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Abstract—Robot programming is still an elaborate process in
industrial assembly, especially in cases requiring a specific force
profile for successfully executing an assembly step. In this work,
we present the Haptic Knob, a low-cost haptic device (around 100
EUR on hardware costs) for (currently) one-dimensional robot
movement programming on both position and force profiles.
The Haptic Knob is equipped with a Field-Oriented Controlled
(FOC) motor and a positional encoder that reads the human
input position and generates feedback forces to the operator.
The Haptic Knob is not equipped with an external Force/Torque
sensor to measure the human input force, but works together
with the impedance controller of the robot arm, which allows
a dynamic force teach-in. A control interface is implemented
to map the positional signal from the Haptic Knob to the
movement of different actuators, as well as the force/torque
signals from various devices to the Haptic Knob for force
feedback. We showcase and validate the proposed hardware and
control interface on the industrial use case of automotive fuse
box assembly.

Index Terms—Haptic device, force feedback, robot teleopera-
tion

I. INTRODUCTION

Classical robot programming using the teach pendant, such
as the KUKA smartPad 1 is still widely used in the industrial,
where the operator defines a sequence of way-points in the
Cartesian space for the robot movement. While the teach
pendant enables the precise control of the robot’s Tool Center
Point (TCP), it is an elaborate process where the operator has
to finetune the final robot pose under sub-millimeter accuracy
with only visual feedback, which makes it less efficient.
Moreover, this method only allows for the programming of the
way-points of the robot movement but neglects the teaching of
force profiles, which are crucial for certain industrial assembly
tasks, such as the insertion of fragile workpieces with a
specific force threshold.

Haptic teleportation devices, such as Virtuose 6D HF TAO 2,
sigma.7 3 and Touch 4, allows the human operator to precisely
control the robot’s movement with haptic force feedback [1].
During the haptic teleoperation, the operator’s movements on
the devices are directly mapped onto the Cartesian movement
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Fig. 1: Our proposed haptic device for one-dimensional (1D)
robot teach-in on both position and force. The contact force on
the robot end effector (EE) is fed back to the human operator
for precise force control.

of the robot’s TCP. These devices are particularly efficient
for robot teach-in or teleoperation [2]–[5], where the force
profile of the robot movement is crucial, e.g. assembly tasks
of fragile workpieces or polishing tasks. The appropriate force
feedback on the operator requires actuators with larger sizes,
which result in a less compact hardware dimension, further
limiting their applications in industrial settings. Additionally,
the force feedback of these devices is enabled with high-
precision Force/Torque (F/T) sensors and actuators, resulting
in high costs that limit their wide adoption in the industry.

Field Oriented Controller (FOC) [6] allows for the precise
control of the motor’s position and torque, which makes it
potentially suitable for force feedback within a haptic device.
Our work is motivated by the Smart Knob project 5 [7],
where the FOC controller is used for intuitive user input
with haptic feedback, e.g. for controlling smart home devices.
However, the haptic feedback of such Smart Knob is currently
limited in simulating detents or controlling boundaries, which
is not directly linked to the interaction force with the physical
objects. To our best knowledge, such devices have not been
presented as haptic teleoperation interfaces for robot control,
particularly for physical interaction with real-world objects. In
this work, we propose a low-cost FOC-controlled Haptic Knob

5https://github.com/scottbez1/smartknob
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(around 100 EUR on hardware costs) and the necessary control
framework for robot teleoperation. In addition, we investigate
and showcase the usability of such devices with an industrial
assembly task with force requirement.

The paper is structured as follows: In section II, we give a
literature overview on the current haptic teleoperation devices
with their industrial use cases. In section III, we introduce
the implemented system, including the hardware design of the
Haptic Knob III-A, and the software design of the control
interface III-B. In addition, we introduce the design of the
robot controller as an example of force teach-in. In section IV,
we showcase the usability of the Haptic Knob in an industrial
setting for automotive fuse box assembly task as the exper-
iment and further present and discuss the result results in
section V.

II. RELATED WORKS

Robot Teaching with force requirements: Force require-
ments on robot movements are crucial in certain industrial
tasks involving delicate manipulations, such as the assembly
of small electrical parts [8] or polishing [9]. Kinesthetic
teaching has emerged as a viable method for enabling robots to
learn both position and force profiles in various industrial use
cases [9]–[11]. During kinesthetic teaching, a user physically
guides a robot along the necessary trajectories to complete a
task. This hands-on approach is more intuitive than the classi-
cal teach-pedant approach. However, the kinesthetic teaching
necessitates the direct physical interaction of the operator
with the robot arm, which may result in safety risks due to
robots’ malfunctions. In comparison, haptic devices allow for
the teaching of positional and force requirements with the
additional advantage of safer remote control [3], [10], [12].

Haptic Teleoperation: Compared to Kinesthetic teaching,
robot teleoperation enables a human operator to control a robot
remotely with rich haptic feedback, which allows the operator
to perceive and respond to the robot’s environment intuitively
and precisely. Different studies utilize the haptic feedback in
various robot manipulation tasks, including the peg-in-hole [2],
[3], the pipe-fitting [5], the bimanual cloth-folding [13], the
cutting task [4], and the blackboard writing task [14].

The force teach-in with the haptic device can be integrated
with an impedance controller on the actuator side to allow
more dynamic force manipulation. Michel et al. [4] introduced
an adaptive impedance controller on robot teleoperation with
the Omega.3 haptic device, where the task execution is im-
proved with the dynamic force from the adaptive stiffness
parameter. Similarly, we deploy an impedance controller on
the robot side for dynamic force teach-in.

More recently, haptic devices have been utilized for data
collection of robot manipulation in imitation learning [12],
[13]. Chi et al. [13] utilized two Haption Virtuose 6D HF
TAO to demonstrate complex and contact-rich tasks on the
robot arm, e.g. bimanual shirt folding task, where the robot
learns the subtle manipulation policy from hundreds of human
demonstrations.

Haptic Feedback Devices: Despite the recent advances in
haptic teleportation, existing haptic devices often face trade-
offs between compact size and accurate force feedback [1].

The current haptic devices mostly interact with 2 sensory
modalities of the human [15]: (1) Cutaneous sensation (also
known as tactile sensation) enables the perception of pressure,
shear, and vibration through the skin [15], that allows the
detection of objects attributes of shape, texture, and edges [16];
(2) Kinesthetic sensations, in contrast, provide feedback on
forces and torques, informing the body’s position and move-
ment.

Cutaneous feedback devices are more compact and portable,
making them suitable for wearable devices [17], [18]. How-
ever, they do not facilitate position or force teaching. In con-
trast, kinesthetic feedback devices designed for position and
force teaching, such as the sigma.7 used in [19], are typically
mechanical and grounded. These devices are often expensive
and bulky, limiting their portability and making integration into
diverse industrial settings more challenging [20]. Our proposed
device, however, facilitates both force and position teaching
while maintaining portability and cost-efficiency due to its
compact hardware design.

III. METHOD

Our proposed method for intuitive robot teaching includes 3
major components as depicted in Fig. 2: (1) A FOC-controlled
Haptic Knob (on the right) as the master device during the
teleoperation that reads the user’s positional input and returns
force feedback; (2) A control interface (in the middle) that
maps the feedforward position value and feedback force value
between the Haptic Knob and the robotic devices; (3) The
devices (on the left) within the robot workcell that either
serve as the slave device, e.g., robot arms, or measure the
force/torque value, e.g., F/T sensors.

During the robot teach-in, the human operator can hold
the portable Haptic Knob in hand and rotate the motor in
circles. The Haptic Knob is a one-dimensional (1D) teleop-
eration device, that allows for switching between different
teleoperation channels due to its hardware-agnostic property,
e.g. position control on the Cartesian movement along the Z
axis of the robot’s TCP PTCP Z and the correspondent force
feedback FTCP Z as in our use case IV. The user’s rotational
input on the Haptic Knob is measured by a rotational encoder
as PHapticKnob. The control interface reads the change of
the motor ∆PHapticKnob and further converts it into a 1D
relative movement ∆PActuator command on the actuators,
e.g. ∆PTCP Z as in our use case. For force feedback control,
the contact force on the actuators with the external objects
can be measured via F/T sensors as FSensor, which is also
a one-dimensional value, e.g. FTCP Z . The FSensor is also
converted to torque command THaptic Knob on the Haptic
Knob for force feedback. The exerted torque on the Haptic
Knob can be perceived by the human hand. All components
within our system are wrapped in a Robot Operating System
(ROS) interface to allow unified data communication with
ROS messages.
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Fig. 2: System architecture of our proposed haptic control method. The haptic knob is a hardware-agnostic device for 1D
position and force teach-in. A control interface in the center is responsible for converting the position and force signals
between the Haptic Knob and other devices: (1) forward position teach-in from the haptic knob to the actuators, e.g. Cartesian
movement on the Z axis of robot TCP; (2) Force feedback control from the sensors, e.g. F/T sensor installed on the robot EE,
to the haptic knob as the haptic feedback for human operator.

In the following sections, we explain the working principle
and the functionality of each component. In Section III-A,
we first give a brief recap on the FOC controller and also
introduce the hardware and software design of the Haptic
Knob, which explains why it can be used for haptic position
control; In Section III-B, we explain the linear mapping of
the device singals within our control interface that enable the
positional feedforward and force feedback teleoperation. In
Section III-C, we introduce specifically the deployment of a
Cartesian impedance controller on the robot as an example of
the dynamic force teach-in.

A. FOC-based Haptic Knob

The hardware components within our proposed Haptic Knob
are depicted in Fig. 3. Field-Oriented Control (FOC) is the
key technology for controlling the torque on a brushless DC
(BLDC) motor and reading the positional value of the motor’s
rotation. We utilize a compact BLDC motor 6 with a maximal
torque of 0.124Nm, which is typically used in drones or
gimbals. The measurement of the motor’s position is enabled
by a magnetic encoder AS5600 7 with the resolution of 4096
units per circle, i.e. 1.534 × 10−3rad/unit. The acquired
motor position is also used for measuring the human input.
We implemented a FOC controller based on the SimpleFOC
library [7], integrated into an ESP32 microcontroller. In addi-
tion, rosserial 8 is integrated into the ESP32 to allow data
transmission via ROS, enabling commands on the Haptic
Knob’s force and publication of the motor’s position.

Figure 4 shows the block diagram of our FOC controller,
where efficient and precise motor control is fundamental for
realistic haptic feedback. FOC [6] utilizes the Park and Clarke
Transformation for decomposing a user-specified voltage value
Uq set by the user into two orthogonal components (isd and
isq) that align with the rotor’s magnetic field [21]. It then
adjusts the phase voltages Ua, Ub and Uc to ensure these
generate a magnetic force that is always orthogonal to the

6https://shop.iflight.com/gimbal-motors-cat44/
ipower-gm2804-gimbal-motor-pro1153

7https://ams.com/as5600
8https://wiki.ros.org/rosserial
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GBM2804H-100T

Magnetic encoder
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ESP32 microcontroller
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Fig. 3: Exploded view of our proposed Haptic Knob with the
hardware components. A BLDC motor is controlled via the
FOC driver shield to provide force feedback. The AS5600
encoder is used to measure the rotational position of the motor.
An ESP32 microcontroller is integrated into the FOC driver
shield to allow communication via ROS. The motor lid, the
case, and the base are self-designed and 3D printed.

direction of the rotor’s permanent magnetic field, which allows
for the maximal torque through optimal commutation.

For realistic force feedback, a proportional linear relation-
ship between the commanded force and the generated torque
on the motor is desired. We first consider the negligible
back electromotive force (EMF) that linearly transforms the
commanded force to the controlling voltage Uq . Furthermore,
FOC enables the proportional linear relationship T ∝ I ∝ Uq

by precisely aligning the stator current vector I with the
rotor magnetic field, allowing direct control over torque T ,
which in turn is directly influenced by the applied voltage Uq

. This precise control of the FOC controller is fundamental
for capturing the position input from the human operator and

https://shop.iflight.com/gimbal-motors-cat44/ipower-gm2804-gimbal-motor-pro1153
https://shop.iflight.com/gimbal-motors-cat44/ipower-gm2804-gimbal-motor-pro1153
https://ams.com/as5600
https://wiki.ros.org/rosserial
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Fig. 4: Block diagram of the FOC-controller for a BLDC
motor within our Haptic Knob. The controller takes a force
command as system input, which is linearly proportional to the
user-defined voltage Uq , considering negligible back EMF for
simplification. Uq is further decomposed into phase voltages
Ua, Ub, Uc using inverse Park and Clarke Transformation. The
optimal magnetic force is ensured by reading the current
motor’s rotational position. The FOC controller enables precise
position and torque control of the motor, which is essential for
simulating realistic force feedback.

providing realistic force feedback, thus enhancing the haptic
experience by closely imitating real-world forces.

B. Control interface

The control interface, as depicted in the middle of Fig. 2,
serves the major purpose of mapping the position/force signal
between the Haptic Knob and the workcell devices. Here,
we deploy two simple linear mappings on the position/force
value between the master and slave devices as expressed in
Equations 1 and 2.

The user’s input on the Haptic Knob is a rotational position
PHaptic Knob, which is measured by the magnetic encoder
as shown in Fig. 3. To avoid sudden, unsafe robot movement
due to inaccuracies in positional readings on the Haptic Knob,
the change of the rotational position ∆PHaptic Knob within
each communication iteration is calculated and converted to
the change of actuator movement ∆PActuator by multiplying
a scaling coefficient KPosition, as expressed:

∆PActuator = KPosition ×∆PHaptic Knob (1)

For example, when the Haptic Knob is used for controlling
the transnational movement on the Z-axis of the robot TCP
PTCP Z , the KPosition is chosen as 0.1 mm/unit assures
precise control, which converts the motor’s rotation of 360◦

to the robot TCP movement for 409.6 mm.
The force feedback is also enabled by a coefficient KForce,

which linearly maps the force measured on the sensor to torque
exerted on the Haptic Knob:

THaptic Knob = KForce × FSensor (2)

Given the same example of controlling the Z-axis movement
of the robot TCP, the KForce is chosen here adequately as
2.5 × 10−3Nm/N . When the F/T sensor on the robot TCP
detects a collision force of 40 N, the Haptic Knob generates
a torque of 0.1 Nm on the user’s hand.

The Haptic Knob is a hardware-agnostic device for one-
dimensional controlling as in Fig. 2, including the translational
or rotational movement of the robot TCP, or the grasping
aperture of the gripper. Each controlling mode consists of a

Cartesian
Impedance Controller

Collision Object

Communication
Channel

Human Input
Haptic 
Knob

Force Feedback

TCP
Force

TCP Movement

Fig. 5: Illustration of force teach-in of robot movement enabled
by a Cartesian impedance controller. The human operator
rotates the Haptic Knob to move the robot. Upon collision of
robot TCP with objects, the user can still overcome the feed-
back force on the knob and rotate further to command the next
goal position. Due to the increased positional error∆PTCP ,
the impedance controller commands the robot movement with
a larger force.

1D movement of the actuator and a 1D F/T value from the
sensor, with their controlling coefficients manually finetuned
for the specific devices.

C. Robot controller

In Figure 5, the process of the force teach-in of the robot
movement is illustrated, where the user actively overcomes the
current force feedback on the Haptic Knob and commands the
next waypoint upon collision. To achieve a low-budget and
compact design, the Haptic Knob is not equipped with a F/T
sensor to measure the human input force. Instead, the force
teach-in is facilitated through an impedance controller [22]
in the Cartesian space of the robot TCP. The impedance
controller offers the spring-damper characteristic on the robot
TCP as expressed in Equation 3, enabling the dynamic force
generation upon external collision.

F =Kx(xd − x) +Dx(ẋd − ẋ)

+ Λ̂(q)ẍd + µ̂(q, q̇) + γ̂(q) + η̂(q, q̇) (3)

Here, F denotes the external force acting on the robot TCP,
which is affected by the difference on the desired position
xd or the velocity ẋd with the correspondent stiffness and
damping factors Kx, Dx. Λ̂, µ̂, γ̂, and η̂ represent the robot
mechanical model. In our system, the KUKA Fast Research
Interface (FRI) offers the Cartesian impedance controller,
allowing users to define the damping and stiffness parameters.

During the force teach-in process as in the given example,
the robot follows the human’s positional moving command. It
descends along the Z-axis to the contact point PTCP

contact on a
collision object. In this contact position, no external force is
registered or fed back to the Smart Knob. Subsequently, when
the human further commands the next waypoint PTCP

goal , the
robot remains at the contact position PTCP

contact. The positional
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Fig. 6: The hardware setting of the robot workcell for automo-
tive fusebox assembly as the industrial use-case. An external
F/T sensor is installed under the Haptic Knob for measurement
of the exerted force on the human hand, which is only used
during the experiment.

error ∆PTCP between the goal position PTCP
goal and the actual

position PTCP
contact resulted in a contact force on the robot TCP

FTCP due to the stiffness characteristic Kx of the impedance
controller. This force FTCP

goal is measured with a F/T sensor
installed on the robot end effector (EE) and fed back to
the Haptic Knob. The user can overcome the current force
feedback THaptic Knob and further rotate the Haptic Knob
before the upper threshold of the torque on the motor of the
Haptic Knob is reached. Due to the stiffness characteristic of
the impedance controller, the increasing ∆PTCP results in a
larger force FTCP

goal applied on the robot. Through this dynamic
process, the force profile of the robot TCP movement can be
taught by the user.

IV. EXPERIMENTS

To demonstrate the robot force and position teach-in with
our Haptic Knob, we choose the automotive fuse box assembly
as the use case for the experiment and set up a workcell
that closely replicates the real industrial assembly scenario
as shown in Fig. 6. The automotive fuse box, as shown in
Fig- 7a, possesses many slots, where different types of fuses
can be inserted, e.g., large orange fuse 5Ω and small red fuse
10Ω.

The robot movement during each insertion process of a
single fuse as shown in Fig. 7b is approximately 5 mm,
where applied push-down force is critical for the successful
installation. This insertion force has to overcome the resistance
in the slot, but exceeding the maximal threshold FThreshold

would cause damage to the slot. Such force threshold is
difficult to obtain from traditional robot teaching devices, e.g.
the teaching pedant, which only allows the user to command
the position. Another factor that complicates the robot teaching
in this particular use case is the large variation of the fuse

Small fuse ( )

Large fuse ( )

(a) Automotive fuse box (b) Fuse insertion process

Fig. 7: A close-up look on the automotive fusebox (left) for
the assembly process. Fuses in different shapes can be inserted
into the trays that require different force thresholds, e.g. the
small (in shape) red fuse (10Ω) in the middle of the fuse box
and the large orange fuse (5Ω) at the bottom right.

types, each requiring a unique force threshold due to their
shape differences.

Within the workcell, a KUKA LBR iiwa 7 R800 robot
arm is equipped with an AXIA 80 F/T sensor for TCP
force measurement and a SCHUNK WSG 50 parallel gripper
as the end-effector. The robot arm is internally controlled
via the KUKA FRI with a Cartesian impedance controller,
which communicates with the controlling PC at a controlling
frequency of 1000 Hz and is wrapped with a ROS interface,
which allows communication with other components on 500
Hz, enabling real-time capability. The impedance controller is
activated with the stiffness parameters of [2000 N/m, 2000
N/m, 2000 N/m, 600 Nm/rad, 600 Nm/rad, 600 Nm/rad] and
the damping parameters of [500 Ns/m, 500 Ns/m, 500 Ns/m,
200 Nms/rad, 200 Nms/rad, 200Nms/rad] on the 6 degree of
freedom (DOF)[x, y, z, α, β, γ] of the robot TCP.

The fuse box is installed and held on the aluminum profile
on the table with a fixed position for the fuse insertion. Two
types of fuses (a small red fuse (10Ω and a large orange
fuse (5Ω) as in Fig. 7b) are used to illustrate different force
profiles. During the experiment, the human operator uses the
Haptic Knob to control the Cartesian movement on the Z axis
of the robot TCP for the fuse insertion. In order to measure
the actual force input of the human operator and compare it
with the commanded force on the Haptic Knob, an external
Weiss Robotics KMS 40 F/T sensor is installed under the
Haptic Knob, which is only used during experiment and is
not needed in normal operation. Within each insertion process,
the human input of the position PHaptic Knob and the torque
exerted THaptic Knob from the Haptic Knob, as well as the
position PTCP and external force FTCP of the robot TCP,
are recorded and further analyzed in V.
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Fig. 8: Experiment result of the collision-free movement of the robot, where the human simulates a sine signal in Fig.in Fig. 8b.
The temporal delay ∆tdelay on the robot TCP movement in Fig. 8a is caused by the damping characteristic of the Cartesian
impedance controller. The disturbance on the measured force on the Haptic Knob in in Fig. 8d is caused by the alternating
input direction from the human, where no external force is detected on the robot TCP in Fig. 8c.
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Fig. 9: Experiment result of the insertion process of a small electric fuse requiring low push-down force. The insertion force
of 30N can be read from in Fig. 9c.
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Fig. 10: Experiment result of the insertion process of a large electric fuse requiring high push-down force. The insertion force
of 40N can be read from in Fig. 10c.

V. RESULTS

A total of 3 different experiments for robot movement teach-
in are conducted: (1) a free drive process where the operator
simulates a sine signal along the Z-axis of the robot TCP; (2)
the insertion process of a small fuse requiring a small push-
down force; (3) the insertion process of a large fuse requiring
large push-down force. The force and position values of the
robot and the Haptic Knob during the 3 experiments are shown
as in Fig. 8, 9 and 10

In the free drive experiment, the robot arm follows a sine
positional pattern in Fig. 8a that is simulated by the user as
shown in Fig. 8b. An average time delay ∆tdelay of 0.1s
between the commanded and the actual robot position is
caused by the damping characteristic D from the Cartesian
impedance controller, which however leads to a smoother
robot movement. Due to the contact-free movement of the
robot, no force profile is required as shown in Fig. 8c. Since
our Haptic Knob is not a grounded device, the force mea-

surement on it can be inaccurate due to the hand movement.
For example, in Fig. 8d, the alternating rotation direction of
the human input on the Haptic Knob resulted in a disturbance
on the measured force from the external F/T sensor, which,
however, does not affect the robot’s contact-free movement.
Such disturbance of measured force also appeared in the
following 2 experiments as shown in Fig. 9d and 10d.

In both fuse insertion experiments, the insertion movement
can be successfully taught to the robot from the human as
shown in Fig. 9 and 10. The robot’s position profiles in
both experiments are similar but have different positional
errors ∆PTCP between the commanded position PTCP

actual

and the actual position PTCP
commanded. The different positional

error ∆PTCP resulted in the different force profile from the
Cartesian impedance controller as shown in Fig. 9c and 10c,
which is explained in III-C. The contact force on the robot
is further fed back to the Haptic Knob as shown in Fig. 9d
and 10d. The realistic feedback force on the Haptic Knob



allows the user to command the robot with suitable force and
stop upon successful insertion without damaging the slot. In
addition, the insertion force from the human demonstration can
be read and used for parameterization of the robot insertion
program as the maximal force threshold, which is 30N for the
small fuse and 40N for the large fuse.

VI. CONCUSION

We have presented a low-cost Haptic Knob using an FOC
controller, allowing intuitive position and force teach-in for
industrial robots. Our proposed controlling interface for this
device enables the user’s efficient force and position teach-in
on the robot’s movement.

The application of such a device is successfully demon-
strated in an industrial assembly task involving an automotive
fuse box, where the precise push-down force during the
insertion of a fuse is critical for successful task execution.
Currently, the Haptic Knob operates as a one-dimensional
device, limited to teleoperation of a single DOF on the slave
device.

However, its hardware-agnostic design allows users to
switch between control channels associated with different
DOFs of the workcell devices. For future work, we aim to
integrate multiple Haptic Knobs for multi-dimensional robot
teleoperation, akin to the mechanical structure of gimbals for
3D orientation/position control of the robot TCP. Additionally,
we plan to explore the use of the Haptic Knob in Virtual Re-
ality environments to enhance robot teleoperation. We believe
that the precise force and position teach-in with our Haptic
Knob will also facilitate data collection for robot manipulation,
which can be leveraged in imitation learning to teach robots
dexterous movements, such as grasping deformable objects.
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