Robust Landing Stabilization of Humanoid Robot on Uneven Terrain
via Admittance Control and Heel Strike Motion
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Abstract— This paper addresses robust landing stabilization
in humanoid locomotion on uneven terrain. The core idea
is to find a configuration of the robot that results in small
impulsive force when an unexpected obstacle is encountered,
and to adjust post-contact reference for swing foot with which
the pose of the foot is stabilized on the obstacle. This can be
achieved by walking with heel strike motion (validated by the
impact map analysis) and by employing hybrid admittance
control combining the admittance control with reset of post-
contact reference, embedded into the momentum-based whole-
body control framework. The validity of the proposed algorithm
is verified by simulation with a physics engine.

I. INTRODUCTION

The humanoid locomotion is the primary interaction with
the ground, considering the reaction forces. The balancing
control of the robot can be obtained when the ground contact
force is properly controlled. The problem of balance control
arises critically when the robot walks on rough terrain whose
height and altitude vary, which affects the robot’s stability.

For stable walking in such uncertain environments, sta-
bilization of swing foot even in the presence of obstacles,
termed as “(robust) landing stabilization” in this paper, is
studied in several directions. To resolve the impact energy
on the robot, [1] has approached the problem by passivity
theory, or [2]-[4] augmented a virtual spring-damper in-
between hip and ankle joints, at the ankle, and at the
foot. Meanwhile, the concept of impedance control [5] and
admittance control [6]-[8] are applied into the humanoid
robot landing and balancing control.

The aforementioned researches have dealt with the contact
force control problem at the moment of contact. On the other
hand, some researchers tried to mimic the human motion
because the human walks with the heel strike motion to
improve the walking efficiency and dissipate the impact
[9]. Robotics researchers tried the heel strike walking by
generating the trajectory following the gait cycle [10] and op-
timization [11]. By specifying the desired touchdown angle,
heel strike behavior can be obtained [12] with momentum-
based whole-body control [13].

At first, a momentum-based torque control scheme might
ensure robustness in uneven terrain locomotion however, in
some cases, it fails to landing task and lose the balance
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because of the unexpected contact force. To resolve the issue,
this paper proposes two strategies for landing stabilization
that enhance robustness of momentum-based whole-body
control framework. First, a combination of the admittance
control and reset strategy (called “hybrid admittance con-
trol (HAC)” throughout this paper) is embedded into the
momentum-based whole-body control framework to stabilize
the constrained and unconstrained motions of landing foot
simultaneously. In addition, it is revealed via impact map
analysis in terms of impulsive force that a pre-contact motion
with heel strike could help to robustly stabilize the landing
task. This finding is in fact supported by some results on the
human locomotion [9], yet not many attention has been paid
in the robotics literature to use the heel strike motion for
landing stabilization on uneven terrain. To show the validity
of the proposed algorithm, a set of simulations with a physics
engine is performed, revealing that the proposed method
significantly improves the robustness of the momentum-
based whole-body control framework in landing stabilization
tasks.

The rest of this paper is organized as follows. Subsec-
tion II-A first revisits a momentum-based whole-body control
framework and a robot model for its introduction. The pro-
posed landing control law will be embedded in the upcoming
sections. After that, in subsection II-B, the importance and
difficulties of stable landing are highlighted. In addition,
robust landing stabilization with the pre-contact strategy in
section III, and HAC in section IV. The experimental results
are followed and discussed in section V.

II. PROBLEM STATEMENT

This paper aims to present a compliant landing control of
a humanoid robot that walks on uneven terrain, as depicted
in Fig. 1.

A. Momentum based whole-body control

The equations of motion (EoM) of the robot system

described in Fig. 1 are expressed as
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where £ (25 qT)T € N6 and € € RO are
the generalized coordinates velocity and the acceleration,
respectively, and N, := {r,1}. M,C € R("+6)x(n+6) are
an inertia matrix and a Coriolis and Centrifugal matrices of
the body and g € R(*6) is a gravitational force vector.



Fig. 1: A humanoid locomotion system on uneven terrain.

B € R(+6)xn jg g constant selection matrix. thB,jtk
are parts of Jacobian related to the velocity of the body and
the joint. A, = (f&, ugk)T € RC is the contact force
vector and T is joint torque. Throughout this paper, A¢, is
abbreviated as Ay for simplicity.

The QP-based torque control has been widely employed
as a useful tool for achieving control tasks and handling the
redundancy of the robot [14]. A conventional form of this
control law is given by
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where z (sT ,@g)T is the decision variable of (2)
while the force intensities 3 is defined to satisfy A, =
UiB. with a basis matrix Ui, and W; and W, are
weighting matrices. The matrices and vectors in (2) char-
acterize the task/objective (Agp, boy), equality constraints
(Aece, bee), inequality constraints (A;., b;.), and additional
bounds (Zmin, Zmaz)- The objective function of (2) is set
to achieve the tracking control of the centroidal momentum,
body orientation, and end-effectors such as swing foot, trunk,
and arms. Meanwhile, the equality/inequality constraints are
added to keep (1) and contact acceleration constraint, joint
angle limit, and friction cone approximation [15].

The QP (2) is solved to find the optimal solution z* as a
control input to compute the command torque (1):
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B. Stable landing on uneven terrain

The walking task is achieved by moving the frame of
the swing foot x, to track its desired trajectory xj, ,.
Hereinafter, the subscript ¢;, which stands for the “k-th task”
is dropped for simplicity so x,,x;, , are abbreviated as
T, T).

The k-th task motion at the contact position is described
from the direct kinematics K : R” — R which is mapping
from the generalized coordinates &, x = K(£). In addition,
the task velocity is & = @é and task acceleration & = !Iié +
&€ In the QP-based torque control framework, the walking
task can be done by adding ||& — ;|3 with

& =&+ K, (g — ) + K, (xq — ) )
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Fig. 2: The block diagram of the overall control framework.
The proposed algorithms are highlighted as dotted blocks.

to the objective function of the QP in (2), where K, and
K, are control gain matrices for damping and stiffness,
respectively.

To continue walking steadily, it is also necessary to
regulate the tracking error * — x4 and * — x4 quickly
within a finite time before the next swing phase begins.
This substantial task is referred to as “stable landing” in
this paper. Achieving stable landing during the walking is
challenging, especially when the robot encounters uneven
terrain, resulting in an undesired contact with the ground at a
later or earlier moment than expected. At first glance, the late
contact may be dealt with by the QP-based torque control,
relying on its inherent compliance and the so-called gliding
behavior due to the zero-contact acceleration condition (i.e.,
& = 0) added to a constraint of (2) during the stance
phase. However, when it comes to the early contact case,
stable landing is not that straightforward by only using the
QP-based torque control. The main difficulty is that, at the
moment of an early contact, a non-zero tracking error x — x4
generates an unnecessary contact space force, by which the
balance of the robot may be lost. To clarify this point,
consider the moment balance with respect to the inertial

frame
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where k¢ is the rate of angular momentum, and Pc, is k-th
contact position. pg, pe and pzasp are the position and the
acceleration of the center of mass (CoM), respectively, and
the zero moment point (ZMP). m¢ and g are the robot mass
and the gravity vector. Then it is readily seen in (5) that
the unexpected contact force A; (whose quantity becomes
larger as the control gain used gets higher) possibly leads
to large perturbations of kg, Pa, Pa, and pzyrp so that
some requirements for the balance turn out to be violated.
This might be handled simply by lowering the control gain
however such approach has a limitation because the tracking
performance is sacrificed.

In this regard, this paper proposes two strategies to achieve
stable landing on uneven terrain: 1) finding a “good” can-
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Fig. 3: Impact experiment result with heel strikes w.r.t.
various step strides. The legend denotes the step stride of
the humanoid and the angle in x-axis is the heel strike angle,
and impulsive force is in y-axis.

didate for the desired trajectory @, , that results in a
moderate amount of the impact when the foot contacts the
ground earlier (pre-landing strategy), and 2) adjusting the
trajectory during the landing phase to reduce the effect of the
unexpected impact after the contact (post-landing strategy).
For the implementation of this idea, heel strike landing and
admittance-based control with reset strategy play a central
role. (Throughout this paper, the latter is termed a “hybrid
landing control” to emphasize its hybrid nature.) The overall
configuration of the closed-loop system with the proposed
algorithm is described in Fig. 2.

III. PRE-CONTACT STRATEGY VIA HEEL STRIKE
WALKING

The literature on human locomotion has reported that, non-
zero angle of the heel strike is often beneficial in walking,
especially for minimization of energy consumption [16],
[17]. Motivated by this, but from a different point of view,
this section reveals that the swing foot’s heel strike motion
significantly reduces the impulsive force generated by an
unexpected contact.

For the analysis to come, an explicit form of the impulsive
force is carried out first. It is noted in advance that the impact
analysis via the impulsive force has been conducted mostly
for manipulators [18], [19], while our study will reach a
different conclusion as the base and configuration of the
humanoid are not the same as those of the manipulators.
Consider the task space dynamics of the foot

where A is the contact force. In addition, M, C,, and g,
are the task space inertia, Coriolis & Centrifugal term, and
gravity. In what follows, the impact at the contact with the
ground is assumed to last for an infinitesimally short time
period. Taking an integration of (6) with a small period of

time, the following relations are obtained:

t+AL
AN = lim A(s)ds
At—0 J,

= lim M, (z(t+ At) —z(t)) = M, Az (7)
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where A\ = yn¢ is the impulsive force with the magnitude
~ and the normal vector n¢ to the contact surface. Assuming
the rigid body collision, the pre- and post-impact velocities
are related as

T
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where e is the restitution parameter that characterizes the
collision type. Finally, for a comparison of configurations
independently of |||, the impulsive force is computed by
substituting (7) into (8) and by normalizing & as follows:
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where M1 = &#M 1T and e = 0 for the plastic case.

To exploit the relation between the impulsive force and
the configuration, a set of simulations are performed for a
humanoid robot walking on flat ground, with different heel
strike angles (from 0° to 18°) and different step strides (from
0 m to 0.4 m). (For the simulation, the humanoid model in
Fig. 1 is used, whose details will be presented shortly.) The
simulation result given in Fig. 3 shows that the magnitude ~y
in (9) of the normalized impulsive force is decreased as the
heel strike angle is increased, regardless of the stride length.

While the impact analysis above suggests to take the heel
strike angle as large as possible for small impulsive force,
this may not be possible when other physical constraints need
to be met. With this trade-off in mind, a heel strike angle
within the range of 0° ~ 5° is employed in the design of x7;,
taking step length and uncertainty of terrain into account and
being backed by the existing works on the human locomotion
[16], [17].

It is also important to note that, from (7), the velocity
change as a result of the impact becomes

Ad=M;'AXx = (#M'd7) AN

(10)

This highlights that heel strike motion of the swing foot
(which leads to a smaller AX¢) could outperform the flat
foot motion in the landing stabilization, where the foot
velocity needs to be regulated rapidly after a contact.

IV. POST-CONTACT STRATEGY VIA HYBRID ADMITTANCE
CONTROL

Because the foot is constrained in the contact space {C},
undesired foot motion is possibly led by a contact force at
the moment of contact, mostly in the perpendicular direction
to the contact surface. This motivates us to categorize the 6
axes of the foot frame into two groups: 3 of them (position
in z-axis and orientation in x- and y-axes) are related to
the constrained motion. Simultaneously, the remaining ones
(position in x- and y-axes and orientation in z-axis) are to the
unconstrained motion. In this section, the former is called



landing-related axes, while the latter is slip-related axes.
Based on such a characterization, two control strategies are
proposed according to the considered axes whose combined
form is termed as HAC. The objective of the HAC is
handling 1) the constrained motion in the landing-related
axes by the admittance control to regulate the foot velocity
fast, and 2) the unconstrained motion in the slip-related axes
by a reset strategy to keep staying on the contact point.

From the unexpected contact at the swing foot, the modi-
fied acceleration reference used in (2) can be obtained from
the error dynamics as

&, =dy + Ky (@3—a)+ Ky(zg—=x) (1)
where ) = x4+ x + xs
Ty = @+ T+ T
Ci:;: XTg+ X + Ty

where x4, 4, #q € RO are the desired position/orientation,
velocity, acceleration. xjj, &%, &5, € R are the modified
trajectories. x;, &;,#; € RS are landing-related adjustment
vectors derived in Subsection IV-A and z,, &,, &, € R® are
slip-related reset vectors described in Subsection IV-B.

A. Stabilization of landing-related motion via admittance
control

First, to stabilize the landing-related motion, the admit-
tance control is adopted as a tool for modifying the reference
trajectory x4. From the unexpected contact force, the desired
impedance of the foot system with respect to {C} described
in Fig. 1 becomes

My (61— %1,0) +Ba (51— %1,0) + Ka (51— s1.4) =P Ac

(12)
where My, By, K; € $3%3 are control gain matrices for
mass, damping, and stiffness, respectively, which is designed
using DOE. In addition, P, € R6%3 are selection matrix for
landing related axes. “s; = (z Dy (by)T is the landing
related vector with respect to {C}, and “§;, “§; are its first and
second derivatives. s; g, 8;.4, 81,4 are the desired trajectories
for landing related axes, and A¢ is the contact force. Using
contact space impedance (12), adjustment motion is obtained
by admittance relation

€ = M;"(PfAc — Ba(é — %)~ Ka(°s — °sq)) (13)

where €; € R3 is the adjustment acceleration for the landing
related axes. The adjustment trajectory e; and velocity €;
can be obtained by the time integration. In the absence of
contact, the admittance control is equivalent to the original
motion task. Finally, the adjustment trajectory becomes &; =
R.P,€;. x;,x; are obtained in the same manner. The ad-
justment vectors are used to modify the desired trajectories.

B. Slip-free motion with reset strategy

When the contact takes place, the desired trajectory x4 in
the slip-related axes should be re-assigned. This is mainly
because, as depicted in Fig. 4, non-zero tracking error in the
slip-related axes drives the robot’s swing foot to move to
the original target point (which however cannot be reached

e
o ired point

act point

(a) Early contact before reset.

(b) Early contact after reset.

Fig. 4: Illustration of early contact case with/without the reset
strategy. The black dashed line is the desired trajectory of
the foot. The red point is the contact position, and the yellow
point is the desired position.

because of unexpected obstacle on the ground), possibly
leading to a slip motion of the foot. A remedy for tacklin¥
the issue is to reset the desired pose “s; = (m Y qSZ)
in the slip-related axes with respect to {C}, so that such
an unnecessary tracking error will be vanished and no slip
motion will be generated. P, € R6%3 are selection matrix for
slip related axes. For this purpose, the slip-related adjustment
vector is designed as x; = R, (Pscss - PSPSTC:Bd) and its
derivatives, where x, is the contact position of the swing
foot in the slip-related axes at the moment of contact, which
is a constant value.

V. SIMULATION

As described in Fig. 1, the humanoid model has 67.2kg of
weight, including 26.2kg for the body, 14.5kg for each leg,
and 6Kg for each arm. The robot has 28 DoF with 22 joints
(6 for each leg, 2 for the trunk, 4 for each arm). The body
motion pp,wp are given from the simulator. The simulation
is performed using dynamics engine MuJoCo [20]. The
control algorithms are written in C++ in Visual Studio, and
the simulation is conducted with a 2kHz sampling rate and
the 1kHz control rate.

As a validation process, the simulation is performed
with/without the proposed algorithm. Every simulation in this
paper has been run with the given x-direction walking pattern
assumed with the plane ground, 0.30m of step size, 1.5s
of one step (1.2s for single support phase, 0.3s for double
support phase). In addition, FT sensor has been mounted
below the ankle, so the robot leg’s movement generates small
forces due to the foot dynamics. To tackle this issue, the
force threshold hold is set. Additionally, the value of the
modified reference is initialized in each supporting state to
avoid abusing the integration.

A. Heel strike walking analysis

To see the effect of pre-impact strategy, the comparison
between the heel strike and the flat foot walking on uneven
terrain locomotion is conducted concerning the velocity
change and the impulsive force, as shown in Fig. 5. The
lcm of obstacle induces the early contact in the middle of
the footpath. 2,4, 240 refer to the desired flat foot and heel
strike trajectory. FF and HS refer to the flat foot and the
heel strike trajectory. The early contact occurs at 8.97s for
flat foot and 8.91s for heel strike. As described in section
III, the velocity change of HS is smaller than FF after the
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Fig. 5: The comparison between the heel strike and the flat foot walking. The flat obstacle varied by a z-axis of lcm is
installed in the foot pathway. 24, 240 represent the desired trajectory of the flat foot and the heel strike. FF and HS represent

the flat foot trajectory and the heel strike trajectory.

TABLE I: Design parameters and sets. Gain sets are chosen
via the author’s experience. m; 4, b; 4, ki 4 are components
of Md, Bd, Kd.

Design parameters | small gain  proposed gain  large gain
mi.d 6.0 6.0 6.0
mo g 0.11 0.11 0.11
m3q 0.12 0.12 0.12
b1,q 54 300 300
b2,q 0.8 4.2 42
b3 q 0.9 24 4.6
k1,4 1340 1340 3730
k2,4 1.8 11 11
k3.4 1.9 5.4 12

initial contact, as shown in Fig. 5b, because the impulsive
force of the HS is smaller than FF after the initial contact, as
shown in Fig. 5c. In addition, HS shows smaller fluctuations
after contact. The other axes have the same characteristics,
so it is omitted.

To see the effect of post-impact strategy, several simula-
tions are conducted with three-parameter sets: Gain sets are
chosen via the author’s experience as shown in Table I. All
sets have equivalent m values, and small gain(SG) set & large
gain(LG) set are minimum and maximum of k, b values. LG
generates smaller position/velocity errors, as shown in Fig.
6a and Fig. 6b. In spite, LG causes larger CoOM/ZMP errors,
as shown in Fig. 6¢ and Fig. 6d. Besides, SG generates larger
position/velocity errors but smaller CoM/ZMP errors. Hence,
the control parameters have to be tuned properly because
CoM/ZMP show opposite characteristics compared to the
position/velocity. Through the results, it is noticed that the
fast regulation of foot landing does not ensure the regulation
of CoM/ZMP and CoM/ZMP error reduction is the critical
part of the parameter design in landing control. With the
characteristics, proper control with the proposed gain(PG) set
is shown in Fig. 6e and Fig. 6f. Modified trajectories reduce
the tracking error, so it improves the walking performance.

In addition, from Fig. 5 and Fig. 6, it is noticed that greater
impulsive force generates instability in the system. Therefore,
the heel strike walking is more robust against obstacles than
the flat foot walking and generates more compliant landing
stably. In some cases, heel strike walking can overcome the
obstacle which is not overcome by flat foot walking because
of the stable landing.

TABLE II: Algorithm validation for uneven terrain walking.
Experiment 1 represents small varied terrain and experiment
2 represents critically varied terrain.

Success ratio (%)
Experiment 1 | Experiment 2
FF 10 0
HS 50 0
FF+HAC 100 80
HS+HAC 100 100

B. Complex uneven terrain walking analysis

To validate the control algorithm’s robustness, complex
uneven terrain is installed in the middle of the footpath, as
shown in Fig. 1. Ten random terrains with small variation
and critical variation are used. The complex terrain 1 has
variations on z-axis position of 0 ~ 1.2c¢m, 0 ~ 2° on x-
& y-axis orientation in the experiment 1. In addition, the
complex terrain 2 has variations on z-axis position of 0 ~
3cm, 0 ~ 5° on x- & y-axis orientation in the experiment
2. The complex terrain 1 is used to compare the walking
performance with/without the algorithm and the complex
terrain 2 is used to show the robustness of the control.
FF walking, HS walking are tested with/without HAC, and
results are presented in Table II. As expected from the
previous sections, HS shows better performance compared
to the FF. In addition, HAC improves control performance
much even in the critically various terrain experiment. In the
case of experiment 2, FF and HS failed to walk on critically
varied uneven terrain without HAC. However, FF+HAC and
HS+HAC show the improvement in the walking control
performance on critical rough terrain.

One of the results in experiment 1 is presented in Fig. 7.
In Fig. 7, the foot and ZMP trajectories generated by FF and
HS + HAC are depicted on the x-y plane. The errors of foot
trajectory occur by landing on uneven terrain. As expected,
FF fails to overcome the unexpected landing, so a larger
displacement error is generated at each landing, especially
in the last step. In the other hand, HS + HAC improves the
tracking performance and the landing performance signifi-
cantly.
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Fig. 7: Top view of foot & ZMP trajectory using FF and HS+HAC.

VI. CONCLUSION

This paper proposed a robust landing stabilization of
humanoid on uneven terrain. Humanoid walking with heel
strike motion is conducted in the momentum-based whole-
body control framework to find the robot configuration
resulting in small impulsive force. Additionally, combining
the admittance control (for landing related axes) with reset
of post-contact reference (for slip related axes), HAC is
employed to adjust post-contact reference of the swing foot
on the contact terrain. The effect of heel strike walking in
uneven terrain locomotion concerning the impulsive force
is analyzed. Besides, the control parameters are carefully
selected by considering the tracking performance of not only
swing foot but also CoM and ZMP, because only a fast
regulation of swing foot may not imply landing stabilization
as the CoM and ZMP are largely perturbed.

Thus, we perform validation of the proposed algorithms
via simulation. It was observed in the simulation that employ-

ing both HS and HAC leads to a significant improvement of
the landing stability when the robot walks on uneven terrain.
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