limit is consistently modified according to (5.14).

Experiment 1: Limiting Power for Enhanced Behavior

In the first experiment, the force controller is deactivated, and only the Cartesian impedance
control is active to highlight the impact of setting a power limit on a single port of the tank.
To showcase a practical application of valve-based tanks, a common challenging scenario
is considered: the robot is tracking a desired trajectory, and its end-effector encounters an
environmental constraint, preventing it from following the trajectory. This results in an
accumulation of energy in the storage function Si as defined in (5.8). When the constraint
on the end-effector is suddenly removed, this accumulated energy may lead to a high accel-
eration, posing a potential risk to the robot and its environment. To mitigate this issue, an
upper limit for Si can be defined based on a maximum allowance of tracking error. Designat-
ing x̃max, ˙̃xmax ∈ R6

≥0 as the maximum allowed magnitudes of position and velocity errors,
respectively, the maximum limit for Si can be chosen as

Si,max =
1

2
x̃TmaxKCx̃max +

1

2
˙̃xTmaxMC(q) ˙̃xmax. (5.13)

Note that the energy limit Si,max ∈ R≥0 is not a constant value and can change due to
alterations in the robot mass matrix MC(q) caused by the changes in the configuration q.
However, due to the boundedness of the mass matrix and by selecting bounded KC , x̃max,
and ˙̃xmax, the energy limit Si,max is also bounded. To adhere to this energy limit, a power
upper limit can be defined as a smooth function of the energy level Si and the energy limit
variables Si,max and Si,∆ such that

P up
T =


P up†

T if Si ≤ Si,max − Si,∆,

1
2P

up†

T

(
1− cos

(
Si,max−Si

Si,∆
π
))

if Si,max − Si,∆ ≤ Si < Si,max,

0 else,

(5.14)

in which P up†

T ∈ R>0 is a randomly chosen maximum allowance for the power limit. Addi-
tionally, Si,∆ is a threshold below Si,max, from which the power flow starts to decrease and
is defined as

Si,∆ =
1

2
x̃T∆KCx̃∆ +

1

2
˙̃xT∆MC(q) ˙̃x∆. (5.15)

Here 0 < x̃∆ < x̃max and 0 < ˙̃x∆ < ˙̃xmax are the user-defined position and velocity
error thresholds, respectively. Setting (5.14) as the port’s power limit and applying (5.3) to
shape the valve gain γpi,2, the magnitude of the port’s controllable variable, i.e., the desired
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Figure 5.4: Experiment 1 – The robot encounters an obstruction with the environment and is sub-
sequently released.

velocity ẋd, and consequently the power flow PT,2 in (5.11) start to decrease as soon as the
accumulated energy has exceeded the threshold, i.e., when Si ≥ Si,max − Si,∆.

The experiment is structured for two scenarios, each with distinct values for x̃max and,
consequently, for the limit Si,max. Each experiment comprises three stages (see Figure 5.4). In
stage 1 , the robot tracks the trajectory in a contact-free mode. It encounters an obstruction
with the environment in stage 2 and is subsequently released in stage 3 .

As depicted in Figure 5.5, with a high absolute error limit x̃max = [0.05, 0.05, 0.05, 0, 0, 0]T

[m, rad], the system accumulates a significant amount of energy during stage 2 until the
tank power PT,2 is constrained by P up

T , leading to a reduction in γpi,2. Upon releasing the
robot in stage 3 , the accumulated energy results in a substantial jump in the actual motion
of the robot. However, as depicted in Figure 5.6, by opting for a more conservative value of
the maximum error magnitude x̃max = [0.005, 0.005, 0.005, 0, 0, 0]T [m, rad], the accumulated
energy is reduced, and the robot does not exhibit a jump in stage 3 .

Experiment 2: Valve-Based Tanks for Multi-Priority Control Actions

For this experiment, the UFIC framework is fully activated, incorporating both force and
impedance control laws. As previously explained, only the first two ports in Figure 5.3 with
the associated powers PT,1 and PT,2, defined in (5.10) and (5.12), respectively, are active,
as PT,3 is always zero. The experiment scenario is depicted in Figure 5.7. The robot is
moving a wagon that carries a weight. Simultaneously, it regulates the interaction force with
the operator’s hand in stage 1 . The operator elevates their hand during stage 2 , causing
the robot to move upward due to the force control effect1. Considering (5.10), this action
drains energy from the tank. At the same time, considering (5.11), the external force due
to the moving wagon, which opposes the desired velocity, also drains energy. Therefore,
at stage 2 , the tank energy decreases through two ports simultaneously. When the robot
reestablishes contact in stage 3 , the interaction force is again regulated, and the associated
power approaches zero. For the distribution of energy among the two ports, the three gain
scaling approaches introduced in this section are employed in three separate experiments.

1Please note that the force control shaping function (3.9) is deactivated in this experiment.
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Figure 5.5: Experiment 1 – The large limit x̃max = [0.05, 0.05, 0.05, 0, 0, 0]T [m, rad] leads to a
relatively substantial accumulation of energy in the system, resulting in a jump in ẋty
at 3○.

EGS approach: In the first scenario, the valve gain values are determined via (5.4). As
depicted in Figure 5.8, the gains are assigned equally when the power limit is violated during
stage 2 .

WGS approach: In the second scenario, the port priorities are assigned according to
Table 5.2. The valve gains are then continuously adjusted based on (5.5). The force control
action has a much higher priority than the impedance control one. Hence, the gains are
assigned such that the force controller can obtain a higher power from the tank compared
to the impedance control when the power flow approaches its limit, as shown in Figure 5.9.

SGA approach: The approach utilized for gain assignment here is based on (5.6). As
evident from Figure 5.10, during stage 2 , the force controller receives the entire power
from the tank. Since there is no remaining power for the impedance controller, the desired
velocity ẋ′

d reduces to 0. As a result, the wagon nearly stops, and the robot moves vertically
to regulate the force.
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<latexit sha1_base64="hvwvSkNLNCXLtdwb05IP5EHH/eQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoi1equ4MZlRfuANoTJdNIOnUnCzERaQn7FjQtF3Poj7vwbJ2kQtR4YOJxzL/fM8SJGpbKsT6O0srq2vlHerGxt7+zumfvVrgxjgUkHhywUfQ9JwmhAOooqRvqRIIh7jPS86XXm9x6IkDQM7tU8Ig5H44D6FCOlJdes3rkJPR1ypCaCJxzN0tQ1a1bdygGXiV2QGijQds2P4SjEMSeBwgxJObCtSDkJEopiRtLKMJYkQniKxmSgaYA4kU6SZ0/hsVZG0A+FfoGCufpzI0Fcyjn39GQWUv71MvE/bxAr/9JJaBDFigR4cciPGVQhzIqAIyoIVmyuCcKC6qwQT5BAWOm6KnkJVxnOv7+8TLpndfui3rht1FrNoo4yOARH4ATYoAla4Aa0QQdgMAOP4Bm8GKnxZLwab4vRklHsHIBfMN6/AJ9ilPA=</latexit>

Si,max

<latexit sha1_base64="geFqytjTUa+cP9Ew6f5ypWH7QRQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mktXorePFYsV/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+NmzSIWh8MPN6bYWaeF3GmtG1/WoW19Y3NreJ2aWd3b/+gfHjUVWEsCe2QkIey72FFORO0o5nmtB9JigOP0543u0n93gOVioWirecRdQM8EcxnBGsj3bdG7VG5YlftDGiVODmpQI7WqPwxHIckDqjQhGOlBo4daTfBUjPC6aI0jBWNMJnhCR0YKnBAlZtkpy7QmVHGyA+lKaFRpv6cSHCg1DzwTGeA9VT99VLxP28Qa//KTZiIYk0FWS7yY450iNK/0ZhJSjSfG4KJZOZWRKZYYqJNOqUshOsU9e+XV0n3oupcVmt3tUqzkcdRhBM4hXNwoAFNuIUWdIDABB7hGV4sbj1Zr9bbsrVg5TPH8AvW+xcaH43K</latexit>

PT

<latexit sha1_base64="KTjx3yTw32QCxpeK1zDsh0BPVR8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIWt0V3Lis0Be0MUymk3boZBLmIdTQL3HjQhG3foo7/8ZJGkStBwYO59zLPXOChFGpHOfTKq2srq1vlDcrW9s7u1V7b78rYy0w6eCYxaIfIEkY5aSjqGKknwiCooCRXjC9zvzePRGSxrytZgnxIjTmNKQYKSP5drXlt++GEVITEaU6mft2zak7OeAycQtSAwVavv0xHMVYR4QrzJCUA9dJlJcioShmZF4ZakkShKdoTAaGchQR6aV58Dk8NsoIhrEwjyuYqz83UhRJOYsCM5lFlH+9TPzPG2gVXnop5YlWhOPFoVAzqGKYtQBHVBCs2MwQhAU1WSGeIIGwMl1V8hKuMpx/f3mZdE/r7kX97Pas1mwUdZTBITgCJ8AFDdAEN6AFOgADDR7BM3ixHqwn69V6W4yWrGLnAPyC9f4FOUaTkw==</latexit>

P up
T

<latexit sha1_base64="x6TEoVzMldSPUhu7M1v+NbSFLkc=">AAACAXicbVDLSsNAFJ3UV62vqhvBTbAILqQkUq3uCm5cVrAPaEuYTCbt0MkkzNyIIcSNv+LGhSJu/Qt3/o2TtohaDwwczrn3zr3HjThTYFmfRmFhcWl5pbhaWlvf2Nwqb++0VRhLQlsk5KHsulhRzgRtAQNOu5GkOHA57bjjy9zv3FKpWChuIInoIMBDwXxGMGjJKe/1vRDSu8xJvWNw+gGGkQzSJMuccsWqWhOY88SekQqaoemUP/QoEgdUAOFYqZ5tRTBIsQRGOM1K/VjRCJMxHtKepgIHVA3SyQWZeagVz/RDqZ8Ac6L+7EhxoFQSuLoyX1H99XLxP68Xg38+SJmIYqCCTD/yY25CaOZxmB6TlABPNMFEMr2rSUZYYgI6tNIkhIscp98nz5P2SdU+q9aua5VGfRZHEe2jA3SEbFRHDXSFmqiFCLpHj+gZvRgPxpPxarxNSwvGrGcX/YLx/gXiOZft</latexit>

ẋd,ty

<latexit sha1_base64="u52qY5BWlXvNU93q51hr5WzAvBo=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBVUmkWt0V3LisYB/QhjCZTtqhkwczN2KIWfgrblwo4tbfcOffOEmDqPXAwOGce2fOHDfiTIJpfmoLi0vLK6uVter6xubWtr6z25VhLAjtkJCHou9iSTkLaAcYcNqPBMW+y2nPnV7mfu+WCsnC4AaSiNo+HgfMYwSDkhx9fzgKIb3LnBScoY9hIvw0yTJHr5l1s4AxT6yS1FCJtqN/qItI7NMACMdSDiwzAjvFAhjhNKsOY0kjTKZ4TAeKBtin0k6L/JlxpJSR4YVCnQCMQv25kWJfysR31WQeUf71cvE/bxCDd26nLIhioAGZPeTF3IDQyMswRkxQAjxRBBPBVFaDTLDABFRl1aKEixyn31+eJ92TunVWb1w3aq1mWUcFHaBDdIws1EQtdIXaqIMIukeP6Bm9aA/ak/aqvc1GF7RyZw/9gvb+Ba4Al0k=</latexit>

ẋty

<latexit sha1_base64="HOEXwO9QxLFhbmGGTWgj4d4gk5I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mktXorePFYqf2ANpTNdtMu3WzC7kYooT/BiwdFvPqLvPlv3KRB1Ppg4PHeDDPzvIgzpW370yqsrW9sbhW3Szu7e/sH5cOjrgpjSWiHhDyUfQ8rypmgHc00p/1IUhx4nPa82U3q9x6oVCwU93oeUTfAE8F8RrA2Urs9YqNyxa7aGdAqcXJSgRytUfljOA5JHFChCcdKDRw70m6CpWaE00VpGCsaYTLDEzowVOCAKjfJTl2gM6OMkR9KU0KjTP05keBAqXngmc4A66n666Xif94g1v6VmzARxZoKslzkxxzpEKV/ozGTlGg+NwQTycytiEyxxESbdEpZCNcp6t8vr5LuRdW5rNbuapVmI4+jCCdwCufgQAOacAst6ACBCTzCM7xY3HqyXq23ZWvBymeO4Res9y8+hY3i</latexit>

Si

<latexit sha1_base64="hvwvSkNLNCXLtdwb05IP5EHH/eQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoi1equ4MZlRfuANoTJdNIOnUnCzERaQn7FjQtF3Poj7vwbJ2kQtR4YOJxzL/fM8SJGpbKsT6O0srq2vlHerGxt7+zumfvVrgxjgUkHhywUfQ9JwmhAOooqRvqRIIh7jPS86XXm9x6IkDQM7tU8Ig5H44D6FCOlJdes3rkJPR1ypCaCJxzN0tQ1a1bdygGXiV2QGijQds2P4SjEMSeBwgxJObCtSDkJEopiRtLKMJYkQniKxmSgaYA4kU6SZ0/hsVZG0A+FfoGCufpzI0Fcyjn39GQWUv71MvE/bxAr/9JJaBDFigR4cciPGVQhzIqAIyoIVmyuCcKC6qwQT5BAWOm6KnkJVxnOv7+8TLpndfui3rht1FrNoo4yOARH4ATYoAla4Aa0QQdgMAOP4Bm8GKnxZLwab4vRklHsHIBfMN6/AJ9ilPA=</latexit>

Si,max

<latexit sha1_base64="geFqytjTUa+cP9Ew6f5ypWH7QRQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mktXorePFYsV/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+NmzSIWh8MPN6bYWaeF3GmtG1/WoW19Y3NreJ2aWd3b/+gfHjUVWEsCe2QkIey72FFORO0o5nmtB9JigOP0543u0n93gOVioWirecRdQM8EcxnBGsj3bdG7VG5YlftDGiVODmpQI7WqPwxHIckDqjQhGOlBo4daTfBUjPC6aI0jBWNMJnhCR0YKnBAlZtkpy7QmVHGyA+lKaFRpv6cSHCg1DzwTGeA9VT99VLxP28Qa//KTZiIYk0FWS7yY450iNK/0ZhJSjSfG4KJZOZWRKZYYqJNOqUshOsU9e+XV0n3oupcVmt3tUqzkcdRhBM4hXNwoAFNuIUWdIDABB7hGV4sbj1Zr9bbsrVg5TPH8AvW+xcaH43K</latexit>

PT

<latexit sha1_base64="KTjx3yTw32QCxpeK1zDsh0BPVR8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIWt0V3Lis0Be0MUymk3boZBLmIdTQL3HjQhG3foo7/8ZJGkStBwYO59zLPXOChFGpHOfTKq2srq1vlDcrW9s7u1V7b78rYy0w6eCYxaIfIEkY5aSjqGKknwiCooCRXjC9zvzePRGSxrytZgnxIjTmNKQYKSP5drXlt++GEVITEaU6mft2zak7OeAycQtSAwVavv0xHMVYR4QrzJCUA9dJlJcioShmZF4ZakkShKdoTAaGchQR6aV58Dk8NsoIhrEwjyuYqz83UhRJOYsCM5lFlH+9TPzPG2gVXnop5YlWhOPFoVAzqGKYtQBHVBCs2MwQhAU1WSGeIIGwMl1V8hKuMpx/f3mZdE/r7kX97Pas1mwUdZTBITgCJ8AFDdAEN6AFOgADDR7BM3ixHqwn69V6W4yWrGLnAPyC9f4FOUaTkw==</latexit>

P up
T

<latexit sha1_base64="x6TEoVzMldSPUhu7M1v+NbSFLkc=">AAACAXicbVDLSsNAFJ3UV62vqhvBTbAILqQkUq3uCm5cVrAPaEuYTCbt0MkkzNyIIcSNv+LGhSJu/Qt3/o2TtohaDwwczrn3zr3HjThTYFmfRmFhcWl5pbhaWlvf2Nwqb++0VRhLQlsk5KHsulhRzgRtAQNOu5GkOHA57bjjy9zv3FKpWChuIInoIMBDwXxGMGjJKe/1vRDSu8xJvWNw+gGGkQzSJMuccsWqWhOY88SekQqaoemUP/QoEgdUAOFYqZ5tRTBIsQRGOM1K/VjRCJMxHtKepgIHVA3SyQWZeagVz/RDqZ8Ac6L+7EhxoFQSuLoyX1H99XLxP68Xg38+SJmIYqCCTD/yY25CaOZxmB6TlABPNMFEMr2rSUZYYgI6tNIkhIscp98nz5P2SdU+q9aua5VGfRZHEe2jA3SEbFRHDXSFmqiFCLpHj+gZvRgPxpPxarxNSwvGrGcX/YLx/gXiOZft</latexit>

ẋd,ty

<latexit sha1_base64="u52qY5BWlXvNU93q51hr5WzAvBo=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBVUmkWt0V3LisYB/QhjCZTtqhkwczN2KIWfgrblwo4tbfcOffOEmDqPXAwOGce2fOHDfiTIJpfmoLi0vLK6uVter6xubWtr6z25VhLAjtkJCHou9iSTkLaAcYcNqPBMW+y2nPnV7mfu+WCsnC4AaSiNo+HgfMYwSDkhx9fzgKIb3LnBScoY9hIvw0yTJHr5l1s4AxT6yS1FCJtqN/qItI7NMACMdSDiwzAjvFAhjhNKsOY0kjTKZ4TAeKBtin0k6L/JlxpJSR4YVCnQCMQv25kWJfysR31WQeUf71cvE/bxCDd26nLIhioAGZPeTF3IDQyMswRkxQAjxRBBPBVFaDTLDABFRl1aKEixyn31+eJ92TunVWb1w3aq1mWUcFHaBDdIws1EQtdIXaqIMIukeP6Bm9aA/ak/aqvc1GF7RyZw/9gvb+Ba4Al0k=</latexit>

ẋty

<latexit sha1_base64="zQxr1dUjBA62f+HsYS8X1lwF8VE=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbRU0mkWr0VvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btIgan0w8Hhvhpl5XsSZ0rb9aRVWVtfWN4qbpa3tnd298v5BR4WxpNCmIQ9lzyMKOBPQ1kxz6EUSSOBx6HrTm9TvPoBULBR3ehaBG5CxYD6jRBupdTosV+yqnQEvEycnFZSjOSx/DEYhjQMQmnKiVN+xI+0mRGpGOcxLg1hBROiUjKFvqCABKDfJDp3jE6OMsB9KU0LjTP05kZBAqVngmc6A6In666Xif14/1v6VmzARxRoEXSzyY451iNOv8YhJoJrPDCFUMnMrphMiCdUmm1IWwnWKi++Xl0nnvOpcVmutWqVRz+MooiN0jM6Qg+qogW5RE7URRYAe0TN6se6tJ+vVelu0Fqx85hD9gvX+BYHIjNo=</latexit>0

<latexit sha1_base64="RjLZ0blM81xh3bqFVI8S5/is9ck=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVtXorePFYoV/QLiWbZtvQJLsmWaGU/gkvHhTx6t/x5r8xu11ErQ8GHu/NMDMviDnTxnU/ncLK6tr6RnGztLW9s7tX3j9o6yhRhLZIxCPVDbCmnEnaMsxw2o0VxSLgtBNMblK/80CVZpFsmmlMfYFHkoWMYGOlbn+EhcCD5qBccatuBrRMvJxUIEdjUP7oDyOSCCoN4VjrnufGxp9hZRjhdF7qJ5rGmEzwiPYslVhQ7c+ye+foxCpDFEbKljQoU39OzLDQeioC2ymwGeu/Xir+5/USE175MybjxFBJFovChCMTofR5NGSKEsOnlmCimL0VkTFWmBgbUSkL4TrFxffLy6R9VvUuq+d355V6LY+jCEdwDKfgQQ3qcAsNaAEBDo/wDC/OvfPkvDpvi9aCk88cwi8471/7lJAL</latexit>�T

1 2 3

Tank energy and 
threshold [J]

Tank power and 
threshold [W]

Tank valve 
gain [-]
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Figure 5.6: Experiment 1 – The more conservative error limit x̃max = [0.005, 0.005, 0.005, 0, 0, 0]T

[m, rad] prevents a significant accumulation of energy in the system. Consequently,
the robot does not experience a high acceleration when the environmental constraint is
released.

1 2 3

Figure 5.7: Experiment 2 – The robot is simultaneously moving the wagon and attempting to reg-
ulate a force perpendicular to the desired trajectory.
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<latexit sha1_base64="LBMx9RaXOXa/s1thq2VXBN9g6o4=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4kDIj1equ4MZlBfuAzlAyaaYNTTIhyQhl6G+4caGIW3/GnX9jZjqIWg9cOJxzL/feE0pGtXHdT6e0srq2vlHerGxt7+zuVfcPujpOFCYdHLNY9UOkCaOCdAw1jPSlIoiHjPTC6U3m9x6I0jQW92YmScDRWNCIYmSs5PtjxDkapvLMmw+rNbfu5oDLxCtIDRRoD6sf/ijGCSfCYIa0HniuNEGKlKGYkXnFTzSRCE/RmAwsFYgTHaT5zXN4YpURjGJlSxiYqz8nUsS1nvHQdnJkJvqvl4n/eYPERFdBSoVMDBF4sShKGDQxzAKAI6oINmxmCcKK2lshniCFsLExVfIQrjNcfL+8TLrnde+y3rhr1FrNIo4yOALH4BR4oAla4Ba0QQdgIMEjeAYvTuI8Oa/O26K15BQzh+AXnPcvzZaRpA==</latexit>�p,1
<latexit sha1_base64="i+O1GvBitsnbYxLQWbg4qNB2A4E=">AAAB83icbVDLSgMxFM34rPVVdekmWAQXUmZKtboruHFZwT6gM5RMmmlDk0xIMkIZ+htuXCji1p9x59+YmQ6i1gMXDufcy733hJJRbVz301lZXVvf2Cxtlbd3dvf2KweHXR0nCpMOjlms+iHShFFBOoYaRvpSEcRDRnrh9Cbzew9EaRqLezOTJOBoLGhEMTJW8v0x4hwNU3lenw8rVbfm5oDLxCtIFRRoDysf/ijGCSfCYIa0HniuNEGKlKGYkXnZTzSRCE/RmAwsFYgTHaT5zXN4apURjGJlSxiYqz8nUsS1nvHQdnJkJvqvl4n/eYPERFdBSoVMDBF4sShKGDQxzAKAI6oINmxmCcKK2lshniCFsLExlfMQrjNcfL+8TLr1mndZa9w1qq1mEUcJHIMTcAY80AQtcAvaoAMwkOARPIMXJ3GenFfnbdG64hQzR+AXnPcvzxuRpQ==</latexit>�p,2

<latexit sha1_base64="857NZWYqcg7qlInDTIVyxoehy3k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REWqu3ghePFfoFbSib7aZdutmE3Y1QQn+EFw+KePX3ePPfuEmDqPXBwOO9GWbmeRFnStv2p1VYW9/Y3Cpul3Z29/YPyodHXRXGktAOCXko+x5WlDNBO5ppTvuRpDjwOO15s9vU7z1QqVgo2noeUTfAE8F8RrA2Uq81StoXzmJUrthVOwNaJU5OKpCjNSp/DMchiQMqNOFYqYFjR9pNsNSMcLooDWNFI0xmeEIHhgocUOUm2bkLdGaUMfJDaUpolKk/JxIcKDUPPNMZYD1Vf71U/M8bxNq/dhMmolhTQZaL/JgjHaL0dzRmkhLN54ZgIpm5FZEplphok1ApC+EmRf375VXSvaw6V9Xafa3SbORxFOEETuEcHGhAE+6gBR0gMINHeIYXK7KerFfrbdlasPKZY/gF6/0LuOqPRw==</latexit>

PT,1
<latexit sha1_base64="rgLZm8FiSgkC9uhxLScRCGdYj2M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkVKu3ghePFfoFbSib7aZdutmE3Y1QQn+EFw+KePX3ePPfuEmDqPXBwOO9GWbmeRFnStv2p1VYW9/Y3Cpul3Z29/YPyodHXRXGktAOCXko+x5WlDNBO5ppTvuRpDjwOO15s9vU7z1QqVgo2noeUTfAE8F8RrA2Uq81StoXtcWoXLGrdga0SpycVCBHa1T+GI5DEgdUaMKxUgPHjrSbYKkZ4XRRGsaKRpjM8IQODBU4oMpNsnMX6MwoY+SH0pTQKFN/TiQ4UGoeeKYzwHqq/nqp+J83iLV/7SZMRLGmgiwX+TFHOkTp72jMJCWazw3BRDJzKyJTLDHRJqFSFsJNisvvl1dJt1Z1rqr1+3ql2cjjKMIJnMI5ONCAJtxBCzpAYAaP8AwvVmQ9Wa/W27K1YOUzx/AL1vsXum+PSA==</latexit>

PT,2
<latexit sha1_base64="KVL1rbRaa1ydBZZgLcTHXJ6O0vU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkWr0VvHis0LSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3KRB1Ppg4PHeDDPz/JgzpW370yqtrW9sbpW3Kzu7e/sH1cOjrooSSahLIh7Jvo8V5UxQVzPNaT+WFIc+pz1/dpv5vQcqFYtER89j6oV4IljACNZGctujtLMYVWt23c6BVolTkBoUaI+qH8NxRJKQCk04Vmrg2LH2Uiw1I5wuKsNE0RiTGZ7QgaECh1R5aX7sAp0ZZYyCSJoSGuXqz4kUh0rNQ990hlhP1V8vE//zBokOrr2UiTjRVJDloiDhSEco+xyNmaRE87khmEhmbkVkiiUm2uRTyUO4yXD5/fIq6V7Unat6475RazWLOMpwAqdwDg40oQV30AYXCDB4hGd4sYT1ZL1ab8vWklXMHMMvWO9f3oiO1g==</latexit>

PT

<latexit sha1_base64="7Bp+EwcuqAxKRFhLAyFFySOX4c0=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyiCymJVKu7ghuXFewD2hImk0k7dPJg5kYMIbjxV9y4UMStX+HOv3GSFvF1YOBwzr137j1OxJkE0/zQSnPzC4tL5eXKyura+oa+udWRYSwIbZOQh6LnYEk5C2gbGHDaiwTFvsNp15lc5H73hgrJwuAakogOfTwKmMcIBiXZ+s7ADSG9zezUPQJ74GMYCz9NsuzA1qtmzSxg/CXWjFTRDC1bf1ezSOzTAAjHUvYtM4JhigUwwmlWGcSSRphM8Ij2FQ2wT+UwLU7IjH2luIYXCvUCMAr1e0eKfSkT31GV+Y7yt5eL/3n9GLyzYcqCKAYakOlHXswNCI08D8NlghLgiSKYCKZ2NcgYC0xApVYpQjjPcfJ18l/SOa5Zp7X6Vb3abMziKKNdtIcOkYUaqIkuUQu1EUF36AE9oWftXnvUXrTXaWlJm/Vsox/Q3j4BTLiYHg==</latexit>

ẋ0
d,ty

<latexit sha1_base64="Awa0lvzcrKSfG6yMqzVfov/0ci0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovoQkoq1equ4MZlBfuANoTJdNIOnZmEmYkQQ/wVNy4UceuHuPNvTNIgaj0wcDjnXu6Z4waMKm1Zn0ZpaXllda28XtnY3NreMXf3esoPJSZd7DNfDlykCKOCdDXVjAwCSRB3Gem7s6vM798RqagvbnUUEJujiaAexUinkmNWPSf2TrQz4khPJY/vk+TIMWtW3coBF0mjIDVQoOOYH6Oxj0NOhMYMKTVsWIG2YyQ1xYwklVGoSIDwDE3IMKUCcaLsOA+fwMNUGUPPl+kTGubqz40YcaUi7qaTWUb118vE/7xhqL0LO6YiCDUReH7ICxnUPsyagGMqCdYsSgnCkqZZIZ4iibBO+6rkJVxmOPv+8iLpndYb5/XmTbPWbhV1lME+OADHoAFaoA2uQQd0AQYReATP4MV4MJ6MV+NtPloyip0q+AXj/QsrEpU4</latexit>

f 0
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Figure 5.8: Experiment 2 – Multi-priority actions using the EGS approach; the valve gains γp,1 and
γp,2 are adjusted equally.
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Figure 5.9: Experiment 2 – Multi-priority actions using the WGS approach; the valve gain γp,1
is always greater than or equal to γp,2 due to the higher priority of the power PT,1

compared to PT,2.
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Figure 5.10: Experiment 2 – Multi-priority actions using the SGA approach; the valve gain γp,2
reduces to zero to allow the first port to receive all the limited power.
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5.2 Energy-Based Reference Behavior in Tactile Manipulation

The allocation of energy for a control action can significantly influence the physical behav-
ior of the system. This phenomenon is underscored throughout various experiments in this
dissertation. Examples include the pendulum collision experiment discussed in Section 4.2,
the energy-based support adaptation in the context of rehabilitation in Section 4.3, and the
power constraint experiments detailed in Section 5.1. With control over the energy flow, a
natural and consequential inquiry emerges: what should be the designated energy budget for
each control action, and what rate of energy usage (i.e., power) is desired? In Section 5.1,
it is illustrated that valve-based virtual energy tanks empower the regulation of energy flow
based on specified energy and power limits. This section shifts its focus to the derivation
methods for these reference energy-based limits, encompassing model-based methodologies,
learning by demonstration approaches, as well as iterative learning methods.

5.2.1 Reference Energy

When employing an energy tank, determining the optimal amount of energy allocated for a
control action is crucial. From a stability standpoint, as long as the tank energy is limited,
the overall system remains passive. However, this energy is intended to be consumed for a
passivity-violating action, leading to a momentary divergence from the desired system state,
as elaborated in Section 2.3. Therefore, it is essential to ascertain the appropriate energy
provision from the tank. The influence of the tank energy level on the physical behavior of
the system is studied in Section 4.2, Experiment 3. It is demonstrated how a higher initial
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energy in the augmented tank can result in higher magnitudes of post-impact wrenches when
the robot collides with a pendulum. In contrast, when the initial energy of the tank is low,
the robot is not able to fully elevate the pendulum, due to its lower virtual momentum.

One approach to determining the optimal energy level for a tank is to demonstrate the
optimal behavior and subsequently learn the associated energy. In the literature, this method
is referred to as Learning by Demonstration (LbD). In Section 3.3, this method is employed to
determine the reference energy Sd ∈ R≥0 of the augmented tank for an impedance-controlled
robot in contact with the environment when using a Dynamic Movement Primitive. Another
approach is to estimate the reference energy, considering the nature of the passivity-violating
action and the model of the involved systems. Here, as an example of such model-based
reference energy estimation methods, the virtual tank designed for impedance control in the
UFIC framework presented in Section 3.1 is taken into account (Figure 5.11).

Model-Based Energy Budget Estimation for the Impedance Control Tank in UFIC

Considering (3.24) the potentially passivity-violating power corresponding to the impedance
controller in the unified force-impedance control frameowrk (UFIC) is PT,i = −ẋTd (ff+f ext),
where ẋd ∈ Rm is the desired twist and ff ,f ext ∈ Rm are the force control output and the
interaction wrenches, respectively, all in an m-dimensional Cartesian space. Assume that
the robot is in contact with the environment, and the desired motion is in such a way that
a friction wrench f fri,env ∈ Rm is generated opposite to the motion direction, according to

f fri,env = −dv,env ◦ ẋ− [dct,env11×mt , dcr,env11×mr ]
T︸ ︷︷ ︸

dc,env

◦ sgn(ẋ), (5.16)

where ẋ ∈ Rm is the twist vector and dv,env,dc,env ∈ Rm are the viscous and Coulomb friction
coefficient vectors of the interacting environment, respectively. The Coulomb friction can be
related to the environment surface normal vector fN ∈ Rm as[

dct,env
dcr,env

]
=

[
µtt,env µtr,env
µrt,env µrr,env

]
︸ ︷︷ ︸

µenv

[
∥f t,N∥
∥f r,N∥

]
, (5.17)

where f t,N ∈ Rmt and f r,N ∈ Rmr are the translational and rotational components2 of fN ,
and µenv ∈ R2×2 is the environment friction coefficient matrix.

Assuming accurate force control perpendicular to the surface, it can be inferred that
fN ≈ −fd. Moreover, by approximating ẋ ≈ ẋd, the estimated reference energy budget for
the impedance control tank during movements on a frictional surface is

Sd,i =

∫ T

0

(
|ẋd(ε)|Tdc,env(fd(ε)) + ẋTd (ε) (dv,env ◦ ẋd(ε))

)
dε, (5.18)

where T ∈ R≥0 is the task duration.

2mt +mr = m.
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f ext

Figure 5.11: A tank provides the required power −ẋT
d f ext to control motion on a frictional surface.

5.2.2 Reference Power

When allocating an energy budget for a control action, it is crucial to determine how this
energy should be used throughout the task. Without considering this aspect, the entire
energy might be consumed at the beginning of the task, leaving insufficient energy for later
stages when it is actually required. In Section 4.1, it is demonstrated how a valve-based
energy tank can address this issue by imposing power limits on the energy flow. These power
limits constrain the rate of exchanged energy. However, the significance of such constraints
may vary throughout the task. To address this, an approach can be to define the power limit
as a function of the task progress. This can be achieved using the concept of phase ϕ ∈ R
introduced in Chapter 4. Similar to the reference force and motion trajectories, the reference
power limit can also be defined as a function of phase, with ϕ = 0 and ϕ = 1 associated with
the beginning and the end of the task, respectively.
Among numerous phase-encoding approaches, here, the phase-based power profile, e.g.,

for the power upper limit P up
T in (5.3), can be derived as

∀ϕ ∈ Φi, P
up
T (ϕ) =


pi+pi−1

2 + pi−pi−1

2 sin(π ϕ−ϕi2ϕ∆
) if ϕ < ϕi + ϕ∆,

pi+pi−1

2 + pi−pi+1

2 sin(π ϕi+1−ϕ
2ϕ∆

) if ϕi+1 − ϕ∆ < ϕ,

pi else

(5.19)

Here, the phase value ϕ is divided into several segments Φi with the beginning and end phase
values of ϕi, ϕi+1, such that ϕi ≤ ϕ ≤ ϕi+1. The magnitude of the reference power at segment
Φi is denoted as pi ∈ R≥0. Additionally, at the borders of each segment, a smooth transition
threshold is defined with a unified length of ϕ∆ such that

∀i, 2ϕ∆ ≤ ϕi+1 − ϕi (5.20)

Figure 5.12 depicts the visual representation of the proposed phase-based power profile. By
assigning the value of pi at all segments, the reference power profile is constructed. To
determine these values, an iterative learning method is proposed in the following.

179



5. Energy: An Intrinsic Tool for Control, Planning, and Monitoring

<latexit sha1_base64="OSCPTPQYIiuhlyAMCINhxdKPTAY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRKpr11BFy4r9AVJKJPppB06mYSZG6GEfoYbF4q49Wvc+TdO2iBqPXDhcM693HtPkAiuwbY/rdLK6tr6RnmzsrW9s7tX3T/o6jhVlHVoLGLVD4hmgkvWAQ6C9RPFSBQI1gsmN7nfe2BK81i2YZowPyIjyUNOCRjJ9ZIxH3i3TAAZVGt23Z4DLxOnIDVUoDWofnjDmKYRk0AF0dp17AT8jCjgVLBZxUs1SwidkBFzDZUkYtrP5ifP8IlRhjiMlSkJeK7+nMhIpPU0CkxnRGCs/3q5+J/nphBe+RmXSQpM0sWiMBUYYpz/j4dcMQpiagihiptbMR0TRSiYlCrzEK5znH+/vEy6Z3Xnot64b9Sa7SKOMjpCx+gUOegSNdEdaqEOoihGj+gZvVhgPVmv1tuitWQVM4foF6z3L0pfkXY=</latexit>

��
<latexit sha1_base64="OSCPTPQYIiuhlyAMCINhxdKPTAY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRKpr11BFy4r9AVJKJPppB06mYSZG6GEfoYbF4q49Wvc+TdO2iBqPXDhcM693HtPkAiuwbY/rdLK6tr6RnmzsrW9s7tX3T/o6jhVlHVoLGLVD4hmgkvWAQ6C9RPFSBQI1gsmN7nfe2BK81i2YZowPyIjyUNOCRjJ9ZIxH3i3TAAZVGt23Z4DLxOnIDVUoDWofnjDmKYRk0AF0dp17AT8jCjgVLBZxUs1SwidkBFzDZUkYtrP5ifP8IlRhjiMlSkJeK7+nMhIpPU0CkxnRGCs/3q5+J/nphBe+RmXSQpM0sWiMBUYYpz/j4dcMQpiagihiptbMR0TRSiYlCrzEK5znH+/vEy6Z3Xnot64b9Sa7SKOMjpCx+gUOegSNdEdaqEOoihGj+gZvVhgPVmv1tuitWQVM4foF6z3L0pfkXY=</latexit>

��

<latexit sha1_base64="qgMKEmKs6DrgSqBAVNUJzclxQOE=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiTic1dw47KCfUAbymQ6aYbOTIaZiVBCwS9w40IRt/6QO//GJC2i1gMXDufcy733BIozY1330yktLa+srpXXKxubW9s71d29tokTTWiLxDzW3QAbypmkLcssp12lKRYBp51gfJ37nXuqDYvlnZ0o6gs8kixkBNtc6quIDao1t+4WQIvEm5MazNEcVD/6w5gkgkpLODam57nK+inWlhFOp5V+YqjCZIxHtJdRiQU1flrcOkVHmTJEYayzkhYV6s+JFAtjJiLIOgW2kfnr5eJ/Xi+x4aWfMqkSSyWZLQoTjmyM8sfRkGlKLJ9kBBPNslsRibDGxGbxVIoQrnKcfb+8SNonde+8fnp7Wmu0H2ZxlOEADuEYPLiABtxAE1pAIIJHeIYXRzhPzqvzNmstOfMI9+EXnPcvWS6PDQ==</latexit>

�

<latexit sha1_base64="LgfIOvM6U3PA+Le+VG/5K+yIIjs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lK/boVvHisYLeFdinZNNvGZpMlyQplKfgTvHhQxKv/x5v/xuy2iFofDDzem2FmXhBzpo3rfjqFpeWV1bXiemljc2t7p7y752mZKEJbRHKpOgHWlDNBW4YZTjuxojgKOG0H46vMb99TpZkUt2YSUz/CQ8FCRrCxktdrjlif9csVt+rmQIukNicVmKPZL3/0BpIkERWGcKx1t+bGxk+xMoxwOi31Ek1jTMZ4SLuWChxR7af5tVN0ZJUBCqWyJQzK1Z8TKY60nkSB7YywGem/Xib+53UTE174KRNxYqggs0VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGVMpDuMxw+v3yIvFOqrWzav2mXml4D7M4inAAh3AMNTiHBlxDE1pA4A4e4RleHOk8Oa/O26y14Mwj3IdfcN6/AKTMj8k=</latexit>

�i
<latexit sha1_base64="HZmH2sm4wNS6NKRAKh0H/GeBPes=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAEIexKfN0CXjxGMA9MljA7mU2GzM4sM7NCWAJ+hBcPinj1b7z5N85ugqixoKGo6qa7K4g508Z1P52FxaXlldXCWnF9Y3Nru7Sz29QyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRleZ37qnSjMpbs04pn6EB4KFjGBjpbtufch6KTv2Jr1S2a24OdA88WakDDPUe6WPbl+SJKLCEI617nhubPwUK8MIp5NiN9E0xmSEB7RjqcAR1X6aXzxBh1bpo1AqW8KgXP05keJI63EU2M4Im6H+62Xif14nMeGFnzIRJ4YKMl0UJhwZibL3UZ8pSgwfW4KJYvZWRIZYYWJsSMU8hMsMp98vz5PmScU7q1RvquVa82EaRwH24QCOwINzqME11KEBBAQ8wjO8ONp5cl6dt2nrgjOLcA9+wXn/AkcrkUU=</latexit>

�i+1

<latexit sha1_base64="LarJhVa8kxkCApW+meYbSvwv+UE=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBAEIexKfN0CXjxGMA9MljA7mU2GzMwuM7NCWAJ+hBcPinj1b7z5N85ugqixoKGo6qa7K4g508Z1P52FxaXlldXCWnF9Y3Nru7Sz29RRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1lfuueKs0ieWvGMfUFHkgWMoKNle668ZD1UnbsTXqlsltxc6B54s1IGWao90of3X5EEkGlIRxr3fHc2PgpVoYRTifFbqJpjMkID2jHUokF1X6aXzxBh1bpozBStqRBufpzIsVC67EIbKfAZqj/epn4n9dJTHjhp0zGiaGSTBeFCUcmQtn7qM8UJYaPLcFEMXsrIkOsMDE2pGIewmWG0++X50nzpOKdVao31XKt+TCNowD7cABH4ME51OAa6tAAAhIe4RleHO08Oa/O27R1wZlFuAe/4Lx/AXirkWU=</latexit>

�i+1
<latexit sha1_base64="ZUQD9fkmtNm3klMnKDbpwIDWXAc=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKfN0CXjxGMA9IljA7mU2GzM6OM7NCWAJ+gxcPinj1d7z5N85ugqixoKGo6qa7K5CcaeO6n05haXllda24XtrY3NreKe/utXScKEKbJOax6gRYU84EbRpmOO1IRXEUcNoOxleZ376nSrNY3JqJpH6Eh4KFjGBjpU5Pjlg/ZdN+ueJW3RxokXhzUoE5Gv3yR28QkySiwhCOte56rjR+ipVhhNNpqZdoKjEZ4yHtWipwRLWf5vdO0ZFVBiiMlS1hUK7+nEhxpPUkCmxnhM1I//Uy8T+vm5jwwk+ZkImhgswWhQlHJkbZ82jAFCWGTyzBRDF7KyIjrDAxNqJSHsJlhtPvlxdJ66TqnVVrN7VKvfUwi6MIB3AIx+DBOdThGhrQBAIcHuEZXpw758l5dd5mrQVnHuE+/ILz/gWc/5D1</latexit>

�i

<latexit sha1_base64="lGl6/SHXUEUH7tpHk1F01QoaV2A=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMgCGFX4usW8OIxgnlAsoTZyWwyZHZ2mJkVwhLwF7x4UMSr3+PNv3F2E0SNBQ1FVTfdXYHkTBvX/XQKS8srq2vF9dLG5tb2Tnl3r6XjRBHaJDGPVSfAmnImaNMww2lHKoqjgNN2ML7O/PY9VZrF4s5MJPUjPBQsZAQbK7VlP2Un3rRfrrhVNwdaJN6cVGCORr/80RvEJImoMIRjrbueK42fYmUY4XRa6iWaSkzGeEi7lgocUe2n+blTdGSVAQpjZUsYlKs/J1IcaT2JAtsZYTPSf71M/M/rJia89FMmZGKoILNFYcKRiVH2OxowRYnhE0swUczeisgIK0yMTaiUh3CV4ez75UXSOq1659Xaba1Sbz3M4ijCARzCMXhwAXW4gQY0gcAYHuEZXhzpPDmvztusteDMI9yHX3DevwA4GZAa</latexit>pi+1

<latexit sha1_base64="B2UawZ4DiaGSYw5R2ZxlPCIRAkM=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIn7eCF48VTFtoQ9lsN+3SzSbsboQSCv4DLx4U8eoP8ua/cZMWUeuDgcd7M8zMCxLBtXGcT1RaWl5ZXSuvVzY2t7Z3qrt7LR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Dr32/dMaR7LOzNJmB+RoeQhp8RYyUv6GZ/2qzWn7hTAi8SdkxrM0exXP3qDmKYRk4YKonXXdRLjZ0QZTgWbVnqpZgmhYzJkXUsliZj2s+LYKT6yygCHsbIlDS7UnxMZibSeRIHtjIgZ6b9eLv7ndVMTXvoZl0lqmKSzRWEqsIlx/jkecMWoERNLCFXc3orpiChCjc2nUoRwlePs++VF0jqpu+f109vTWqP1MIujDAdwCMfgwgU04Aaa4AEFDo/wDC9Ioif0it5mrSU0j3AffgG9fwFe04+q</latexit>pi
<latexit sha1_base64="XK7QuatQLHqB1fvNwbxbmB2VaBA=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBItQN2Uq9bUruHFZoS/ojEMmzbShSWZIMkIZCv0VNy4Ucet3uPNvzEyLqPXAhcM595KTE8SMKu04n9bS8srq2npho7i5tb2za+/tt1WUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJRjeZ33kgUtFINPU4Jh5HA0FDipE2km8fNvzmvcuRHkqeJvGk7MZDeurbJafi5ICLpDonJTBHw7c/3H6EE06Exgwp1as6sfZSJDXFjEyKbqJIjPAIDUjPUIE4UV6ax5/AE6P0YRhJM0LDXP15kSKu1JgHZjMLqv56mfif10t0eOWlVMSJJgLPHgoTBnUEsy5gn0qCNRsbgrCkJivEQyQR1qaxYl7CdYbz7y8vkvZZpXpRqd3VSvX2dFZHARyBY1AGVXAJ6uAWNEALYJCCR/AMXqyp9WS9Wm+z1SVrXuEB+AXr/Qtd+JZc</latexit>

P up
T (�)

<latexit sha1_base64="a1APO4/QA0BRzIton7WsX7bWgpE=">AAAB6HicbVDLSsNAFL2pr1pfVZdugkVwVRKpr13BjcsW7APaIJPpTTt2MgkzE6GEgns3LhRx6ye582+cpEXUemDgcM4Z7r3HjzlT2nE+rcLS8srqWnG9tLG5tb1T3t1rqyiRFFs04pHs+kQhZwJbmmmO3VgiCX2OHX98lfmde5SKReJGT2L0QjIULGCUaCM1G7flilN1ctiLxJ2TCsxh8h/9QUSTEIWmnCjVc51YeymRmlGO01I/URgTOiZD7BkqSIjKS/NFp/aRUQZ2EEnzhLZz9eePlIRKTULfJEOiR+qvl4n/eb1EBxdeykScaBR0NihIuK0jO7vaHjCJVPOJIYRKZna16YhIQrXpppSXcJnh9PvkRdI+qbpn1VqzVqm3H2Z1FOEADuEYXDiHOlxDA1pAAeERnuHFurOerFfrbRYtWPMK9+EXrPcv7z+Nog==</latexit>

P

Figure 5.12: Phase-based reference profile for the power upper limit.

5.2.3 Iterative Learning of Power Trajectory

When devising a phase-encoding method for the reference power, the challenge lies in deter-
mining the associated parameters. As discussed earlier, one approach involves the Learning
by Demonstration method, where the power trajectory needed for optimal task execution is
recorded and learned through methods like function fitting. However, this approach has a
drawback: if task conditions change in subsequent iterations, the initially learned reference
profile may no longer be suitable. This issue becomes particularly pronounced in tasks in-
volving physical interaction with the environment, where replicating exact signals may be
challenging, especially with even slight changes in the environment. Therefore, an Iterative
Learning method is proposed here, allowing for the adaptation of the power profile (5.19)
over iterations, ensuring the reference profile remains suitable even with changing conditions.
Like any adaptive method, a metric needs to be defined to guide the adaptation. In

this case, the metric is rooted in the fundamental principle of the involved tanks, i.e., the
valve gains. As shown in (5.3), γp = 1 corresponds to a scenario where the demanded
passivity-violating power is within acceptable limits. This observation may suggest well-
tuned limits. Conversely, it could also imply that the limits are set too loosely. Since this
power is utilized for a passivity-violating control action, setting the limits too loosely is not
ideal. Consequently, the logic is structured such that when γp is 1 in one iteration, the limits
become more conservative in the next iteration. Conversely, if γp is less than 1 in an iteration,
the power limits are set loosely for the next iteration. This logic ensures that the reference
power limit prevents an excessive amount of passivity-violating power while avoiding overly
restrictive constraints. The adaptation policy, as a function of phase, allows the power value
for each segment to be independently adjusted in (5.19). Specifically, considering pi,j as the
power value for segment Φi in iteration j, its value for iteration j + 1 is determined as:

pi,j+1 = pi,j − κl + γ̄p,i,j(κl + κf ). (5.21)

Here, γ̄p,i,j ∈ [0, 1] represents the average value of the valve gain γp at segment Φi for iteration
j. The parameters κl, κf ∈ R≥0 are user-defined learning and forgetting factors, respectively,
typically with κl >> κf .

5.2.4 Experiments

To showcase the impact of reference energy-based behaviors on the physical performance of a
system and demonstrate how these behaviors can be learned to enhance overall performance,
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Figure 5.13: Experiment scenarios – Setup a○ is utilized for all experiments, while setup b○ is
employed exclusively in the final experiment.
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Phase [-]

Figure 5.14: Experiment 1 – The tank power limit P up
T is set generously to ensure the tank valve gain

γ1 is always at 1. Phase values 0 and 1 are associated with the start point (xd,tx = 0
[m]), and end point (xd,tx = 0.63 [m]), respectively.
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a series of experiments have been conducted. A Franka Emika robot equipped with a unified
force-impedance control (3.25) is employed, featuring its two energy tanks. The robot is
commanded to move horizontally along a 0.63 m path at a constant speed of 0.03 cm/s while
simultaneously applying a 10 N vertical force to the surface, as depicted in Figure 5.13. The
control law utilizes a diagonal stiffness matrix with elements {1000, 1000, 35, 100, 100, 100}
[N/m, Nm/rad], and the damping matrix is shaped for critical damping [381]. Force control
gains are set to zero for all directions except for the desired force direction (i.e., y-direction
in Figure 5.13), where proportional, integrator and derivative gains are set to 0.2, 1, and 0,
respectively. The surface for interaction features three different slopes, and the end-effector
is a 3D-printed (PLA) cylindrical object with a small, low-friction surface. The primary
focus of the experiments lies in exploring the force control energy tank and assessing how its
reference power limit can influence physical interaction behavior.

Experiment 1: Baseline Scenario

The first experiment illustrates the system behavior when employing a loose reference power
limit. Considering Figure 5.14, when the robot encounters the downhill slope, due to the
comparatively lower stiffness in the z-direction, force control takes precedence over impedance
control, causing the robot to move downward. This action corresponds to a positive power
PT = ẋTff , where ẋ,ff ∈ R6 denote the end-effector twist and the force control output,
respectively. This positive power is drawn from the energy tank, leading to a decrease in
tank energy ST ∈ R≥0 as ṠT = −PT . Conversely, as the robot ascends the uphill slope, the
power PT becomes negative, resulting in the replenishment of the energy tank. Throughout
this experiment, no tank limit is violated, and as a consequence, the valve gain γT remains
consistently at 1.

Experiment 2: Power Constraints for Increased Robustness to Disturbances

In the second experiment, the entire surface is lowered by 0.12 m before commencing the
task. Consequently, the robot does not make contact with the surface from the outset. Due
to the force control dominance over impedance control in the z-direction, force control moves
the robot downward until it makes contact with the surface again. This behavior results in
a positive power PT , significantly larger than in the previous experiment due to the faster
robot speed in the absence of contact. Two scenarios are considered with distinct power
limits: one loose, as in the previous experiment, and the other conservative. Examining
Figure 5.15, in scenario 1 , the impact force rapidly increases up to 70 N, which could be
perceived as a hazardous behavior. This behavior is mitigated in scenario 2 , thanks to the
conservative power limit of 0.175 W. As a result, the impact force increases only up to 20 N.
The interaction force is later regulated in both scenarios. However, this experiment vividly
demonstrates that by adjusting only the reference power limit, the physical behavior of the
robot can undergo drastic changes.

Experiment 3: Phase-Based Reference Power Profile

In this experiment, instead of setting a constant value for the reference power, the phase-
based trajectory encoding method (5.19) is employed with three phase segments. The power
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amplitudes are configured as p1 = 0.1 W for the even surface, p2 = 0.42 W for the down-
hill slope, and p3 = 0.1 W for the uphill slope. The threshold length ϕ∆ is set to 0.002.
Figure 5.16 illustrates the experiment results for scenario 1 , where a constant power limit
of PT = 0.175 W is used, and scenario 2 , where the proposed three-segment power limit
is employed. As evident from the results, while the force regulation quality is similar for
the even surface, the performance on the uphill and downhill slopes is significantly improved
in scenario 2 . This emphasizes that appropriately designing a reference profile enhances
system performance.

Experiment 4: Iterative Learning of Reference Power

This experiment investigates the effectiveness of the iterative learning method (5.21). Here,
four phase segments with equal lengths are considered. The learning and forgetting factors
are set to κl = 0.1 and κf = 0.01, respectively. Ten iterations are conducted, and the results
are depicted in Figure 5.17. It can be observed that by the 10th iteration, the valve gain
γT approaches 1. This indicates that initially, the power limits are too conservative, and
over iterations, thanks to the learning factor, they adapted to provide enough power for the
force regulation task. The force error is thus much smaller at iteration 10 compared to the
first iteration. To assess the impact of an increased number of phase segments, the same
experiment is repeated, this time with forty phase segments. As shown in Figure 5.17, the
overall behavior is improved. Specifically, for the 10th iteration with four segments, the force
standard deviation and overall energy consumption are 2.5 N and 1.8 J, respectively. These
values improve to 2.1 N and 1.3 J when 40 segments are considered. The primary reason
for this improvement is that a higher number of segments allows for better adaptation to
characteristic differences along the path.

Experiment 5: Power Trajectory Adaptation in Changing Environments

In the final experiment, conducted to verify the robustness of the approach to changes in
task conditions, the setup is suddenly altered after the learned reference trajectory in the
previous experiment, as illustrated in Figure 5.13. The learning process remains active. Fig-
ure 5.18 demonstrates how the reference power profile is re-adapted after such a substantial
disturbance, once again improving the force control performance. In fact, during the first
iteration, the robot accelerates after ϕ = 0.33, resulting in an impact force with a magnitude
of 40 N. This does not happen when the trajectory is adapted to the environment after ten
iterations.
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fext,tz
<latexit sha1_base64="OLNzC7nMhTSTTQ+Q00doP1ZzSrY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQksi1equ4MZlBfuANoTJZNIOnUnCzESIIf6KGxeKuPVD3Pk3JmkQtR4YOJxzL/fMcUJGpTKMT62ytLyyulZdr21sbm3v6Lt7fRlEApMeDlgghg6ShFGf9BRVjAxDQRB3GBk4s6vcH9wRIWng36o4JBZHE596FCOVSbZeP/HsxD1W9pgjNRU8uU9TW28YTaMAXCRmSRqgRNfWP8ZugCNOfIUZknJkGqGyEiQUxYyktXEkSYjwDE3IKKM+4kRaSRE+hYeZ4kIvENnzFSzUnxsJ4lLG3Mkm84jyr5eL/3mjSHkXVkL9MFLEx/NDXsSgCmDeBHSpIFixOCMIC5plhXiKBMIq66tWlHCZ4+z7y4ukf9o0z5utm1aj0y7rqIJ9cACOgAnaoAOuQRf0AAYxeATP4EV70J60V+1tPlrRyp06+AXt/Qsst5U8</latexit>

�fd,tz

<latexit sha1_base64="geFqytjTUa+cP9Ew6f5ypWH7QRQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mktXorePFYsV/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+NmzSIWh8MPN6bYWaeF3GmtG1/WoW19Y3NreJ2aWd3b/+gfHjUVWEsCe2QkIey72FFORO0o5nmtB9JigOP0543u0n93gOVioWirecRdQM8EcxnBGsj3bdG7VG5YlftDGiVODmpQI7WqPwxHIckDqjQhGOlBo4daTfBUjPC6aI0jBWNMJnhCR0YKnBAlZtkpy7QmVHGyA+lKaFRpv6cSHCg1DzwTGeA9VT99VLxP28Qa//KTZiIYk0FWS7yY450iNK/0ZhJSjSfG4KJZOZWRKZYYqJNOqUshOsU9e+XV0n3oupcVmt3tUqzkcdRhBM4hXNwoAFNuIUWdIDABB7hGV4sbj1Zr9bbsrVg5TPH8AvW+xcaH43K</latexit>

PT

<latexit sha1_base64="KTjx3yTw32QCxpeK1zDsh0BPVR8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIWt0V3Lis0Be0MUymk3boZBLmIdTQL3HjQhG3foo7/8ZJGkStBwYO59zLPXOChFGpHOfTKq2srq1vlDcrW9s7u1V7b78rYy0w6eCYxaIfIEkY5aSjqGKknwiCooCRXjC9zvzePRGSxrytZgnxIjTmNKQYKSP5drXlt++GEVITEaU6mft2zak7OeAycQtSAwVavv0xHMVYR4QrzJCUA9dJlJcioShmZF4ZakkShKdoTAaGchQR6aV58Dk8NsoIhrEwjyuYqz83UhRJOYsCM5lFlH+9TPzPG2gVXnop5YlWhOPFoVAzqGKYtQBHVBCs2MwQhAU1WSGeIIGwMl1V8hKuMpx/f3mZdE/r7kX97Pas1mwUdZTBITgCJ8AFDdAEN6AFOgADDR7BM3ixHqwn69V6W4yWrGLnAPyC9f4FOUaTkw==</latexit>

P up
T

<latexit sha1_base64="VtQ5gPVB3qsReYinIdG9fIzm+b8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfvRW8OKximkLbSib7aZdutmE3Y1QQv+BFw+KePUfefPfuEmDqPXBwOO9GWbm+TFnStv2p1VaWV1b3yhvVra2d3b3qvsHHRUlklCXRDySPR8rypmgrmaa014sKQ59Trv+9Drzuw9UKhaJez2LqRfisWABI1gb6c6xh9WaXbdzoGXiFKQGBdrD6sdgFJEkpEITjpXqO3asvRRLzQin88ogUTTGZIrHtG+owCFVXppfOkcnRhmhIJKmhEa5+nMixaFSs9A3nSHWE/XXy8T/vH6igysvZSJONBVksShIONIRyt5GIyYp0XxmCCaSmVsRmWCJiTbhVPIQmhnOv19eJp2zunNRb9w2aq1mEUcZjuAYTsGBS2jBDbTBBQIBPMIzvFhT68l6td4WrSWrmDmEX7DevwD/X40g</latexit>

10

<latexit sha1_base64="+lxKV5QznftT21hj9rMHbixDR18=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0mkVXsrePHYgv2ANpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3KRB1Ppg4PHeDDPzvIgzpW370yqsrW9sbhW3Szu7e/sH5cOjrgpjSaFDQx7KvkcUcCago5nm0I8kkMDj0PNmN6nfewCpWCju9DwCNyATwXxGiTZSuz4qV+yqnQGvEicnFZSjNSp/DMchjQMQmnKi1MCxI+0mRGpGOSxKw1hBROiMTGBgqCABKDfJDl3gM6OMsR9KU0LjTP05kZBAqXngmc6A6Kn666Xif94g1v61mzARxRoEXS7yY451iNOv8ZhJoJrPDSFUMnMrplMiCdUmm1IWQiNF/fvlVdK9qDqX1Vq7Vmk28jiK6ASdonPkoCvURLeohTqIIkCP6Bm9WPfWk/VqvS1bC1Y+c4x+wXr/ApeajOo=</latexit>

5

<latexit sha1_base64="KR6/qBZymf3q6ns5lE1sVaEH9lM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfOQW8OIxARMDyRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOLsJosaChqKqm+4uLxZcadv+tAorq2vrG8XN0tb2zu5eef+go6JEMmyzSESy61GFgofY1lwL7MYSaeAJvPMm15l/94BS8Si81dMY3YCOQu5zRrWRWvagXLGrdg6yTJwFqcACzUH5oz+MWBJgqJmgSvUcO9ZuSqXmTOCs1E8UxpRN6Ah7hoY0QOWm+aEzcmKUIfEjaSrUJFd/TqQ0UGoaeKYzoHqs/nqZ+J/XS7R/5aY8jBONIZsv8hNBdESyr8mQS2RaTA2hTHJzK2FjKinTJptSHkI9w/n3y8ukc1Z1Lqq1Vq3SqC/iKMIRHMMpOHAJDbiBJrSBAcIjPMOLdW89Wa/W27y1YC1mDuEXrPcvkAaM5Q==</latexit>

0

1 2

<latexit sha1_base64="b7zqWpDwGl2Rj83X82LFXnpRyWM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mktXorePFYoV/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bkzSIWh8MPN6bYWaeF3KmjW1/WoW19Y3NreJ2aWd3b/+gfHjU1UGkCO2QgAeq72FNOZO0Y5jhtB8qioXHac+b3aZ+74EqzQLZNvOQugJPJPMZwSaVWqP2+ahcsat2BrRKnJxUIEdrVP4YjgMSCSoN4VjrgWOHxo2xMoxwuigNI01DTGZ4QgcJlVhQ7cbZrQt0lihj5AcqKWlQpv6ciLHQei68pFNgM9V/vVT8zxtExr92YybDyFBJlov8iCMToPRxNGaKEsPnCcFEseRWRKZYYWKSeEpZCDcp6t8vr5LuZdW5qtbua5VmI4+jCCdwChfgQAOacAct6ACBKTzCM7xYwnqyXq23ZWvBymeO4Res9y97Jo37</latexit>

P 0
T

<latexit sha1_base64="RjLZ0blM81xh3bqFVI8S5/is9ck=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVtXorePFYoV/QLiWbZtvQJLsmWaGU/gkvHhTx6t/x5r8xu11ErQ8GHu/NMDMviDnTxnU/ncLK6tr6RnGztLW9s7tX3j9o6yhRhLZIxCPVDbCmnEnaMsxw2o0VxSLgtBNMblK/80CVZpFsmmlMfYFHkoWMYGOlbn+EhcCD5qBccatuBrRMvJxUIEdjUP7oDyOSCCoN4VjrnufGxp9hZRjhdF7qJ5rGmEzwiPYslVhQ7c+ye+foxCpDFEbKljQoU39OzLDQeioC2ymwGeu/Xir+5/USE175MybjxFBJFovChCMTofR5NGSKEsOnlmCimL0VkTFWmBgbUSkL4TrFxffLy6R9VvUuq+d355V6LY+jCEdwDKfgQQ3qcAsNaAEBDo/wDC/OvfPkvDpvi9aCk88cwi8471/7lJAL</latexit>�T

Desired and actual 
positions [m]

Desired and actual 
interaction forces [N]

Tank original and 
modified power, and 
power threshold [W]

Tank valve gain [-]

<latexit sha1_base64="c61wTPy/qf5PkU8U2nrAb9aI4GE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkvjZScOOygn1AGspkOmmHTh7M3BRL6J+4caGIW//EnX/jJA2i1gMXDufcO3Pv8WLBFVjWp1FaWl5ZXSuvVzY2t7Z3zN29tooSSVmLRiKSXY8oJnjIWsBBsG4sGQk8wTre+CbzOxMmFY/Ce5jGzA3IMOQ+pwS01DfNHrAHSJsj/QZ2TtxZ36xaNSsHXiR2QaqoQLNvfvQGEU0CFgIVRCnHtmJwUyKBU8FmlV6iWEzomAyZo2lIAqbcNN98ho+0MsB+JHWFgHP150RKAqWmgac7AwIj9dfLxP88JwH/0k15GCfAQjr/yE8EhghnMeABl4yCmGpCqOR6V0xHRBIKOqxKHsJVhrPvkxdJ+7Rmn9fqd/Vq47qIo4wO0CE6Rja6QA10i5qohSiaoEf0jF6M1HgyXo23eWvJKGb20S8Y719KKpOQ</latexit>

Phase [-]
<latexit sha1_base64="c61wTPy/qf5PkU8U2nrAb9aI4GE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkvjZScOOygn1AGspkOmmHTh7M3BRL6J+4caGIW//EnX/jJA2i1gMXDufcO3Pv8WLBFVjWp1FaWl5ZXSuvVzY2t7Z3zN29tooSSVmLRiKSXY8oJnjIWsBBsG4sGQk8wTre+CbzOxMmFY/Ce5jGzA3IMOQ+pwS01DfNHrAHSJsj/QZ2TtxZ36xaNSsHXiR2QaqoQLNvfvQGEU0CFgIVRCnHtmJwUyKBU8FmlV6iWEzomAyZo2lIAqbcNN98ho+0MsB+JHWFgHP150RKAqWmgac7AwIj9dfLxP88JwH/0k15GCfAQjr/yE8EhghnMeABl4yCmGpCqOR6V0xHRBIKOqxKHsJVhrPvkxdJ+7Rmn9fqd/Vq47qIo4wO0CE6Rja6QA10i5qohSiaoEf0jF6M1HgyXo23eWvJKGb20S8Y719KKpOQ</latexit>

Phase [-]

Figure 5.15: Experiment 2 – The more conservative power limit P up
T in scenario 2○ alters the power

flow PT to P ′
T through the valve gain γT according to (5.3).

30, 23, 25
<latexit sha1_base64="IBJfRsqb0ZU44aPfN+8KYHCh/Fg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVaZSre4KblxWsA9ohyGTZtrQJDMkmWId5k/cuFDErX/izr8xMx1ErQcCh3Pu5Z4cP2JUacf5tEorq2vrG+XNytb2zu6evX/QVWEsMengkIWy7yNFGBWko6lmpB9JgrjPSM+fXmd+b0akoqG40/OIuByNBQ0oRtpInm3fe4n2hhzpieTJQ5p6dtWpOTngMqkXpAoKtD37YzgKccyJ0JghpQZ1J9JugqSmmJG0MowViRCeojEZGCoQJ8pN8uQpPDHKCAahNE9omKs/NxLElZpz30xmEdVfLxP/8waxDi7dhIoo1kTgxaEgZlCHMKsBjqgkWLO5IQhLarJCPEESYW3KquQlXGU4//7yMume1eoXtcZto9pqFnWUwRE4BqegDpqgBW5AG3QABjPwCJ7Bi5VYT9ar9bYYLVnFziH4Bev9C620lHM=</latexit>xtz

<latexit sha1_base64="5H9B63nc8q2devmbjiq+MSnC5EY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoq1equ4MZlBfuANoTJZNIOnUzCzERaQ37FjQtF3Poj7vwbJ2kQtR4YOJxzL/fMcSNGpbKsT6O0srq2vlHerGxt7+zumfvVngxjgUkXhywUAxdJwignXUUVI4NIEBS4jPTd6XXm9++JkDTkd2oeETtAY059ipHSkmNWZ07inSpnFCA1EUHykKaOWbPqVg64TBoFqYECHcf8GHkhjgPCFWZIymHDipSdIKEoZiStjGJJIoSnaEyGmnIUEGknefYUHmvFg34o9OMK5urPjQQFUs4DV09mEeVfLxP/84ax8i/thPIoVoTjxSE/ZlCFMCsCelQQrNhcE4QF1VkhniCBsNJ1VfISrjKcf395mfTO6o2LevO2WWu3ijrK4BAcgRPQAC3QBjegA7oAgxl4BM/gxUiNJ+PVeFuMloxi5wD8gvH+BdyflRc=</latexit>xd,tz

<latexit sha1_base64="JqAc93UJk8UXtnHkAJ8cY+oWGA8=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwISWVanVXcOOygn1AG8JkOmmHziRh5kasISs3/oobF4q49Rvc+TcmaRS1Hhg4c8693HuPE3CmwDQ/tMLc/MLiUnG5tLK6tr6hb261lR9KQlvE577sOlhRzjzaAgacdgNJsXA47Tjj89TvXFOpmO9dwSSglsBDj7mMYEgkW9917agvMIykiOgNxIdgf31v49jWy2bFzGDMkmpOyihH09bf+wOfhIJ6QDhWqlc1A7AiLIERTuNSP1Q0wGSMh7SXUA8LqqwoOyM29hNlYLi+TJ4HRqb+7IiwUGoinKQyXVH99VLxP68XgntqRcwLQqAemQ5yQ26Ab6SZGAMmKQE+SQgmkiW7GmSEJSaQJFfKQjhLcfx98ixpH1WqJ5XaZa3cqOdxFNEO2kMHqIrqqIEuUBO1EEF36AE9oWftXnvUXrTXaWlBy3u20S9ob58IF5o9</latexit>

fext,tz
<latexit sha1_base64="OLNzC7nMhTSTTQ+Q00doP1ZzSrY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQksi1equ4MZlBfuANoTJZNIOnUnCzESIIf6KGxeKuPVD3Pk3JmkQtR4YOJxzL/fMcUJGpTKMT62ytLyyulZdr21sbm3v6Lt7fRlEApMeDlgghg6ShFGf9BRVjAxDQRB3GBk4s6vcH9wRIWng36o4JBZHE596FCOVSbZeP/HsxD1W9pgjNRU8uU9TW28YTaMAXCRmSRqgRNfWP8ZugCNOfIUZknJkGqGyEiQUxYyktXEkSYjwDE3IKKM+4kRaSRE+hYeZ4kIvENnzFSzUnxsJ4lLG3Mkm84jyr5eL/3mjSHkXVkL9MFLEx/NDXsSgCmDeBHSpIFixOCMIC5plhXiKBMIq66tWlHCZ4+z7y4ukf9o0z5utm1aj0y7rqIJ9cACOgAnaoAOuQRf0AAYxeATP4EV70J60V+1tPlrRyp06+AXt/Qsst5U8</latexit>

�fd,tz

<latexit sha1_base64="geFqytjTUa+cP9Ew6f5ypWH7QRQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mktXorePFYsV/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+NmzSIWh8MPN6bYWaeF3GmtG1/WoW19Y3NreJ2aWd3b/+gfHjUVWEsCe2QkIey72FFORO0o5nmtB9JigOP0543u0n93gOVioWirecRdQM8EcxnBGsj3bdG7VG5YlftDGiVODmpQI7WqPwxHIckDqjQhGOlBo4daTfBUjPC6aI0jBWNMJnhCR0YKnBAlZtkpy7QmVHGyA+lKaFRpv6cSHCg1DzwTGeA9VT99VLxP28Qa//KTZiIYk0FWS7yY450iNK/0ZhJSjSfG4KJZOZWRKZYYqJNOqUshOsU9e+XV0n3oupcVmt3tUqzkcdRhBM4hXNwoAFNuIUWdIDABB7hGV4sbj1Zr9bbsrVg5TPH8AvW+xcaH43K</latexit>

PT

<latexit sha1_base64="e4tYg7mR6ZtWtuwmHZ4OwcrwxMw=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkWr0VvHis0NZCGstms0mXbnbD7kYooT/DiwdFvPprvPlv3KRB1Ppg4PHeDDPz/IRRpW3706qsrK6tb1Q3a1vbO7t79f2DgRKpxKSPBRNy6CNFGOWkr6lmZJhIgmKfkTt/ep37dw9EKip4T88S4sUo4jSkGGkjud1x734UoCgiclxv2E27AFwmTkkaoER3XP8YBQKnMeEaM6SU69iJ9jIkNcWMzGujVJEE4SmKiGsoRzFRXlacPIcnRglgKKQprmGh/pzIUKzULPZNZ4z0RP31cvE/z011eOlllCepJhwvFoUpg1rA/H8YUEmwZjNDEJbU3ArxBEmEtUmpVoRwleP8++VlMjhrOhfN1m2r0WmXcVTBETgGp8ABbdABN6AL+gADAR7BM3ixtPVkvVpvi9aKVc4cgl+w3r8AFzORPg==</latexit>

P †
T

<latexit sha1_base64="KTjx3yTw32QCxpeK1zDsh0BPVR8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIWt0V3Lis0Be0MUymk3boZBLmIdTQL3HjQhG3foo7/8ZJGkStBwYO59zLPXOChFGpHOfTKq2srq1vlDcrW9s7u1V7b78rYy0w6eCYxaIfIEkY5aSjqGKknwiCooCRXjC9zvzePRGSxrytZgnxIjTmNKQYKSP5drXlt++GEVITEaU6mft2zak7OeAycQtSAwVavv0xHMVYR4QrzJCUA9dJlJcioShmZF4ZakkShKdoTAaGchQR6aV58Dk8NsoIhrEwjyuYqz83UhRJOYsCM5lFlH+9TPzPG2gVXnop5YlWhOPFoVAzqGKYtQBHVBCs2MwQhAU1WSGeIIGwMl1V8hKuMpx/f3mZdE/r7kX97Pas1mwUdZTBITgCJ8AFDdAEN6AFOgADDR7BM3ixHqwn69V6W4yWrGLnAPyC9f4FOUaTkw==</latexit>

P up
T

<latexit sha1_base64="VtQ5gPVB3qsReYinIdG9fIzm+b8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfvRW8OKximkLbSib7aZdutmE3Y1QQv+BFw+KePUfefPfuEmDqPXBwOO9GWbm+TFnStv2p1VaWV1b3yhvVra2d3b3qvsHHRUlklCXRDySPR8rypmgrmaa014sKQ59Trv+9Drzuw9UKhaJez2LqRfisWABI1gb6c6xh9WaXbdzoGXiFKQGBdrD6sdgFJEkpEITjpXqO3asvRRLzQin88ogUTTGZIrHtG+owCFVXppfOkcnRhmhIJKmhEa5+nMixaFSs9A3nSHWE/XXy8T/vH6igysvZSJONBVksShIONIRyt5GIyYp0XxmCCaSmVsRmWCJiTbhVPIQmhnOv19eJp2zunNRb9w2aq1mEUcZjuAYTsGBS2jBDbTBBQIBPMIzvFhT68l6td4WrSWrmDmEX7DevwD/X40g</latexit>

10

<latexit sha1_base64="+lxKV5QznftT21hj9rMHbixDR18=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0mkVXsrePHYgv2ANpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3KRB1Ppg4PHeDDPzvIgzpW370yqsrW9sbhW3Szu7e/sH5cOjrgpjSaFDQx7KvkcUcCago5nm0I8kkMDj0PNmN6nfewCpWCju9DwCNyATwXxGiTZSuz4qV+yqnQGvEicnFZSjNSp/DMchjQMQmnKi1MCxI+0mRGpGOSxKw1hBROiMTGBgqCABKDfJDl3gM6OMsR9KU0LjTP05kZBAqXngmc6A6Kn666Xif94g1v61mzARxRoEXS7yY451iNOv8ZhJoJrPDSFUMnMrplMiCdUmm1IWQiNF/fvlVdK9qDqX1Vq7Vmk28jiK6ASdonPkoCvURLeohTqIIkCP6Bm9WPfWk/VqvS1bC1Y+c4x+wXr/ApeajOo=</latexit>

5

<latexit sha1_base64="KR6/qBZymf3q6ns5lE1sVaEH9lM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfOQW8OIxARMDyRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOLsJosaChqKqm+4uLxZcadv+tAorq2vrG8XN0tb2zu5eef+go6JEMmyzSESy61GFgofY1lwL7MYSaeAJvPMm15l/94BS8Si81dMY3YCOQu5zRrWRWvagXLGrdg6yTJwFqcACzUH5oz+MWBJgqJmgSvUcO9ZuSqXmTOCs1E8UxpRN6Ah7hoY0QOWm+aEzcmKUIfEjaSrUJFd/TqQ0UGoaeKYzoHqs/nqZ+J/XS7R/5aY8jBONIZsv8hNBdESyr8mQS2RaTA2hTHJzK2FjKinTJptSHkI9w/n3y8ukc1Z1Lqq1Vq3SqC/iKMIRHMMpOHAJDbiBJrSBAcIjPMOLdW89Wa/W27y1YC1mDuEXrPcvkAaM5Q==</latexit>

0

<latexit sha1_base64="IBJfRsqb0ZU44aPfN+8KYHCh/Fg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVaZSre4KblxWsA9ohyGTZtrQJDMkmWId5k/cuFDErX/izr8xMx1ErQcCh3Pu5Z4cP2JUacf5tEorq2vrG+XNytb2zu6evX/QVWEsMengkIWy7yNFGBWko6lmpB9JgrjPSM+fXmd+b0akoqG40/OIuByNBQ0oRtpInm3fe4n2hhzpieTJQ5p6dtWpOTngMqkXpAoKtD37YzgKccyJ0JghpQZ1J9JugqSmmJG0MowViRCeojEZGCoQJ8pN8uQpPDHKCAahNE9omKs/NxLElZpz30xmEdVfLxP/8waxDi7dhIoo1kTgxaEgZlCHMKsBjqgkWLO5IQhLarJCPEESYW3KquQlXGU4//7yMume1eoXtcZto9pqFnWUwRE4BqegDpqgBW5AG3QABjPwCJ7Bi5VYT9ar9bYYLVnFziH4Bev9C620lHM=</latexit>xtz
<latexit sha1_base64="5H9B63nc8q2devmbjiq+MSnC5EY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoq1equ4MZlBfuANoTJZNIOnUzCzERaQ37FjQtF3Poj7vwbJ2kQtR4YOJxzL/fMcSNGpbKsT6O0srq2vlHerGxt7+zumfvVngxjgUkXhywUAxdJwignXUUVI4NIEBS4jPTd6XXm9++JkDTkd2oeETtAY059ipHSkmNWZ07inSpnFCA1EUHykKaOWbPqVg64TBoFqYECHcf8GHkhjgPCFWZIymHDipSdIKEoZiStjGJJIoSnaEyGmnIUEGknefYUHmvFg34o9OMK5urPjQQFUs4DV09mEeVfLxP/84ax8i/thPIoVoTjxSE/ZlCFMCsCelQQrNhcE4QF1VkhniCBsNJ1VfISrjKcf395mfTO6o2LevO2WWu3ijrK4BAcgRPQAC3QBjegA7oAgxl4BM/gxUiNJ+PVeFuMloxi5wD8gvH+BdyflRc=</latexit>xd,tz

<latexit sha1_base64="JqAc93UJk8UXtnHkAJ8cY+oWGA8=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwISWVanVXcOOygn1AG8JkOmmHziRh5kasISs3/oobF4q49Rvc+TcmaRS1Hhg4c8693HuPE3CmwDQ/tMLc/MLiUnG5tLK6tr6hb261lR9KQlvE577sOlhRzjzaAgacdgNJsXA47Tjj89TvXFOpmO9dwSSglsBDj7mMYEgkW9917agvMIykiOgNxIdgf31v49jWy2bFzGDMkmpOyihH09bf+wOfhIJ6QDhWqlc1A7AiLIERTuNSP1Q0wGSMh7SXUA8LqqwoOyM29hNlYLi+TJ4HRqb+7IiwUGoinKQyXVH99VLxP68XgntqRcwLQqAemQ5yQ26Ab6SZGAMmKQE+SQgmkiW7GmSEJSaQJFfKQjhLcfx98ixpH1WqJ5XaZa3cqOdxFNEO2kMHqIrqqIEuUBO1EEF36AE9oWftXnvUXrTXaWlBy3u20S9ob58IF5o9</latexit>

fext,tz
<latexit sha1_base64="OLNzC7nMhTSTTQ+Q00doP1ZzSrY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQksi1equ4MZlBfuANoTJZNIOnUnCzESIIf6KGxeKuPVD3Pk3JmkQtR4YOJxzL/fMcUJGpTKMT62ytLyyulZdr21sbm3v6Lt7fRlEApMeDlgghg6ShFGf9BRVjAxDQRB3GBk4s6vcH9wRIWng36o4JBZHE596FCOVSbZeP/HsxD1W9pgjNRU8uU9TW28YTaMAXCRmSRqgRNfWP8ZugCNOfIUZknJkGqGyEiQUxYyktXEkSYjwDE3IKKM+4kRaSRE+hYeZ4kIvENnzFSzUnxsJ4lLG3Mkm84jyr5eL/3mjSHkXVkL9MFLEx/NDXsSgCmDeBHSpIFixOCMIC5plhXiKBMIq66tWlHCZ4+z7y4ukf9o0z5utm1aj0y7rqIJ9cACOgAnaoAOuQRf0AAYxeATP4EV70J60V+1tPlrRyp06+AXt/Qsst5U8</latexit>

�fd,tz

<latexit sha1_base64="geFqytjTUa+cP9Ew6f5ypWH7QRQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mktXorePFYsV/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+NmzSIWh8MPN6bYWaeF3GmtG1/WoW19Y3NreJ2aWd3b/+gfHjUVWEsCe2QkIey72FFORO0o5nmtB9JigOP0543u0n93gOVioWirecRdQM8EcxnBGsj3bdG7VG5YlftDGiVODmpQI7WqPwxHIckDqjQhGOlBo4daTfBUjPC6aI0jBWNMJnhCR0YKnBAlZtkpy7QmVHGyA+lKaFRpv6cSHCg1DzwTGeA9VT99VLxP28Qa//KTZiIYk0FWS7yY450iNK/0ZhJSjSfG4KJZOZWRKZYYqJNOqUshOsU9e+XV0n3oupcVmt3tUqzkcdRhBM4hXNwoAFNuIUWdIDABB7hGV4sbj1Zr9bbsrVg5TPH8AvW+xcaH43K</latexit>

PT

<latexit sha1_base64="KTjx3yTw32QCxpeK1zDsh0BPVR8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIWt0V3Lis0Be0MUymk3boZBLmIdTQL3HjQhG3foo7/8ZJGkStBwYO59zLPXOChFGpHOfTKq2srq1vlDcrW9s7u1V7b78rYy0w6eCYxaIfIEkY5aSjqGKknwiCooCRXjC9zvzePRGSxrytZgnxIjTmNKQYKSP5drXlt++GEVITEaU6mft2zak7OeAycQtSAwVavv0xHMVYR4QrzJCUA9dJlJcioShmZF4ZakkShKdoTAaGchQR6aV58Dk8NsoIhrEwjyuYqz83UhRJOYsCM5lFlH+9TPzPG2gVXnop5YlWhOPFoVAzqGKYtQBHVBCs2MwQhAU1WSGeIIGwMl1V8hKuMpx/f3mZdE/r7kX97Pas1mwUdZTBITgCJ8AFDdAEN6AFOgADDR7BM3ixHqwn69V6W4yWrGLnAPyC9f4FOUaTkw==</latexit>

P up
T

<latexit sha1_base64="10M7ulAh2b7PBnYROx5QMenOyu0=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiSlProruHHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSRpErQcuHM65l3vv8SLOlLbtT6uwtr6xuVXcLu3s7u0flA+PuiqMJaEdEvJQ9j2sKGeCdjTTnPYjSXHgcdrzZjep33ugUrFQ3Ol5RN0ATwTzGcHaSO3aqFyxq3YGtEqcnFQgR2tU/hiOQxIHVGjCsVIDx460m2CpGeF0URrGikaYzPCEDgwVOKDKTbJDF+jMKGPkh9KU0ChTf04kOFBqHnimM8B6qv56qfifN4i1f+0mTESxpoIsF/kxRzpE6ddozCQlms8NwUQycysiUywx0SabUhZCI8XF98urpFurOpfVerteaTbyOIpwAqdwDg5cQRNuoQUdIEDhEZ7hxbq3nqxX623ZWrDymWP4Bev9C5MOjOc=</latexit>

2

<latexit sha1_base64="N/VSwKvrl7LDOzwUET4v+yOZjqA=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgxpKU+uiu4MZlFfuANpTJdNIOnUzCzEQooX/gxoUibv0jd/6NkzSIWg9cOJxzL/fe40WcKW3bn1ZhZXVtfaO4Wdra3tndK+8fdFQYS0LbJOSh7HlYUc4EbWumOe1FkuLA47TrTa9Tv/tApWKhuNeziLoBHgvmM4K1ke7OasNyxa7aGdAycXJSgRytYfljMApJHFChCcdK9R070m6CpWaE03lpECsaYTLFY9o3VOCAKjfJLp2jE6OMkB9KU0KjTP05keBAqVngmc4A64n666Xif14/1v6VmzARxZoKsljkxxzpEKVvoxGTlGg+MwQTycytiEywxESbcEpZCI0U598vL5NOrepcVOu39UqzkcdRhCM4hlNw4BKacAMtaAMBHx7hGV6sqfVkvVpvi9aClc8cwi9Y71/8U40e</latexit>

�2

<latexit sha1_base64="KR6/qBZymf3q6ns5lE1sVaEH9lM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfOQW8OIxARMDyRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOLsJosaChqKqm+4uLxZcadv+tAorq2vrG8XN0tb2zu5eef+go6JEMmyzSESy61GFgofY1lwL7MYSaeAJvPMm15l/94BS8Si81dMY3YCOQu5zRrWRWvagXLGrdg6yTJwFqcACzUH5oz+MWBJgqJmgSvUcO9ZuSqXmTOCs1E8UxpRN6Ah7hoY0QOWm+aEzcmKUIfEjaSrUJFd/TqQ0UGoaeKYzoHqs/nqZ+J/XS7R/5aY8jBONIZsv8hNBdESyr8mQS2RaTA2hTHJzK2FjKinTJptSHkI9w/n3y8ukc1Z1Lqq1Vq3SqC/iKMIRHMMpOHAJDbiBJrSBAcIjPMOLdW89Wa/W27y1YC1mDuEXrPcvkAaM5Q==</latexit>

0

1 2

<latexit sha1_base64="b7zqWpDwGl2Rj83X82LFXnpRyWM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mktXorePFYoV/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bkzSIWh8MPN6bYWaeF3KmjW1/WoW19Y3NreJ2aWd3b/+gfHjU1UGkCO2QgAeq72FNOZO0Y5jhtB8qioXHac+b3aZ+74EqzQLZNvOQugJPJPMZwSaVWqP2+ahcsat2BrRKnJxUIEdrVP4YjgMSCSoN4VjrgWOHxo2xMoxwuigNI01DTGZ4QgcJlVhQ7cbZrQt0lihj5AcqKWlQpv6ciLHQei68pFNgM9V/vVT8zxtExr92YybDyFBJlov8iCMToPRxNGaKEsPnCcFEseRWRKZYYWKSeEpZCDcp6t8vr5LuZdW5qtbua5VmI4+jCCdwChfgQAOacAct6ACBKTzCM7xYwnqyXq23ZWvBymeO4Res9y97Jo37</latexit>

P 0
T

<latexit sha1_base64="RjLZ0blM81xh3bqFVI8S5/is9ck=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVtXorePFYoV/QLiWbZtvQJLsmWaGU/gkvHhTx6t/x5r8xu11ErQ8GHu/NMDMviDnTxnU/ncLK6tr6RnGztLW9s7tX3j9o6yhRhLZIxCPVDbCmnEnaMsxw2o0VxSLgtBNMblK/80CVZpFsmmlMfYFHkoWMYGOlbn+EhcCD5qBccatuBrRMvJxUIEdjUP7oDyOSCCoN4VjrnufGxp9hZRjhdF7qJ5rGmEzwiPYslVhQ7c+ye+foxCpDFEbKljQoU39OzLDQeioC2ymwGeu/Xir+5/USE175MybjxFBJFovChCMTofR5NGSKEsOnlmCimL0VkTFWmBgbUSkL4TrFxffLy6R9VvUuq+d355V6LY+jCEdwDKfgQQ3qcAsNaAEBDo/wDC/OvfPkvDpvi9aCk88cwi8471/7lJAL</latexit>�T

Desired and actual 
positions [m]

Desired and actual 
interaction forces [N]

Tank original and 
modified power, and 
power threshold [W]

Tank valve gain [-]

<latexit sha1_base64="c61wTPy/qf5PkU8U2nrAb9aI4GE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkvjZScOOygn1AGspkOmmHTh7M3BRL6J+4caGIW//EnX/jJA2i1gMXDufcO3Pv8WLBFVjWp1FaWl5ZXSuvVzY2t7Z3zN29tooSSVmLRiKSXY8oJnjIWsBBsG4sGQk8wTre+CbzOxMmFY/Ce5jGzA3IMOQ+pwS01DfNHrAHSJsj/QZ2TtxZ36xaNSsHXiR2QaqoQLNvfvQGEU0CFgIVRCnHtmJwUyKBU8FmlV6iWEzomAyZo2lIAqbcNN98ho+0MsB+JHWFgHP150RKAqWmgac7AwIj9dfLxP88JwH/0k15GCfAQjr/yE8EhghnMeABl4yCmGpCqOR6V0xHRBIKOqxKHsJVhrPvkxdJ+7Rmn9fqd/Vq47qIo4wO0CE6Rja6QA10i5qohSiaoEf0jF6M1HgyXo23eWvJKGb20S8Y719KKpOQ</latexit>

Phase [-]
<latexit sha1_base64="c61wTPy/qf5PkU8U2nrAb9aI4GE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkvjZScOOygn1AGspkOmmHTh7M3BRL6J+4caGIW//EnX/jJA2i1gMXDufcO3Pv8WLBFVjWp1FaWl5ZXSuvVzY2t7Z3zN29tooSSVmLRiKSXY8oJnjIWsBBsG4sGQk8wTre+CbzOxMmFY/Ce5jGzA3IMOQ+pwS01DfNHrAHSJsj/QZ2TtxZ36xaNSsHXiR2QaqoQLNvfvQGEU0CFgIVRCnHtmJwUyKBU8FmlV6iWEzomAyZo2lIAqbcNN98ho+0MsB+JHWFgHP150RKAqWmgac7AwIj9dfLxP88JwH/0k15GCfAQjr/yE8EhghnMeABl4yCmGpCqOR6V0xHRBIKOqxKHsJVhrPvkxdJ+7Rmn9fqd/Vq47qIo4wO0CE6Rja6QA10i5qohSiaoEf0jF6M1HgyXo23eWvJKGb20S8Y719KKpOQ</latexit>

Phase [-]

Figure 5.16: Experiment 3 – The power limit consists of three phase segments in scenario 2○.
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5.2 Energy-Based Reference Behavior in Tactile Manipulation
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<latexit sha1_base64="IBJfRsqb0ZU44aPfN+8KYHCh/Fg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVaZSre4KblxWsA9ohyGTZtrQJDMkmWId5k/cuFDErX/izr8xMx1ErQcCh3Pu5Z4cP2JUacf5tEorq2vrG+XNytb2zu6evX/QVWEsMengkIWy7yNFGBWko6lmpB9JgrjPSM+fXmd+b0akoqG40/OIuByNBQ0oRtpInm3fe4n2hhzpieTJQ5p6dtWpOTngMqkXpAoKtD37YzgKccyJ0JghpQZ1J9JugqSmmJG0MowViRCeojEZGCoQJ8pN8uQpPDHKCAahNE9omKs/NxLElZpz30xmEdVfLxP/8waxDi7dhIoo1kTgxaEgZlCHMKsBjqgkWLO5IQhLarJCPEESYW3KquQlXGU4//7yMume1eoXtcZto9pqFnWUwRE4BqegDpqgBW5AG3QABjPwCJ7Bi5VYT9ar9bYYLVnFziH4Bev9C620lHM=</latexit>xtz
<latexit sha1_base64="5H9B63nc8q2devmbjiq+MSnC5EY=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoq1equ4MZlBfuANoTJZNIOnUzCzERaQ37FjQtF3Poj7vwbJ2kQtR4YOJxzL/fMcSNGpbKsT6O0srq2vlHerGxt7+zumfvVngxjgUkXhywUAxdJwignXUUVI4NIEBS4jPTd6XXm9++JkDTkd2oeETtAY059ipHSkmNWZ07inSpnFCA1EUHykKaOWbPqVg64TBoFqYECHcf8GHkhjgPCFWZIymHDipSdIKEoZiStjGJJIoSnaEyGmnIUEGknefYUHmvFg34o9OMK5urPjQQFUs4DV09mEeVfLxP/84ax8i/thPIoVoTjxSE/ZlCFMCsCelQQrNhcE4QF1VkhniCBsNJ1VfISrjKcf395mfTO6o2LevO2WWu3ijrK4BAcgRPQAC3QBjegA7oAgxl4BM/gxUiNJ+PVeFuMloxi5wD8gvH+BdyflRc=</latexit>xd,tz

<latexit sha1_base64="JqAc93UJk8UXtnHkAJ8cY+oWGA8=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwISWVanVXcOOygn1AG8JkOmmHziRh5kasISs3/oobF4q49Rvc+TcmaRS1Hhg4c8693HuPE3CmwDQ/tMLc/MLiUnG5tLK6tr6hb261lR9KQlvE577sOlhRzjzaAgacdgNJsXA47Tjj89TvXFOpmO9dwSSglsBDj7mMYEgkW9917agvMIykiOgNxIdgf31v49jWy2bFzGDMkmpOyihH09bf+wOfhIJ6QDhWqlc1A7AiLIERTuNSP1Q0wGSMh7SXUA8LqqwoOyM29hNlYLi+TJ4HRqb+7IiwUGoinKQyXVH99VLxP68XgntqRcwLQqAemQ5yQ26Ab6SZGAMmKQE+SQgmkiW7GmSEJSaQJFfKQjhLcfx98ixpH1WqJ5XaZa3cqOdxFNEO2kMHqIrqqIEuUBO1EEF36AE9oWftXnvUXrTXaWlBy3u20S9ob58IF5o9</latexit>

fext,tz
<latexit sha1_base64="OLNzC7nMhTSTTQ+Q00doP1ZzSrY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQksi1equ4MZlBfuANoTJZNIOnUnCzESIIf6KGxeKuPVD3Pk3JmkQtR4YOJxzL/fMcUJGpTKMT62ytLyyulZdr21sbm3v6Lt7fRlEApMeDlgghg6ShFGf9BRVjAxDQRB3GBk4s6vcH9wRIWng36o4JBZHE596FCOVSbZeP/HsxD1W9pgjNRU8uU9TW28YTaMAXCRmSRqgRNfWP8ZugCNOfIUZknJkGqGyEiQUxYyktXEkSYjwDE3IKKM+4kRaSRE+hYeZ4kIvENnzFSzUnxsJ4lLG3Mkm84jyr5eL/3mjSHkXVkL9MFLEx/NDXsSgCmDeBHSpIFixOCMIC5plhXiKBMIq66tWlHCZ4+z7y4ukf9o0z5utm1aj0y7rqIJ9cACOgAnaoAOuQRf0AAYxeATP4EV70J60V+1tPlrRyp06+AXt/Qsst5U8</latexit>

�fd,tz

<latexit sha1_base64="geFqytjTUa+cP9Ew6f5ypWH7QRQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mktXorePFYsV/QhrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+NmzSIWh8MPN6bYWaeF3GmtG1/WoW19Y3NreJ2aWd3b/+gfHjUVWEsCe2QkIey72FFORO0o5nmtB9JigOP0543u0n93gOVioWirecRdQM8EcxnBGsj3bdG7VG5YlftDGiVODmpQI7WqPwxHIckDqjQhGOlBo4daTfBUjPC6aI0jBWNMJnhCR0YKnBAlZtkpy7QmVHGyA+lKaFRpv6cSHCg1DzwTGeA9VT99VLxP28Qa//KTZiIYk0FWS7yY450iNK/0ZhJSjSfG4KJZOZWRKZYYqJNOqUshOsU9e+XV0n3oupcVmt3tUqzkcdRhBM4hXNwoAFNuIUWdIDABB7hGV4sbj1Zr9bbsrVg5TPH8AvW+xcaH43K</latexit>

PT

<latexit sha1_base64="KTjx3yTw32QCxpeK1zDsh0BPVR8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIWt0V3Lis0Be0MUymk3boZBLmIdTQL3HjQhG3foo7/8ZJGkStBwYO59zLPXOChFGpHOfTKq2srq1vlDcrW9s7u1V7b78rYy0w6eCYxaIfIEkY5aSjqGKknwiCooCRXjC9zvzePRGSxrytZgnxIjTmNKQYKSP5drXlt++GEVITEaU6mft2zak7OeAycQtSAwVavv0xHMVYR4QrzJCUA9dJlJcioShmZF4ZakkShKdoTAaGchQR6aV58Dk8NsoIhrEwjyuYqz83UhRJOYsCM5lFlH+9TPzPG2gVXnop5YlWhOPFoVAzqGKYtQBHVBCs2MwQhAU1WSGeIIGwMl1V8hKuMpx/f3mZdE/r7kX97Pas1mwUdZTBITgCJ8AFDdAEN6AFOgADDR7BM3ixHqwn69V6W4yWrGLnAPyC9f4FOUaTkw==</latexit>

P up
T

<latexit sha1_base64="c61wTPy/qf5PkU8U2nrAb9aI4GE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkvjZScOOygn1AGspkOmmHTh7M3BRL6J+4caGIW//EnX/jJA2i1gMXDufcO3Pv8WLBFVjWp1FaWl5ZXSuvVzY2t7Z3zN29tooSSVmLRiKSXY8oJnjIWsBBsG4sGQk8wTre+CbzOxMmFY/Ce5jGzA3IMOQ+pwS01DfNHrAHSJsj/QZ2TtxZ36xaNSsHXiR2QaqoQLNvfvQGEU0CFgIVRCnHtmJwUyKBU8FmlV6iWEzomAyZo2lIAqbcNN98ho+0MsB+JHWFgHP150RKAqWmgac7AwIj9dfLxP88JwH/0k15GCfAQjr/yE8EhghnMeABl4yCmGpCqOR6V0xHRBIKOqxKHsJVhrPvkxdJ+7Rmn9fqd/Vq47qIo4wO0CE6Rja6QA10i5qohSiaoEf0jF6M1HgyXo23eWvJKGb20S8Y719KKpOQ</latexit>

Phase [-]
<latexit sha1_base64="c61wTPy/qf5PkU8U2nrAb9aI4GE=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwY0mkvjZScOOygn1AGspkOmmHTh7M3BRL6J+4caGIW//EnX/jJA2i1gMXDufcO3Pv8WLBFVjWp1FaWl5ZXSuvVzY2t7Z3zN29tooSSVmLRiKSXY8oJnjIWsBBsG4sGQk8wTre+CbzOxMmFY/Ce5jGzA3IMOQ+pwS01DfNHrAHSJsj/QZ2TtxZ36xaNSsHXiR2QaqoQLNvfvQGEU0CFgIVRCnHtmJwUyKBU8FmlV6iWEzomAyZo2lIAqbcNN98ho+0MsB+JHWFgHP150RKAqWmgac7AwIj9dfLxP88JwH/0k15GCfAQjr/yE8EhghnMeABl4yCmGpCqOR6V0xHRBIKOqxKHsJVhrPvkxdJ+7Rmn9fqd/Vq47qIo4wO0CE6Rja6QA10i5qohSiaoEf0jF6M1HgyXo23eWvJKGb20S8Y719KKpOQ</latexit>

Phase [-]
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Figure 5.17: Experiment 4 – Performance comparison for a reference power profile with four phase
segments at iteration 1 ( 1○), iteration 2 ( 2○), and iteration 10 ( 3○), as well as a power
profile with forty segments at iteration 10 ( 4○). The standard deviation in the force
error is 8.8 N, 7 N, 2.5 N, and 2.1 N for 1○, 2○, 3○, and 4○, respectively.
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Figure 5.18: Experiment 5 – Force regulation performance after environment disturbance, given 1
( 1○) and 10 ( 2○) learning iterations.
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5. Energy: An Intrinsic Tool for Control, Planning, and Monitoring

5.3 Energy-Based Performance Monitoring in Rehabilitation

At each stage of this dissertation, it is demonstrated how energy can be systematically
employed as an intrinsic tool for shaping control performance. This is achieved by incorpo-
rating an energy-based model of the system architecture, accounting for the relevant control
variables and parameters. Yet, what if access to such detailed information is unavailable?
Applying the proposed energy-based control algorithms might not be feasible, but energy can
still serve as a potent tool for understanding the unmodelled system. Consider a patient’s
body undergoing therapy, for instance, with a rehabilitation robot. To assess the progress
of recovery, it is essential to gauge the patient’s active participation in the rehabilitation
task. Communication with the patient offers only qualitative insights, while external sens-
ing devices, like Electromyography, often entail complex setups and may not be practical in
clinical settings. Additionally, motion and interaction wrench signals from standard robot
sensors alone might not be suitable for this purpose, as changing the controller compliance
over therapy iterations renders the motion and force signals confounding. This is where
the coordinate-free metric of energy proves invaluable. This section employs the concept
of energy to develop a performance monitoring technique that identifies the patient’s active
participation in motion and, consequently, the stage of recovery.

5.3.1 Patient Participation Assessment via Work Metric

The fundamental concept driving the proposed energy-based patient monitoring approach
is that in the absence of active patient participation during rehabilitation (indicating no
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5.3 Energy-Based Performance Monitoring in Rehabilitation

involvement in the motion), the robot is responsible for executing a specific amount of
physical work to move the patient’s body. This baseline work can be quantified through
the analysis of the robot motion and interaction wrench signals. Consequently, any active
engagement from the patient in subsequent motion cycles can be discerned by monitoring
the performed work and assessing it against the established baseline.

Human limb movement is controlled by muscle activation. In the case of a robot attached
to the limb via nr points and considering τm ∈ Rnh as the joint torque of the nh-degrees-of-
freedom human limb associated with muscle activation, the limb’s motion can be described
by the following dynamics equation [367] derived as

Mh(qh)q̈h +Ch(qh, q̇h)q̇h + gh(qh) + dh(q̇h) + kh(qh) = τm +

nr∑
i=1

JTh,i(qh)fh,ext,i.

(5.22)

Here, qh ∈ Rnh represents the limb’s joint angles, Mh(qh),Ch(qh, q̇h) ∈ Rnh×nh are the mass
and the centrifugal and Coriolis matrices, respectively, and gh(qh), dh(q̇h), kh(q̇h) ∈ Rnh
denote the torque vectors associated with the limb’s gravity, the energy dissipation, and
the elasticity of the musculo-tendon units. Moreover, fh,ext,i ∈ Rm denotes the interaction
wrench defined in an m-dimensional Cartesian space, acting on the i-th point of contact with
the limb. Finally, Jh,i(qh) ∈ Rm×nh is the Jacobian matrix corresponding to the i-th contact
point, such that

ẋi = Jh,i(qh)q̇h, (5.23)

where ẋi ∈ Rm denotes the twist vector at the i-th contact point.
For the musculoskeletal system (5.22), three forms of energy can be associated, namely

kinetic energy Th(qh, q̇h) ∈ R≥0, gravitational energy Ug,h(qh) ∈ R≥0, and elastic energy
Uj,h(qh) ∈ R≥0, with the following relations.

Th(qh, q̇h) =
1

2
q̇ThMh(qh)q̇h, (5.24)

gh(qh) =
∂Ug,h(qh)

∂qh
, (5.25)

kh(qh) =
∂Uj,h(qh)

∂qh
. (5.26)

Accordingly, the overall energy for the limb can be defined as

Sh,l = Th + Ug,h + Uj,h. (5.27)

Considering (5.22), the time derivative of the limb energy Sh,l can be expressed as

Ṡh,l = Ph,m + Ph,ext − Ph,diss, (5.28)

where

Ph,m = q̇Th τm, (5.29)

Ph,ext =

nr∑
i=1

Ph,ext,i =

nr∑
i=1

ẋTi fh,ext,i, (5.30)

Ph,diss = q̇Thdh(q̇h) ≥ 0. (5.31)
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5. Energy: An Intrinsic Tool for Control, Planning, and Monitoring

According to (5.28), the variations in the energy Sh,l result from the summation of the human
input power Ph,m associated with muscle activation and the external power Ph,ext from the
contact points with the robot, subtracted by the dissipated power Ph,diss. During a motion
cycle from time tstart to tend, the work performed associated with each of these sources can
be derived as

Wm =

∫ tend

tstart

Ph,m dt, (5.32)

Wh,ext =

∫ tend

tstart

Ph,ext dt = −
nr∑
i=1

∫ tend

tstart

ẋTi f ext,i dt, (5.33)

Eh,diss =

∫ tend

tstart

Ph,diss dt, (5.34)

where f ext,i ∈ Rm denotes the external wrench sensed by the robot at the i-th point of
contact with the human limb such that f ext,i = −fh,ext,i. Accordingly, the work equation
corresponding to (5.28) becomes

Sh,l,end − Sh,l,start + Eh,diss =Wm +Wh,ext, (5.35)

where Sh,l,start, Sh,l,end ∈ R≥0 denote the limb energy levels at the beginning and the end of
the motion cycle.

For a repetitive rehabilitation motion, considering (5.24)–(5.27), the values of Sh,l,start and
Sh,l,end remain the same where the initial and final limb configurations and velocities (i.e.,
qh, q̇h) are kept the same for all iterations3. Moreover, when the limb’s mass is large enough,
the magnitudes of the kinetic and potential energy are significantly larger than the changes
in dissipated energy Eh,diss between steps; thus, the changes in Eh,diss can be considered
negligible, and the left side of (5.35) can be assumed constant across iterations. Therefore, it
can be deduced that any increase/decrease in Wh,ext (i.e., work performed by the robot) for
two consecutive cycles is associated with a decrease/increase in Wm (i.e., work performed by
the human). In other words, by monitoring the changes in the work performed by the robot
according to (5.33), the human’s active participation in the motion, i.e., the evolution ofWm,
can be indirectly evaluated. As mentioned before, this analysis is the core idea behind the
proposed metric. By defining W †

h,ext as the work performed by the interactive robot when
the human limb is entirely passive (i.e., for Wm = 0), the active participation of the human

in the movement can be monitored by iteratively comparingWh,ext withW
†
h,ext. This is done

by defining the work metric Wm,rob ∈ R as

Wm,rob =W †
h,ext −Wh,ext. (5.36)

Note that no extra sensors, besides the standard force and motion sensors of the robot, are
required to obtain Wm,rob.

3Please note that the effect of musculo-tendon elasticity variation over iterations, which would result in
different values of Uj,h even for the same configuration qh, is neglected here.
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5.3.2 EMG-Based Verification Metric

In order to verify the effectiveness of the proposed energy-based performance monitoring
metric, it is essential to compare it with a validation metric that takes into account more
sensory information to be closer to the ground truth. Therefore, here, a secondary metric
based on the biological aspects of patient participation in a motion is derived.

Muscles convert chemical energy (i.e., ATP) into mechanical work in the form of force
generated by the muscle contractile element (CE). This is also referred to as the active
force of the muscle, while the passive force results from passive stretching of the muscle
viscoelastic elements [395]. In (5.22), τm represents the torque generated by the active
muscle force, whereas the torque vector kh(qh) is associated with the energy stored due to
passive stretching of the muscle viscoelastic elements. The total muscle force is the sum
of the active force generated by the contractile unit and the passive force provided by the
elastic elements in parallel with the contractile unit [396]. By definition, the work performed
by a muscle m must be calculated from the active force, fma ∈ R. While there is no way
to directly measure this force or the resulting work, it has been well established that EMG
activity is correlated with fma under certain conditions [397, 398], wherein

fma = am fma,max fmf (l̄mf ,
¯̇
lmf ). (5.37)

Here, am ∈ [0, 1] is muscle activation, fma,max ∈ R>0 is the maximum active muscle force,

while l̄mf ∈ R>0 and
¯̇
lmf ∈ R are normalized muscle fiber length and change rate, re-

spectively. Model fmf (·) in (5.37) contains shape parameters for the force-length and the
force-velocity curves of skeletal muscle. The detailed equation can be found in [396]. The
muscle activation am can be estimated directly from Electromyography (EMG) measurement
âm according to

am = κmâm + âm,0, (5.38)

where κm ∈ R>0 is a constant scaling factor and âm,0 ∈ R is the quiescent EMG baseline.
These parameters are unique to each subject, muscle, and sensor placement. By the further
assumption that the tendon is rigid, it can be deduced that l̄mf is a function of limb joint

angles qh, and
¯̇
lmf is a function of joint angles and velocities qh, q̇h, making it possible

to estimate fma from EMG and kinematic data, given parameters κm, âm,0, and fma,max.
Finally, considering the sets of agonist muscles Mag and antagonist muscles Mant involved in
a given motion, the work performed by the patient muscles (m) can be estimated according
to

Wm,emg =
∑

m∈Mag

∫ tend

tstart

fma l̇mdt−
∑

m∈Mant

∫ tend

tstart

fma l̇mdt. (5.39)

Here, l̇m ∈ R is the rate of change of muscle length, which, as elaborated above, can also be
assumed to be a function of joint angles and velocities qh, q̇h. Please refer to [399] for more
details.

5.3.3 Clinical Results

In order to compare the proposed energy-based robot-measured metric with the EMG-
measured verification metric, the VEMOTION robot introduced in Section 4.3 is utilized.
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The experiments were conducted on both healthy and patient subjects. Twelve healthy sub-
jects participated, including seven males and five females, with an average age of 31±4 years,
height of 1.74± 0.11 m, and weight of 73± 13 kg. Additional data were collected from two
ICU patients at the Schön Klinik Bad Aibling Harthausen (SKBA) undergoing VEMOTION-
based mobilization as part of their hospital care. Patient 1, a 79-year-old female (1.71 m,
77 kg), experienced polytrauma following a traffic accident, suffering from muscle weakness,
delirium, dysphagia, and respiratory insufficiency. Patient 2, an 81-year-old male (1.70 m,
93 kg), had a critical illness-polyneuropathy/-myopathy following a prolonged ICU stay due
to complications from Covid-19. He was dealing with muscle weakness, dysphagia, and res-
piratory insufficiency. In addition to VEMOTION therapy, both patients received standard
care, including a combination of physiotherapy, occupational therapy, swallowing therapy,
neuropsychology, and breathing therapy. The healthy subject experiments were conducted
with the approval of the Ethics Commission of the Technical University of Munich (review
number 2022-623-S-KH). Similarly, for the patient experiments, the experimental protocol
was reviewed by the Ludwig Maximilians University of Munich (LMU) Ethics Committee
under review number 18-645.

Experimental Protocols

During the experiments, healthy subjects were instructed to lie on the VEMOTION bed.
Subsequently, their thighs and feet were secured to the robot end effectors and foot plates,
respectively, with the seat support adjusted according to their body size, following the manu-
facturer’s guidelines. Surface electromyography (sEMG) sensors with integrated accelerom-
eters (Mini Wave Infinity, Cometa Srl, Milan, Italy) were affixed to the subjects’ skin to
measure muscle activity from the left and right m. iliopsoas (IP) at 2 kHz, as per [400]. Ad-
ditionally, a third sEMG sensor was placed on the VEMOTION control console and manually
tapped at the beginning and end of each protocol stage for easier post-processing and tempo-
ral alignment of sEMG and VEMOTION data. The initialization protocol recommended by
the manufacturer was followed, and the therapy settings were configured as follows: bed tilt
angle 50◦, hip flexion/extension range of motion (ROM) from 0◦ to 25◦, and a step frequency
of 30 per minute. Each data collection session commenced with a calibration phase, during
which the subject was instructed to fully relax, the VEMOTION was set to full (100%) sup-
port, and data were collected from three complete left and right steps. Following this, the
AAN setting (introduced in Section 4.3) was initialized. Subjects were instructed to actively
participate for approximately 30 seconds, simulate fatigue (i.e., decrease active participation)
for about 30 seconds, and finally return to full active participation for another 30 seconds.
The same procedure was followed using the standard therapy setting.
The protocol for the patient experiments mirrored that of the healthy subjects. The

therapist determined the robotic end effector range of motion (ROM) based on the patient’s
hip ROM. Robot-supported leg movement commenced with full support, and the patient’s
bed was horizontal. The therapist gradually adjusted the bed angle to the highest setting
the patient could tolerate on that day, guided by the therapist’s professional judgment.
The final settings were as follows: bed tilting angle 30◦ (patient 1), 25◦ (patient 2), hip
flexion/extension range of motion between 0◦ and 25◦ (both patients) and step frequency 20
per minute (both patients). Four active trials were conducted for each patient, two using the
full support setting and two utilizing the AAN setting. The order of the trials alternated,
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starting with full support. In each trial, patients were instructed to actively engage in the
movement as much as possible. Instructions were kept consistent across therapy types. After
approximately one minute (corresponding to approximately 8 to 16 steps per leg), patients
were allowed to relax. For AAN trials, the full support setting was reinstated. Patients were
granted about a 3-minute break between each active trial. Once all trials were completed,
the bed angle was reverted to the horizontal position, concluding the therapy session.

Metrics Derivation

The performance participation metrics were calculated exclusively for the flexion motion.
Therefore, for each cycle, the joint velocities at tstart and tend are zero. Additionally, due to
kinematic constraints, the leg configuration, and thus Sh,l,start and Sh,l,end in (5.35), can be
assumed to remain constant at these times across iterations. Finally, given the assumption
of only one connection point between the robot and the leg (i.e., nr = 1), (5.33) can be
modified according to

Wh,ext,f = −
∫ tend,f

tstart,f

ẋTf ext dt, (5.40)

where tstart,f and tend,f represent the start and end time stamps for each flexion motion, re-
spectively. Finally, the energy-based robot-measured patient performance estimation metric
used in the experiments is derived as

Ŵm,rob =W †
h,ext,f −Wh,ext,f , (5.41)

where W †
h,ext,f is the work performed by the robot on the patient at the calibration stage.

In the EMG-based metric, the initial step involves muscle selection. Due to the kinematic
constraint at the foot in the VEMOTION system, hip and knee joint flexion (or extension)
are inherently coupled, limiting the effectiveness of bi-articular muscles such as m. rectus
femoris (RF) and m. biceps femoris (BF) during VEMOTION therapy. Notably, the activa-
tion patterns of these muscles are observed to be highly inconsistent between subjects during
VEMOTION therapy, even among healthy subjects [348]. Considering this evidence and pre-
liminary experiments, it is assumed that the stepping motion primarily involves hip flexion-
and extension-specific single-joint muscles. Surface EMG measurement of hip extensors, such
as m. gluteus maximus is not feasible with the VEMOTION setup. Consequently, the focus
here was to estimate hip flexion work by measuring EMG from an accessible hip flexion-
specific muscle group, namely the m. iliopsoas (IP) [400]. For practical purposes, this also
requires the assumption of minimal co-activation of antagonist muscles during hip flexion.
A preliminary evaluation of the m. iliacus and the m. psoas muscles using a state-of-the-art

musculoskeletal model [401] indicates that l̄mf,IP ∈ [0.83, 1.0] and
¯̇
lmf,IP ∈ [−0.026, 0] for

the lumped IP, during the hip flexion motion cycle. As mentioned before, a rigid tendon

is assumed here, allowing l̄mf,IP and
¯̇
lmf,IP to be directly estimated from the hip flexion

angle qh,1(t). Further, in the experiments, âm in (5.38) is estimated directly from the root
mean square (RMS) of the m. iliopsoas sEMG measurement. At this stage, the values
of parameters κm, âm,0, and fma,max were unknown for a given muscle and sensor setup.
However, given that the flexion motion is primarily driven by the m. iliopsoas, i.e., a sin-
gle muscle group, the correlation between Ŵm,rob and Ŵmemg is minimally affected by the
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Figure 5.19: Distribution statistics depicting the correlation between Ŵ ∗m, emg and Ŵm, rob are
calculated for each subject, side, and trial individually. Outliers are visually marked
with red crosses for clarity.

choice of parameters4. Thus, in the first step, an intermediate version of the EMG-based
metric—namely the pseudo-metric—is calculated according to (5.37) and (5.39), as

Ŵ ∗
m,emg =

∫ tend,f

tstart,f
âm Γm,IP dt, (5.42)

with

Γm,IP = f(l̄mf,IP ,
¯̇
lmf,IP )l̇m,IP . (5.43)

Note that (5.42) is equivalent to arbitrarily assuming that κm = 1, âm,0 = 0, and
fma,max = 1. Here, the standard shape parameters reported in [396] are used. In the second
step, κmfma,max and âm,0fma,max for each subject and leg side are estimated by assuming
Ŵm,rob = Ŵm,emg. For this, by substituting (5.37) and (5.38) into (5.39), the EMG-based
metric can be reformulated as

Ŵm,emg = κm fma,maxŴ
∗
m,emg + âm,0 fma,max

∫ tend,f

tstart,f
Γm,IP dt. (5.44)

Using the data set (i.e., all steps) from each subject and side separately, linear regression is
then used to estimate κmfma,max and âm,0fma,max, corresponding to that muscle and sensor
setup. Finally, Ŵm,emg is calculated for each subject (healthy or patient), side, therapy type,
and step.

Results

The goal of these experiments has been to validate the new energy-based robot-measured
metric by demonstrating its strong correlation with the EMG-based metric. For this purpose,
the energy-based metric Ŵm,rob is computed according to (5.41) for each subject (healthy

4Note that this only holds for a given muscle and sensor setup. A more precise estimate of κm, âm,0, and
fma,max is required for inter-subject comparison.
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Figure 5.20: Measured metrics Ŵm,rob and Ŵm,emg from one healthy subject performing the AAN
trial are shown. In the calibration stage 1○ and stage 3○, the subject was instructed
to be passive and let the robot move their leg. In stages 2○ and 4○, the subject was
instructed to actively participate in the motion.

or patient), side, and therapy type. Simultaneously, the EMG-based metrics Ŵ ∗
m,emg and

Ŵm,emg are determined following (5.42) and (5.44). Subsequently, the coefficient of determi-
nation R2 is calculated between Ŵm,rob and Ŵ ∗

m,emg for each subject and side individually.
The range of R2 values varies from 0.43 to 0.99 (excluding outliers) for standard therapy and
from 0.44 to 0.95 for the AAN therapy, both with a P-value of p < 0.01. Similar trends are
observed in the patient data, with R2 ranging from 0.39 to 0.97 for standard therapy and
from 0.55 to 0.95 (excluding outliers) for the AAN therapy (p < 0.05); refer to Figure 5.19.

When the data from Ŵm,rob and Ŵm,emg are combined for all twelve healthy subjects,
R2 is determined to be 0.93 for the standard therapy case (excluding data from the three
outlier trials seen in Figure 5.19) and 0.86 for the AAN therapy case (p < 0.001). In the case
of combined patient data, R2 is 0.77 for the standard therapy data and 0.92 for the AAN
therapy data (p < 0.001, excluding data from the outlier trial seen in Figure 5.19); refer
to Figure 5.21. For further verification, the two metrics are illustrated for a representative
example of a healthy subject AAN trial in Figure 5.20. During the stages when the subject
was instructed to be passive, the work performed by the subject, estimated by both Ŵm,rob

and Ŵm,emg, is very low. During the stages when the subject was instructed to participate
actively, the work, as estimated with each independent metric, increases with each step.
Similar results are found for all subjects.

5.3.4 Validation of the Support-Adaptive Rehabilitation Therapy

As detailed earlier, the clinical results demonstrate a strong correlation between the pro-
posed robot-measured energy-based metrics and the EMG-based metrics. However, another
significant outcome emerges from the results. The clinical experiments are conducted using
both the pure impedance control with a cyclic trajectory and the Assist-As-Needed (AAN)
policy, as proposed in Section 4.3. This innovative support-adaptive rehabilitation therapy
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Figure 5.21: Comparison between Ŵm,emg and Ŵm,rob for all steps of all healthy subjects and
patients using the standard therapy and the AAN therapy settings. A distinct color
uniquely represents each subject. The right leg data is depicted with closed circles,
while the left leg data is represented with open circles.
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is fully integrated into the VEMOTION system, and the conducted experiments represent
among the very first clinical studies on this therapy. Referring to Figure 5.20, it is evi-
dent that as the robot’s support level decreases, the subject’s engagement in the therapy
increases. This phenomenon is observable using both robot-based and EMG-based metrics.
As discussed in Section 4.3, a patient’s active participation in the rehabilitation motion can
enhance the recovery process. Thus, employing such support-adaptive methods can improve
therapy outcomes. Currently, larger clinical studies are in progress as a continuation of this
dissertation to further validate the long-term effectiveness of the proposed AAN policy.
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6 Conclusion

This dissertation focuses on the challenge of constructing a modular planning and control
framework for manipulation and physical interaction. The approach taken involves the de-
velopment of symbiotic force-motion controllers and policies grounded and interconnected in
the fabric of the energy-based paradigm. The interplay between force, motion, and energy
serves as the construction principle of elementary modules that, when interconnected, show
the remarkable ability to even solve extremely challenging problems. The primary goal in
formulating the proposed framework has been to derive and employ a minimal set of such
fundamental building blocks, fostering the creation of intuitive and robust solutions with en-
hanced generalizability and extendability. This claim is supported by extensive experimental
and translational results.

At the core of the proposed framework is a control law built upon the generalization of
the Unified Force-Impedance Control (UFIC), addressing the common limitations inherent
in conventional methods for the simultaneous control of force and motion. By eliminating
the need for a precise environment or task model, this fundamental building module adeptly
facilitates diverse real-world applications when deploying tailored force-motion policies, as
demonstrated in various industrial scenarios, including polishing and filing of unmodelled
objects. Furthermore, the dissertation demonstrates the extension of UFIC to address more
intricate objectives, including multi-manual object manipulation, where a modular single-
arm control framework is developed, enabling the seamless addition or removal of arms on the
fly—a feature lacking in conventional approaches. Finally, for scenarios where the developed
force-motion policies cannot be directly commanded to the controller (e.g. when employ-
ing an impedance controller accepting only motion commands), a novel class of Dynamic
Movement Primitives (DMP), namely Admittance-Coupled DMPs, is introduced, enabling
the integration of force and motion trajectories into a motion policy. Unlike similar meth-
ods, the employed coupling term has a clear physical interpretation, facilitating enhanced
stability analysis and fine-tuning.

The systematic methodology used to construct the proposed architecture is grounded in
the port-Hamiltonian framework, which elegantly accommodates the application of passivity-
based modeling and control approaches. In this paradigm, the overall system can be concep-
tualized as the interconnection of energy capsules through ports. Utilizing such energy-based
modeling not only enables an intuitive stabilization process through passivity analysis and
virtual tank augmentation methods but also fosters several advancements in classical energy-
aware manipulation control. In this context, the dissertation expands upon the traditional
notion of virtual energy tanks by introducing the concept of valves. Valve-Based Energy
Tanks allow for the regulation of energy flow. This feature not only mitigates the typical
abrupt impact when the tanks are empty but also enables the pursuit of additional energy-
based objectives, such as prioritizing actions while concurrently executing the primary task.
Furthermore, with the goal of facilitating robust physical interactions with unknown envi-
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ronments, the dissertation introduces innovative approaches centered around the concept of
reference energy budget, ranging from model-based estimation techniques to iterative learn-
ing control and imitation learning methods. The energy-aware control framework provides
an intuitive and straightforward means to monitor the performance of tactile manipulation
tasks from the perspective of energy evolution. Illustrated through the exemplary medical
application in rehabilitation, this capability eliminates the necessity for sophisticated sensors,
which may not always be readily deployable in settings such as Intensive Care Units.

Built upon the core control block and following the port-based construction methodology,
the dissertation further expands the framework by developing policies that address more
intricate scenarios involving human-in-the-loop interactions. To achieve this, the policies
are equipped with ports through which human input can be conveyed. Additionally, to
address complex scenarios involving geometric constraints, the framework is minimally ex-
tended by incorporating new elements, such as phase, which reduces the planning space.
These steps led to the development of several novel phase-based reactive policies capable
of addressing challenges such as collision avoidance with human’s intended body parts in
confined spaces. In another class of systems, a modular path-constrained haptic motion
guidance policy is developed, featuring online adaptation capabilities to address objectives
such as ergonomics. In this context, the concept of a Manipulability Pseudo-Ellipsoid is
introduced as a robust ergonomics assessment method specifically designed for systems like
the human body. Among the various human-centered algorithms developed in this disserta-
tion, a particularly impactful contribution lies in the application of robot-aided movement
rehabilitation. In this regard, an innovative support-adaptive policy is developed, capable
of adjusting and learning the appropriate level of robot assistance along the therapeutic
path while also enhancing the permissive characteristic of the robot. This, in turn, may
promote the patient’s active participation and, consequently, enhance the recovery process.
This patented approach has been commercialized and successfully integrated into a lower-
limb rehabilitation robot, now extensively utilized in clinics worldwide. Its effectiveness has
been corroborated through numerous clinical studies and surveys, including one conducted
as part of this dissertation. The notable success of this approach, highlighting the scalability
of the proposed framework, has been recognized with multiple national and international
awards, including the prestigious 2021 euRobotics Technology Transfer Award for the best
research-based commercialized technology in Europe.

In essence, this dissertation systematically constructs a framework based on fundamental
concepts of physics, encompassing force, motion, and energy. The resulting advancements
in passivity-based planning and control not only enhance the stability and robustness of the
proposed solutions but also enable the energy-based shaping of physical interactions in accor-
dance with the manipulation objectives. The developed robust controllers are not constrained
by typical limitations, rendering them suitable for real-world applications where unforeseen
disturbances are inevitable. The array of proposed policy modules adeptly tackles diverse,
complex scenarios involving both human and geometric constraints in an intuitive manner,
requiring a minimal number of involved variables. The development of each framework
component brought about theoretical contributions that led to novel practical applications
in tactile manipulation. These applications feature increased modularity and robustness,
making them suitable for real-world settings. The developed components underwent indi-
vidual verification through extensive experiments, clinical and user studies, demonstrations,
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6. Conclusion

and commercialized setups within the scope of numerous national and international research
projects. The dissertation introduces theoretical concepts, including the generalized UFIC
and the support-adaptive rehabilitation policy, which have successfully translated into prac-
tical industrial setups, showcasing the real-life effectiveness of the proposed framework.
Despite the numerous impacts, the utilized construction approach could be further em-

ployed to expand the proposed framework readily, addressing objectives not directly tackled
in the dissertation. The construction methodology is grounded in physics concepts, provid-
ing high scalability of solutions, and at the same time, it adopts a minimalist approach,
enabling intuitive adjustments for new objectives without necessitating an in-depth under-
standing of the field. This physics-based minimalism significantly enhances generalizability
by reducing the search space, particularly when employing data-driven approaches. This fea-
ture is crucial, as the generation of real-world tactile manipulation data involves executing
actual physical actions, thereby rendering the data generation process exceptionally costly
compared to other data types.

Future Work

The proposed constructive approach can ultimately serve as a foundation for data-driven
methods, enabling a generative framework capable of automatically generalizing to diverse
manipulation objectives. This can be accomplished both for developing and tuning the frame-
work components or for determining optimized sequences, e.g., behavior trees, of differently-
tuned frameworks. These explorations will serve as the primary next step.
From a stability standpoint, the passivity of all proposed solutions was verified, ensuring

that the system would not indefinitely diverge from and would eventually converge to the
equilibrium state. What was not addressed, however, was the rate of convergence. In future
work, stability will be considered beyond simply proving passivity, with an emphasis on
achieving faster convergence to the desired equilibrium states.
A substantial part of future work will focus on deploying and translating the proposed

concepts (excluding those already undergone) into real-life setups. In this regard, the multi-
manual object manipulation control framework will be implemented on an artificial hand,
with each finger representing an individual arm. Additionally, vision-based grasping policies
will be developed as a pre-stage of the object manipulation task. In another aspect, the
path-constrained haptic motion guidance will be implemented on relevant setups, such as
assistive surgical robots, with the aim of leveraging the strength and accuracy of robots
under the supervision of the human operator.
Finally, as extensive clinical studies are currently in progress to analyze the long-term ef-

fects of the proposed innovative support-adaptive robot-aided rehabilitation therapy, further
refinement is planned. This involves incorporating physiological aspects such as biomechanics
and human neural motor control, with a specific focus on concepts like stereotypical human
motions, submovements, and abnormal synergies [402–404]. These concepts can also serve
as a foundational idea for developing efficient policies, such as motion generators, within the
proposed framework.
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The unified force-impedance control (Section 3.1) enables robust performance in manipulation 
tasks involving physical interactions, overcoming classical stability-related limitations.



The direction-dependent compliance adaptation law (Section 3.2) allows for the dynamic 
addition/removal of robots on the fly, enabling scalable, multi-manual object manipulation.



The phase-based haptic motion generator (Section 4.2) facilitates the fusion of robot precision 
and strength with human supervision for movements within geometric constraints.



The robot's capacity to iteratively adjust its support and permissiveness features (Section 4.3) 
can enhance rehabilitation therapy, while its energy-based performance monitoring metric 
(Section 5.3) can increase accessibility.
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[381] Alin Albu-Schäffer, Christian Ott, Udo Frese, and Gerd Hirzinger. “Cartesian
impedance control of redundant robots: Recent results with the DLR-light-weight-
arms”. IEEE International Conference on Robotics and Automation, 3:3704–3709,
2003.

[382] Zhe Cao, Tomas Simon, Shih-En Wei, and Yaser Sheikh. “OpenPose”. GitHub reposi-
tory, 2018.

[383] Auke Jan Ijspeert, Jun Nakanishi, Heiko Hoffmann, Peter Pastor, and Stefan Schaal.
“Dynamical movement primitives: learning attractor models for motor behaviors”.
Neural Computation, 25(2):328–373, 2013.

[384] Kamal Kant and Steven W Zucker. “Toward efficient trajectory planning: The path-
velocity decomposition”. The International Journal of Robotics Research, 5(3):72–89,
1986.

[385] Ahmed Hussein, Mohamed Medhat Gaber, Eyad Elyan, and Chrisina Jayne. “Imitation
learning: A survey of learning methods”. ACM Computing Surveys, 50(2):1–35, 2017.

[386] Martin Dietrich Buhmann. “Radial basis functions”. Acta numerica, 9:1–38, 2000.

[387] Intell. “Intel RealSense SDK 2.0”. https://github.com/IntelRealSense/librealsense,
2018.

[388] Zhe Cao, Tomas Simon, Shih-En Wei, and Yaser Sheikh. “Realtime multi-person 2d
pose estimation using part affinity fields”. Conference on Computer Vision and Pattern
Recognition, pages 7291–7299, 2017.

[389] Oussama Khatib, Luis Sentis, Jaeheung Park, and James Warren. “Whole-body dy-
namic behavior and control of human-like robots”. International Journal of Humanoid
Robotics, 1(01):29–43, 2004.

[390] Brian A Garner and Marcus G Pandy. “A kinematic model of the upper limb based on
the visible human project (VHP) image dataset”. Computer Methods in Biomechanics
and Biomedical Engineering, 2(2):107–124, 1999.

[391] Erwin Kreyszig. “Advanced engineering mathematics: 2d Ed. J. Wiley, 1967.

[392] Jadran Lenarcic and Andreja Umek. “Simple model of human arm reachable
workspace”. IEEE Transactions on Systems, Man, and Cybernetics, 24(8):1239–1246,
1994.

[393] Paolo De Leva. “Adjustments to zatsiorsky-seluyanov’s segment inertia parameters”.
Journal of biomechanics, 29(9):1223–1230, 1996.

[394] Erfan Shahriari, Sami Haddadin, Dinmukhamed Zardykhan, Alexander Koenig, and
Helfried Peyrl. “Verfahren zur steuerung und regelung einer vorrichtung umfassend ein
bewegungsmodul in ihrer interaktion mit einem menschen, sowie eine derart gesteuerte
vorrichtung”. German Patent Office, DE102020102351A1, 2021.

233



Bibliography

[395] Archibald Vivian Hill. “The heat of shortening and the dynamic constants of muscle”.
Proceedings of the Royal Society of London. Series B-Biological Sciences, 126(843):136–
195, 1938.

[396] Matthew Millard, Thomas Uchida, Ajay Seth, and Scott L Delp. “Flexing compu-
tational muscle: modeling and simulation of musculotendon dynamics”. Journal of
biomechanical engineering, 135(2), 2013.

[397] Thiago Yukio Fukuda, Jorge Oliveira Echeimberg, José Eduardo Pompeu, Paulo
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