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Abstract— This paper proposes a simple passivity-based
disturbance rejection scheme for force-controllable biped hu-
manoids. The disturbance rejection by force control is useful
not only for self-balance, but also for stable and safety physical
interaction between human and humanoid robots. The core
technique is passivity-based contact force control with gravity-
compensation. This makes it easy to control the contact forces
in a satisfactory dynamic range without canceling all non-linear
terms. The disturbance rejection is located at the higher layer
above the contact force controller. It is composed of three sub-
controllers; 1) a balancing controller; 2) a stepping controller;
and 3) the trigger. Numerical simulations and experiments
evaluate the effectiveness of the proposed controller. Although
the method is incomplete in the sense that the self-collision
between the limbs is ignored, a preliminary experimental result
on a real humanoid platform demonstrates that the proposed
method can actually make the robot recover the balance under
large unknown external perturbations.

Index Terms— Passivity, Disturbance rejection, Humanoid,
Balance, Walking.

I. INTRODUCTION

Safety will be the most important factor for any robotic

systems operating in the real world. Disturbance rejection

serves as one of the safety requirements for full-sized hu-

manoid robots - it prevents the robot from falling and injuring

people and/or itself.

Several balancing compensators and compliance con-

trollers have been developed for position-controlled biped

humanoid robots [1][2][3][4]. Although these works and

others have demonstrated the validity of CoP-constrained

compensations, there remain three unsolved problems from

the viewpoint of force interaction. Firstly, the methods

always require the measurement of the external forces.

Secondly, the non-causality between the measured forces

and to-be-modified joint trajectories results in time-delay.1

Thirdly, being more problematic, it is difficult, in principle, to

assign the weight, required for inverse kinematics, properly

to unknown disturbances.

A force-based walking controller was proposed in [7]

and applied to a planar biped walking robot by a novel

force-controllable actuator prototype. But the extension to

multi-DOF robots with multi-contact points and multi-DOF

systems with redundant joints has not been presented. On the

1In this case, a preview control is required [5]. See [6] for the frequency
domain analysis. The external disturbance can be incorporated only if it is
estimated by observation in advance.
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Fig. 1. Schematic overview of disturbance rejection control presented in
this paper. The balancing and the stepping controller are simply combined.
The stepping controller is triggered by the measured ground reaction force.

other hand, some recent works [8][9] extended a task-space

control method [10] to full-body humanoid control. Although

the methods achieved some desired task-space trajectories

with given task priority and other constraints such as joint

limits, they accompany with the exact cancellation of non-

linear dynamics and have not yet been applied to a real

platforms.

In our study, we have been pursuing a passivity-based ap-

proach [11], where a passivity-based periodic motion control

strategy proposed in [12][13] is generalized to multi-DOF

humanoid robots. The underlying control policy is properly

utilizing the non-linear dynamics of the system rather than

cancelling them, as well as making the controller simple to

implement and provable. The key element of the passivity-

based approach is the invariance control [12]. This control

transforms the original system into a new passified system by

a feedback and control logic so that the resultant closed-loop

solutions are bounded into some admissible region. It is an

extension of passivation in non-linear control theory [14].

Once having obtained some recurrent orbits, new control

inputs asymptotically stabilize them hierarchically.

The usefulness of this approach in the motion control

of full-body, redundant humanoid robots has been demon-

strated in [11] and [15]. They proposed a new passivity-

based contact force control framework and demonstrated

its effectiveness by various simulations including dynamic

biped walking. In particular, [15] experimentally validated
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the method by showing our new biped humanoid platform

(Fig. 1) can actually adapt to unknown external forces applied

to arbitrary contact points.

As shown in [11] the novelty of our solution is the

direct optimization of the contact forces through CoP in

terms of the norm of the contact forces, which avoids the

unnecessary internal forces between the contact points. In

the contact control framework, gravity compensation plays a

very important role since with an additional damping, we can

approximately achieve desired contact forces. The gravity

compensation is one of the most fundamental passivation

controller because the robot becomes passive with respect to

external forces and generalized velocities. Since the move-

ment of the robot can be controlled by a very little amount

of external forces, gravity compensation is clearly useful for

physical interaction between human and humanoids [15].

This paper proposes a simple passivity-based disturbance

rejection scheme in series with [11] and [15]. The con-

troller is located at the higher layer above the contact

force controller and includes three components: 1) balancing

controller, 2) stepping controller, and 3) trigger, as depicted

in Fig. 1. Section II describes briefly our passivity-based

contact force control framework. Section III describes our

disturbance rejection scheme and the simulation results. The

simulation results are supplemented by the video clip in

the conference DVD.Section IV demonstrates experimental

results on our humanoid platform. They include balancing

with unknown external forces and a preliminary result on

disturbance rejection.

II. PASSIVITY-BASED, FULL-BODY CONTACT FORCE

CONTROL WITH GRAVITY COMPENSATION

The most fundamental control issue for humanoid robots

is the contact force control. This is because humanoid robots

need to interact with the environment while keeping balance

through these contact forces. Balancing, walking, and other

interaction task can be easily derived when this contact force

control framework is well established. This section briefly

describes our contact force control framework. For the details

see [11][15].

Consider a multi-DOF humanoid robot as shown in

Fig. 2(a). Let rC = [xC , yC , zC ]T ∈ R3 be the position

vector of CoM in the world coordinate frame ΣW and

q ∈ Rn be the joint angles and attitude of the base. For

our convenience, let’s introduce a gross applied force, or

ground applied force (GAF) fP = [fxP , fyP , fzP ]T ,

defined as fP := −fR, where fR is the ground reaction

force (GRF). GAF represents the force that the robot applies

to the environment. The control objective here is to bring fP

to some desired value fP .

First, suppose the robot contact with the ground at a single

point; CoP (center of pressure), which is represented by rP

in Fig. 2. Later we will proceed to the multiple contact case.

With the generalized coordinates q̂C = [rC , q]T ∈ R3+n, the

exact nonlinear dynamics with the single contact constraint
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Saggitalplane
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(a) CoM, CoP, and GRF

( j=5,6,7,8 )

( j=5,6,7,8 )
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rP
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( j=1,2,3,4 )

( j=1,2,3,4 )

fSj
fSjfP

(GAF)

(b) Contact forces

Fig. 2. Definition of positions and forces. Each contact point rSj is
assigned with the contact force fSj . The sum of the contact forces fSj

equals to GAF fP . Note that CoP rP always lies within the supporting
convex hull composed of rSj .

is described by

[

M 0

0 I(q)

]

︸ ︷︷ ︸

Î

[

r̈C

q̈

]

+

[
0

C(q, q̇)

]

︸ ︷︷ ︸

Ĉ

+

[
Mg

G(q)

]

︸ ︷︷ ︸

Ĝ

= u − Ê(q)T fP (1)

with I(q) the inertia matrix, C(q, q̇) the centrifugal and

Coriolis term, G(q) the gravity term, u = [0, τ ]T ∈ R3+n,

and Ê(q) the constraint Jacobian represented by

Ê(q) =
[

id JP (q)
]
, (2)

where JP (q) ∈ R3×n is the Jacobian from CoM to CoP

(derivative of rP by q) and id is an identity matrix.

From (1) to (2) fP can be calculated as

fP = (ÊÎ−1ÊT )−1
{

γ + ÊÎ−1(u − Ĉ − Ĝ)
}

(3)

with γ(q, q̇) = ∂
∂q

(Êq̇)q̇. Therefore, for some desired GRF

fP we can calculate the corresponding joint torques τ by

inverting (3). The torque precisely achieves fP = f̄P as long

as the above model is correct. See [16] for more details on

this type of exact GAF control for multi-link robots. Here, we

want to avoid such an inverse dynamics because it becomes

impractical for large DOF systems.

The followings are our practical solutions based on pas-

sivity. First, assume the motion is quasi-static. Since q̇ ≈ 0
we can expect γ ≈ 0, C ≈ 0 (we cannot say G ≈ 0). In this

case, for some new force input fu = [fux, fuy, fuz]
T ∈ R3,

it is straightforward to see the joint torque

τ = JT
P (fv + Mg) (4)

fv = (JP I−1JT
P )−1(M−1 + JP IJT

P )fu (5)

renders the closed-loop system satisfy

fP ≈ fu + Mg. (6)
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This is the main idea of G-comp for controlling CoM [15].

A simpler formula is available by setting

τ = JT
P (fu + Mg), (7)

instead of (4) and (5).

The advantage of using (7) is that we do not have to

calculate γ and C, which are very complicated and difficult

to estimate in real situations, while G is quite simple. An

obvious inconvenience is, however, the fact that if γ and C

are not small, some dynamic effects may arise as internal

motions [17]. One simple way of suppressing the internal

motion is to assign a simple nonlinear term that compensates

γ and C. Substituting (4) and ∂
∂q

(JP q̇)q̇ = −JP q̈ into (3)

we can derive a modified version of (4):

τ = JT
P (fv + Mg) + ζ(q, q̇) (8)

This yields the convergence (6) of GAF, provided ζ(q, q̇) is

designed so that

I(q)q̈ + C(q, q̇) − ζ(q, q̇) = 0 (9)

is stable. A conservative way to achieve this is simply to set

ζ as a joint-wise damping term:

ζ = −Dq̇ (10)

with a constant matrix D > 0. Although we should investi-

gate the structure of the left-hand side of (9), the controller

(8) itself can be made very simple, as this example. See

[18] and the related papers for the contact force control

for redundant manipulators, where the authors analyzed the

convergence of the internal motions with joint-wise damping

and the position/force error of the end-effector.

Now we turn our eyes to multiple contact case. For

simplicity, let us assume we are interested in total α-contact

points defined by rS = [rS1, rS2, · · · , rSα]T ∈ R3α and

the associated contact forces fS = [fS1, fS2, · · · , fSα]T ∈
R3α as shown in Fig. 2(b). See [11] for more general case.

Of course, rP must lie within the supporting convex hull

composed of rSj . The relationship among GAF, CoP and

the contact positions/forces can be written as

fP =

α∑

j=1

fSj , (11)

xP =

∑α

j=1 xSjfzSj
∑α

j=1 fzSj

, yP =

∑α

j=1 ySjfzSj
∑α

j=1 fzSj

, (12)

with fzSj the normal contact forces, or in a simpler form

fzP





xP

yP

1



 =





xS1 xS2 · · · xSα

yS1 yS2 · · · ySα

1 1 · · · 1





︸ ︷︷ ︸

Az∈R3×α







fzS1

fzS2

· · ·
fzSα







, (13)

where Az represents a contact force distribution matrix. For

some desired normal GAF fzP and CoP rP we can calculate

the corresponding desired contact forces. Specifically, we

propose an optimal contact force distribution given by






fzS1

fzS1

· · ·

fzSα







= A#
z fzP





xP

yP

1



 (14)

with A#
z = AT

z (AzA
T
z )−1. This solution is optimal in the

sense that it minimizes the norm of the contact forces.

Similarly we can distribute desired horizontal GAFs, fxP

and fyP , to the corresponding desired horizontal contact

forces fxSj and fySj through Ax and Ay (omitted).

Consequently, a desired GAF is distributed to desired

contact forces by a simple matrix operation

fS = A#fP





xP

yP

1



 , (15)

where A is obtained by permutation of Ax, Ay and Az . Then,

the commanded joint torques are obtained by

τ = JS(q)T fS + ζ(q, q̇) (16)

where JS(q) ∈ R3α×n represents the contact Jacobian from

CoM to supporting contact points (derivative of rS by q).

We always assume α ≥ n ≥ 3, which is not at all restrictive

However, of course n ≥ 3 does not always imply the three

components of GAF are manipulatable by the contact forces.

In summary, we use (15) and (16) with f̄P = fv + Mg,

instead of (8). It is important to note that the control torques

generated by (16) are different from (8) because it utilizes

the null space of JP by constraining the contact forces.

III. DISTURBANCE REJECTION CONTROL

This section elaborates our disturbance rejection control

shown in Fig. 1. This is composed of three components:

balancing controller, stepping controller and the trigger.

A. Balancing controller

Let us define balancing control here is the asymptotical

stabilization of the ground projection of CoM to some desired

position in the supporting convex hull. One can employ a

simple feed-forward and feedback law

fu = Mr̈C − KPC(rC − rC) − KDC(ṙC − ṙC) (17)

with the task-space PD-gains KPC , KDC > 0.

Recall CoP2 can be written as

xP =
zP fxP

fzP

, yP =
zP fyP

fzP

. (18)

Therefore, for some given user force input fu, the desired

CoP rP is set by

xP =
z̄P fux

mg + fuz

, yP =
z̄P fuy

mg + fuz

(19)

2Different from ZMP, CoP does not include the rate change of the angular
momentum around CoM. It represents the weighted sum of the translational
ground contact forces. In this sense, definition of ZMP in [11][15] is
different from this paper. Clearly, CoP cannot exit from the supporting
region, but ZMP can.

ThC9.2

2670



with z̄P = −zC . Since the desired CoP should be limited to

supporting convex hull, it in turn modifies the desired GAF.

Finally, the modified GAF fP as well as the desired CoP

rP are then used for determining the desired contact force

closure in (15).

One of the practical issue for balancing control is the

definition of the origin of ΣW . Our simple solution is;

defining the origin as the center of the feet contacting

with the ground.3 This means the origin is always moving

according to the current configuration of the robot. Gyro

information is important.

Using the angular momentum around CoM is promising

because we can apply large horizontal GAF regardless of

ZMP [16]. However, such a rich full-body balancing scheme

is a difficult optimal control problem with many constraints

since it usually requires a large amount of joint velocities

and the workspace, which are bounded. For a decoupled two-

link planar model, the exact solution exists [19]. Inventing

some practical and simple solution is our ongoing work.

Currently we are using very simple attitude controller for the

upper body. We are just superimposing a simple PD feedback

control inputs, with a low gains, to the torso joint torques

generated by (16), to maintain the upright posture.

B. Stepping controller

When the stepping motion is triggered, the swinging foot

starts to track to a desired trajectory planned online to

prevent the robot from falling. The trajectory was given

by 3D Symmetric Walking Control (SWC) law with a fixed

stride [11]. Let rQ = [xQ, yQ, zQ]T ∈ R3 be the position

vector from CoM to the center of the swinging foot. SWC

constraints the motion of the swinging leg by
[

xP + xQ

yP + yQ

]

= 0. (20)

For some given dxy (design parameter), the desired height

of the swinging foot is given as a smooth curve of the stride

Z

X

YΣW

CoM

ZMP

Saggitalplane

Left fo
ot

Right foot

Heading plane

− θ2θ1

rP
rQ

Fig. 3. Illustration of 3D symmetric walking: rP and rQ are the vector
from CoM to ZMP and to the center of swinging foot respectively. θ1 and
θ2 are the associated angle variables.

3Our previous description "Thanks to this simple solution, the controller
does not have to know whether the foot is on or off the ground." (p.219 of
[15]) was clearly wrong.

dxy :=
√

(xQ − xP )2 + (yQ − yP )2. It starts from zero,

passing through a desired height, and terminating at zero

when |dxy| ≥ dxy . Note that during walking the direction

of the heading plane may changes, and the robot moves its

foot to the direction of heading [13]. Therefore, SWC makes

the projection of CoM locate at the center of supporting

foot whenever the foot touches down. The mathematical

properties of SWC presented in [13] are met in the same

way by considering the angle variables θ1 and θ2 in Fig. 3.

That is, the controlled walking gaits are not asymptotically

stable, but Lyapunov stable symmetric orbits. Therefore, for

every neighborhood of a walking gait, there exist a family

of similar gaits with different energy level.

For disturbance rejection control, however, in addition to

SWC we apply the balancing controller described in Sec-

tion III-A all the time to achieve the asymptotical stability.

From the passivity-based control viewpoint, the balancing

controller can be regarded as a damping injection [14]. Note

that the target CoM is always located at the center of the

supporting region.

C. Trigger to stepping motion

We decided to choose the instance when the normal GRF

of one foot becomes close to zero as the trigger to stepping

action. The intuitive explanation of this transition rule is

as follows. Initially the robot stands on both feet with its

CoM located at the center of the supporting region. If the

disturbance is applied, the robot tries to keep balance by

controlling the CoM to the initial position. If too large

disturbance is applied, CoM exits from the supporting region.

However, due to our CoP feedback controller (17) and the

contact force distribution (15), before CoM exit from the

supporting region, the contact forces applied to the contact

points which are located at the opposite side of the target

position necessarily become zero. We choose this event as

the trigger to stepping. More precisely, if the sum of the

actual (not desired ones) vertical contact forces of one foot

crosses a small threshold value, then the robot starts to make

a step by that foot. Therefore, the transition is smooth and

the ground reaction forces are continuous.

To note:

(1) If the robot is stiff, disturbances easily make either of

the feet loose the contact forces. This is not the case

for ours because of the passivity due to the full-body

gravity compensation when equilibrium.

(2) Whether the desired contact forces becomes zero or not

depends not only on the CoM states and the location

of the contact points, but also the user force input

fu in (17). For example, if fu = 0 (hence gravity

compensation only), the contact forces becomes zero

only if some joint angles have reached the limit.

(3) If we can control the angular momentum around CoM

explicitly together with CoP, the CoP can be restricted in

some small range in the full supporting region, hence,

the contact forces can be made positive all the time

as long as physical constraints such as joint limits and

maximum velocities/torques are not violated.
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Fig. 4. Disturbance rejection simulation 1: the robot is suddenly pushed
backward. The force is of the magnitude 550 N and applied to the abdomen
at 2 s (the application time is 0.2 s). The CoP (xP , yP ) are shown with their
desired values (indicated by ‘.d’). The center location of the supporting foot
and the swinging foot are indicated by (x1, y1) and (x2, y2) respectively.
(xC , yC) represent the CoM.

Fig. 5. Animation corresponding to Fig. 4: the robot takes one step to
stop. Two red markers show CoM and its ground projection respectively,
while the yellow and green ones indicate the desired CoP and the actual
one respectively.

D. Simulations

This section shows some selected simulation results. Our

control scheme is primitive and the results are premature in

the sense that we did not consider the self collision between

the limbs. Therefore, the applicable disturbances are very

limited. We use a simplified simulation model without arms

and head. The model is built on SD/FAST, where the ground

contact is modeled as unilateral virtual springs and dampers.

The hip height from the ground is 0.82 m at the upright

posture, and the size of the sole is 0.15 m X 0.1 m. In

the simulations the gains for (17) are set as (KPC , KDC) =
(50×93, 5×93) for the vertical motion and (KPC , KDC) =
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Fig. 6. Disturbance rejection simulation 2: the robot is suddenly pushed
from front by 650 N. See Fig. 4 for the footnotes

Fig. 7. Animation corresponding to Fig. 6: the robot takes two steps to
stop.

(100 × 93, 50 × 93) for the horizontal motion, where 93
is the total mass. The desired CoM height set to 0.85 m,

while the horizontal positions are always set to the center

of the support. The joint-wise damping in (10) has been set

D = diag[d1, d2, · · · , dn] with dlegs = 2 and dtorso = 8.

The feedback gains of the superimposed attitude control for

upper body are all 10 Nm/rad.

Fig. 4 and Fig. 5 show simulation results of the disturbance

rejection with a large disturbance. The robot initially stands

at the double support with its right leg put forward. Then

a backward push of the magnitude 550 N is applied to the

abdomen for 0.2 s. Since the robot tries to keep the balance

by the feedback controller (17), the desired CoP is repidly

shift to the back left edge of the left sole as can be seen

from the time profile of xP .d and yP .d. However, since

the external force is too large, the CoM xC rapidly moves

backward. As a result, at 2.15 s (0.5 s earlier than the external
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push is released) the actual ground reaction force of the

right leg crosses zero, and the event to stepping is triggered.

After the single stepping motion, from 2.75 s the robot again

tries to balance at the new supporting state. Finally, CoM

converges to the center of the supporting region. Fig. 6 and

Fig. 7 show the similar simulation result, but the magnitude

of the disturbance is enlarged to 650 N. This time the robot

takes two steps to completely stop.

Note that in both simulations there can be found errors

between the actual GRF and the desired GRF (=−GAF),

hence, between the actual ZMP and the desired one too. The

errors come from the uncompensated nonlinear dynamics and

not using of the desired feed-forwad temrs in (17). At steady

state they coincide with each other. Note again that we are

using the measured GRF only for the decision making of the

transition, but not for the balancing controller.

IV. EXPERIMENTS

A. Humanoid platform and the joint torque control

The humanoid platform shown in Fig. 1 is developed

by SARCOS (www.sarcos.com). The robot is called CB

(Computational Brain). The legs and arms have 7 DOF, 3

DOF on the neck, and the torso has 3 DOF. There are

total 50 DOFs including the fingers (12 DOF) and the eye

cameras (4 DOF). Most of the DOFs are driven by hydraulic

servo actuators. The total mass is 93 kg when this paper is

published. The robot is installed with position sensors, force

sensors and attitude sensors. The actuators are controlled by

small-sized digital controllers supporting position, velocity

and force feedback, which are inter-connected by high-speed

intra network. See [20] for the details.

The joint torque control is solely based on the force

feedback of the force sensors attached to each joint. However,

the joints, actuators and sensors are not collocated in our

robot. Therefore we implemented a joint-wise force-torque

transformation based on the individual joint kinematics. Once

having the joint torque calibration, it is straightforward to

apply the controller. Actually, the control procedure sum-

marized in Section II is very simple and can be executed

with a low computational cost. So far, the torque control

performance of our humanoid platform is found to be steady

and repeatable. However, there are force tracking delays. The

delays can be minimized by maximizing the force gains in

the local joint controllers, but high gains cause undesirable

resonance. Fortunately the tracking delays have the similar

effect of joint-wise damping, this can be effectively utilized

for suppressing the internal motions as described in (10). In

other words, we can change the damping by simply tuning

the force gains.

B. Push recovery from unknown external forces without

triggering the stepping

Fig. 8 shows the typical performance of our balancing

controller when a side force is applied. Needless to say, the

robot is neither supported by the hydraulic hoses and cables.

This result nicely shows the relationship between the CoM

error and the ground reaction force distribution. As in this

Fig. 8. Our force distribution law makes some of the contact forces small
when a large error in CoM is detected. As a result, a foot may lift off the
ground.
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Fig. 9. Experimental data corresponding to Fig. 8.
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Fig. 10. Recovery from the side push at the back

Fig. 11. Recovery from the side push at the hip

case, CoM is perturbed from the desired equilibrium (zero),

and the desired normal contact forces become close to zero

when the ground projection of CoM and CoP is far located

each other. Because of this, it happened one foot lifted off the

ground. In this example, however, we did not triggered the

stepping controller. Therefore, the lifted foot moves purely

as a result of the balancing control. At the same time the

CoM moves back to the center of the feet. Then the lifted

foot touches the ground. This process repeats once more, and

finally the robot balances, but with a different configuration

from the initial one. Fig. 9 shows the time evolusion of this

experimet. The top two graphs show the position of CoM

and desired CoP. The limitations of the desired CoP in X-

direction are indicated by two dashed lines, ±0.15 m.

Note that we do not specify which joints should move in

compliance with the disturbances, for example, we do not

use any weighting matrix as in some inverse kinematics ap-

proach. The weighting is automatically done by the Jacobian

transpose (16) (not inverse), and the compensating contact

forces are distributed to the joint torques of whole body.

Therefore, if we push the robot torso, the torso compliantly

follows first, and then the lower body begins to compensate

for the CoM error. Similarly, if we push the hip, the hip

moves first. This can be seen from Fig. 10 and Fig. 11.

Although the controller does not measure the external force,

the responce to the external force is immediate. This is

because most of the joints are commanded zero torque when

the robot has upright posture (equilibrium).

C. Disturbance rejection with stepping

Fig. 12 and 13 show a preliminary result on the distur-

bance rejection experiment. The robot is allowed to transit

from the double support phase to the single according to the

transition rule made in Section III-C, based on the measured

GRF. Different from the simulation result, there can be seen

a chattering in the GRF of the to-be-lifted leg just after the

trigger as indicated by a dashed circle in the bottom graph.

This is because our stepping controller is too sensitive to the

current positions and velocities of the supporting foot and the

CoM. Reducing the sensitivity is left for the future work.

V. SUMMARY

This paper proposed a simple passivity-based disturbance

rejection scheme for force-controllable biped humanoid

robots. It was composed of three sub-controllers: 1) a

balancing controller; 2) a stepping controller; and 3) the

trigger. Numerical simulations and experiments evaluated the

effectiveness of the proposed method. Although the method

is incomplete in the sense that the self-collision between the

limbs is ignored, preliminary experimental results demon-

strated that the proposed method could actually maintained

balance even under unknown large external perturbations.

Technical issues on the joint torque control were also pre-

sented. Our future work includes extension to CoP-free

balancer, joint torque minimization, and joint angle limitation
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Fig. 12. Disturbance rejection experiment: The top two graphs show the
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Fig. 13. Snap shots of the disturbance rejection experiment: A large amount of backward push is applied to the robot chest. The robot steps back to keep
the balance. Due to the lack of the space the swinging (right) foot hits the side of the gantry.

as well as self-collision avoidance.
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