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Contact Stability Control of Stepping Over Partial Footholds Using
Plantar Tactile Feedback

J. Rogelio Guadarrama-Olvera', Shuuji Kajita?, Fumio Kanehiro® and Gordon Cheng'

Abstract— This work presents a novel method to keep stable
contact and balance while stepping over partial footholds for
biped humanoid robots with flat feet. We exploit plantar tactile
feedback to detect the geometry of the terrain and reconstruct
online the new supporting polygon after landing every step.
Plantar tactile feedback detects early contacts to stop the swing
foot motion. Then we compute the convex hull of the cluster
of contact points detected by distributed normal force sensors
over the foot soles. The centroid of the supporting polygon
is then used for retargeting the reference ZMP and DCM
positions. Finally, the supporting polygon is used to define
constraints for ZMP balance feedback control. These methods
were implemented in two biped humanoid robots running
different walking controllers.

I. INTRODUCTION

The pursuit of humanoid robots capable of navigating
complex and unstructured environments has long been a driv-
ing force in robotics research. Achieving stable locomotion
for biped robots in such scenarios remains challenging due to
the inherent difficulties associated with foot placement and
balance control. A skill that considerably increases the range
of possible terrains for biped locomotion is the capability
of stepping over partial footholds while walking (i.e., the
footholds that are smaller than the sole of the robot’s feet).
Stepping over partial footholds requires a robot capable of
detecting the partial foothold when the swing leg lands a
new step. After identifying the terrain condition, the walking
motions must be adjusted to keep the postural stability
by distributing the ground reaction forces over the small
foothold.

This letter presents methods to directly introduce plantar
tactile feedback to detect the partial footholds and define
kinematic constraints for balance feedback control that allow
keeping the walking motions stable while stepping over par-
tial footholds. These advances were added into two different
walking controllers, the Model Predictive Control (MPC)-
based Linear Inverted Pendulum Model (LIPM) tracking
control [1] and the Divergent Component of Motion (DCM)
based walking controller [2]. These controllers were run in
an HRP-2 Kai robot [3] and the H1 robot [4] shown in Fig.
1.
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Fig. 1: Experimental platforms used to evaluate the proposed
improvements for walking control. a) the HRP-2 Kai robot
[3] running the QP based walking controller [1]. b) the H1
robot [4] running the DCM based walking controller [2].

A. Walking over partial footholds.

The most common premise to define foothold contact
constraints is that all the foot sole has a fixed contact with the
ground, as highlighted by Caron et al. [6]. This assumption
is explicitly stated in several works on biped balance and
walking control as [7]-[9] due to the lack of a precise method
to find the actual support polygon online.

When the footholds are smaller than the sole, the sup-
porting polygon can be estimated with exploratory motions
as in [10] or with the reaction produced by the foot tilting
over the terrain as proposed by Wiedebach et al. [11].
However, exploratory motions drastically slow down the
walking movement, and letting the robot tilt over the terrain
requires fast reactions to recover before losing the balance,
which may not be realizable in robots with large reduction
gearboxes.

Previous knowledge of the terrain can allow planning
footsteps that consider partial footholds as shown in [12].
Nevertheless, a full scan of the environment is computation-
ally expensive and may be affected by occlusions. Another
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method to detect partial footholds is by including additional
sensors in the robot foot to acquire information about the ter-
rain. For example, mounting contact switches on the corners
of the sole helps detect early contacts and allows walking
over partial footholds, as shown in [13]. Nevertheless, early
contact detection adapts the foot orientation to find other
fixation points on the terrain rather than to stabilize the
supporting contact.

B. Plantar robot skin for terrain feedback.

As introduced in previous works [14], [15], plantar tactile
feedback provides an approximated shape of the supporting
polygon right after the foot lands on the ground. Furthermore,
with plantar proximity sensing, a preemptive shape of the
next foothold can be acquired in advance during the last
part of the swing leg motion. The geometric information of
the contact is available immediately after the foot landing
with no need for exploratory movements, which allows re-
plan the step if the terrain condition is not safe, or as will be
explored in this work, to adapt the walking patterns online
to step over the small foothold keeping a stable contact.

C. Contributions

In this work, the geometric information provided by plan-
tar robot skin is used to improve walking and balance control
over partial footholds as follows:

« When the robot detects a partial foothold while landing
a new step, it adjusts the reference position for the Zero
Moment Point (ZMP) to the centroid of the supporting
polygon. Consequently, the reference waypoints for the
DCM are updated as well.

« The bounding box of the supporting polygon is used to
rewrite the friction constraints introduced by Caron et
al. [6] to guarantee contact stability when stepping over
a partial foothold.

o The measured supporting polygon allows removing the
full-sole contact assumption in the DCM-ZMP chained
balance control by constraining the adjustments of the
desired ZMP proposed by Engelsberger et al. [2].

II. PLANTAR TACTILE FEEDBACK

The formulations in the following sections are designed for
a biped robot with plantar skin with the following features:

o The soles of the robot are fully covered by skin.

o The position and shape of all the taxels (the units of
our skin sensor) in the skin are known.

o The taxels of one foot must not saturate when holding
the whole robot’s weight.

o The taxels provide force sensing modality.

e Full tactile information must be provided at a rate
suitable for the walking controller running in the robot.

A. Ground reaction forces and ZMP

In a set of k taxels mounted on a sole with a coordinate
frame O, located at the sole surface, the i-th taxel mea-
sures the contact force fp; = [frie friy fris] € R?
at its mounting coordinate frame O;. Assuming a spatially

Fig. 2: Ground reaction forces measured from plantar robot
skin.

calibrated robot skin, the transformation *°'°T"; from O; to
the sole coordinate frame O, is known and composed by
the rotation *°'* R; € SO(3) and the translation *°*t; € R3.
These parameters are illustrated in Fig. 2.

Considering the contribution of all the taxels on the sole,
the resultant ground reaction wrench (GRW) at Oy, frame
is calculated as

fF k soleR, fF )

(2 7
‘-‘-’F = fr— )
TE ;_1 soleti ><sole R’L fF,i

where fr = [fra fry fF,z]T is the GRF, and 7p =
[TFz TF,y TF2] the ground reaction torque (GRT), both
in Oy, coordinate frame. This is equivalent to the mea-
surement of a 6D force-torque sensor mounted at O ggpe.
Furthermore, with this information and assuming no offset
between O, and the ground, the ZMP of the contact
between the sole and the ground can be estimated as

e RS (1)

T
—Tsole, Tsole,x
sole,y sole,x 0 (2)

Psote =
sore fsole,z fsole,z

B. Supporting polygon

As presented in [14], every time a sole gets in contact
with the ground, a subset of the taxels will sense the ground
and provide the information to estimate the shape of the
contact. The process to construct the supporting polygon
is described in Fig. 3. The real contact area S, can be
approximated from the known geometry of the taxels, which
detect a contact force ||f ;|| > ¢;. The contours of these
taxels generate a cluster Sejyster Whose convex hull Sg
approximates the supporting polygon encapsulating Syeq;.
The accuracy of SF is inversely proportional to the size of
the taxels. The convex hull of the cluster of points Sp C R3
can be obtained from different algorithms as described in
[16]. For the case of flat feet, Sp := {¢ C R3 | ¢, = 0}.
Note that ¢; > 0 € R is a threshold value defined to discard
noise and to make the iteration over all the set of taxels faster
by skipping the taxels with a small force detected.

For control purposes, a simplified convex polygon can be
generated using iterative algorithms such as [17] to find the
maximum area inscribed triangle inside a convex polygon,
[18] to find the maximum area inscribed parallelogram inside
a convex polygon, or [19] for finding the minimal area
enclosing parallelogram containing a cluster of points. These
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Fig. 3: Supporting polygon constructed from tactile infor-
mation. The real contact geometry S,.,; can be approxi-
mated. from a cluster Sgjy st With the contours of the skin
that detects contact. The convex hull Sr approximates the
supporting polygon. This information can be used to define
contact constraints as the quadrilateral S¢.
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Fig. 4: Reference ZMP adjustment from tactile information
when a foot lands over a foothold smaller than the sole.

polygons will be used in Section III to define constraints for
the balance controllers.

ITII. WALKING CONTROL WITH PLANTAR
TACTILE FEEDBACK

Motion planning for bipedal robot walking starts by plan-
ning the footsteps over the terrain. Then, a feasible reference
ZMP trajectory must be defined within these footsteps. A
usual strategy is to assign the ZMP waypoints at the center of
the planned steps where full-sole contact is assumed. Finally,
a smooth trajectory for the center of mass is defined using
a simplified model such as the LIPM. Nevertheless, during
the execution of the motion, disturbances and uncertainties
make the system deviate from the plan, and feedback control
is required to track the reference trajectories. Therefore,
the trajectories should be continuously adjusted from sensor
feedback whenever a foot lands a new step. This applies in
the case of a foot landing over a partial foothold. However,
plantar tactile information can help re-plan the walking
motion as described in Fig. 4.

As described in Section II, plantar robot skin provides an
approximation of the real contact geometry and, thus, the
supporting polygon. Additionally, the centroid of a convex
polygon can be easily computed with fast algorithms as [20].
The centroid of the supporting polygon 7 can be used as
an immediate new reference position for the ZMP right after
contact is detected, as shown in Fig. 4. Depending on the
capabilities of the robot, a safety check with the relation of
the sole area A, and the supporting polygon area Ap

Ap
Asole

> € 3)

where €4 € [0,1] is a contact size ratio that can be used for

deciding whether to step over an obstacle or take other action,
for example, a step re-plan as in [14], or an emergency stop
as in [21]. Once the ZMP reference positions are re-targeted,
the motion for the CoM will be adapted naturally by most
walking pattern generators such as the preview control [7]
or the ZMP-DCM-CoM chained control [2].

A. Balance control using the contact geometry

A necessary condition for stable biped walking is the
existence of the ZMP inside the supporting polygon [22].
Furthermore, if the ZMP gets too close to the edge, the robot
can tilt at the slightest disturbance and fall. To prevent this,
balance controllers push the ZMP away from the edges of the
supporting polygon by distributing the contact forces along
the sole.

Different strategies can be applied for balance control.
For example, an efficient method is to use a feedback loop
with the DCM to shift the desired position for the ZMP as
proposed in [2]. This method can be complemented with
plantar tactile feedback as follows.

The LIPM dynamics can be described as

& =w? (x —p) € R?, “4)

where = [z, z, ]| € R? is the position of the CoM, p
is the ZMP, and w = /g/x. assuming a constant x,. The
DCM of the LIPM is defined as & = & + &/w € R?, and it
can help rewrite the LIPM model as

& = w(E-p) (5)
i = w(—x). (6)

The DCM is also used to generate a stable walking motion
reference for the CoM x4 from reference ZMP way-points
p,.. The desired DCM trajectory &, can be tracked defining
the closed loop dynamics

E=E,+ke (&8 (7)

which combined with (5) and (6) can be used to adjust the
reference ZMP p,. to a desired ZMP

k
pd—pr(uuf) (€a—8) ®)

which can be tracked by a ZMP feedback controller.
Nevertheless, it must be guaranteed that p exists inside
the supporting polygon to maintain stability. Therefore, its
adjusted desired trajectory p,; must be constrained inside the
estimated supporting polygon S as a safety measurement.
Hence, after computing a first approximation p,, ;,,; two cases
are possible as shown in Fig. 5. a) p, ;,,; lays inside Sg
and thus p; = Py ni> D) Py in; 1ays outside Sp and must
be shifted to the closest point in Sp. Algorithm 1 verifies
the first case and applies the adjustment of the second case
when needed from the vertices of S, and the initial adjusted
ZMP reference p ;,,;- As highlighted by Englsberger and Ott
in [2], such projection of p, ;,,; can produce discontinuities
in the adjusted control signals. Furthermore, the online
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Fig. 5: Constraining the adjusted desired ZMP p, to stay
inside Sy with Algorithm 1.

adjustment of the supporting polygon and the re-targeting of
p,- and the DCM waypoints also produce considerable dis-
continuities in the control signals. However, the enforcement
of the contact constraints into the walking motions to prevent
tilting is more important, and in practice, as will be shown
in Section IV the desired trajectories or the CoM are smooth
due to the chained dynamics of the ZMP-DCM-CoM system.
Nevertheless, future works will address the discontinuities
by adjusting the step time and generating smooth spline
trajectories when motion re-targeting is triggered. Another
possible improvement is to project p, to the closest point in
S that lays over the line that intersects £ ; and €. In practice,
the closest point in Sy computed with Algorithm 1 is close
enough to such line that the difference can be neglected (in
the experiments shown in Section IV, it is always below 5
mm).

There are different methods for ZMP tracking. One useful
example for position-controlled robot interfaces is by defin-
ing stable closed-loop dynamics, similar to Eq. (8) as

p—Ppg=—kp(p—py) ©)
which can be derived and expanded to an adjusted reference

for the CoM, considering p; = &, — —2h'c'r with Z, =0 €

R? a zero jerk reference trajectory for the CoM as

i’r :p+kp<p_pd) (10)

which closes the loop, commanding the velocity of the

CoM using ZMP feedback. Section IV will use this balance
controller to walk over partial footholds.

B. Constrained contact wrench distribution

As reviewed in Section III-A, a common strategy for
ZMP tracking is through CoM admittance control. However,
plantar wrench control can improve the ZMP tracking by
distributing the contact forces along the sole as proposed
in [23]. Furthermore, if the contact area is smaller than the
sole, such distribution of forces must be calculated within
the contact geometry. Fortunately, the supporting polygon
estimated by plantar skin can help define the constraints
for different controllers. For example, adopting the contact
stability formulation proposed by Caron et al. [6], which
defines linear constraints for an ankle-wrench distribution
QP from the supporting polygon assuming full-sole contacts.
The formulation of these constraints is the contact wrench
cone

Algorithm 1 Constraint p, inside Sp

Require: Si: the k vertices of Sr in clockwise order,
pd,ini S R37pd,ini,z =0

Ensure: p; € Sr such that
llPg _pd,ini” = inf{||a _pd,ini” |a € Sr}

Function next(j)
if j = k then
return 1
else
return j 4 1
end if

Py = Sk(1)
inside = true
for i =1 to k do
l = Si(next(i)) — Sk(7)
d= Pgini — Sk (Z)
v=dxl
if v, > 0 then
r=d-0)/(-1)
if » < 0 then
Py = Sk(l)
else if 0 < r < 1 then
Py = Sk(i) +rl
else if 1 < r then
Py = Sk(next(i))

end if
if [Py in; — Pall <|Pa,ini — Pall then
Pg = Pq
end if
inside = false
end if
end for
if inside then
Pq = Pq,ini
end if
|f7:| < uf (1)
Ifyl < wfs (12)
f- > 0 (13)
x| < Yf. (14)
Iyl < Xfs (15)
Tz,min < 7, < Tz,max, (16)
where
Tz,min = —H (X +Y) fo+ Y fo — pure| + |Xfy - l”'y|
Tzymaz =  FR(X +Y) fo = Yo+ pre| — [ X fy + pryl

w is the friction coefficient, and X, Y are the dimensions
of the sole as shown in Fig. 6. Now, in the case of a partial
foothold the wrench cone can be reshaped as follows.

Keeping the constraint that the contact is still an axis-
aligned rectangle, optimization algorithms as [24] can con-
struct this rectangle as the maximum area rectangle inscripted
inside the supporting polygon, or merely as a bounding box
of the contact with a safety inner offset. Note that the second
is less accurate but faster to compute, and, therefore, would
require a conservative margin to be applicable in realistic
scenarios.
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Fig. 6: Contact constraints geometry in [6] adapted to smaller

rectangular contact areas approximated with plantar tactile
feedback.

As shown in Fig. 6, the limits of the contact are now di-
vided by maximum X4, Yina, and minimum X, Yiin
for each axis. With this geometry, the torsional part of the
wrench cone (Eq. 14 and 15) is redefined as

Ymazfz S Tx S sznfz
Xminfz S Ty S X’mazfz,

however, the constraints for 7., (Eq. 16) can no longer be
expressed in the concise notation and must consider the
different cases

a7
(18)

_Yma:cfa: - Xmaarfu M(Xmax + Ymaa)fz + uTe + MTy Tz
_Ymamf.r + sznfy (szn + Ymar)fz + Uty — HTy Tz
+sznf:v - Xmazfy (Xmacv + szn) — puTx + HTy Tz

+Yoinfe + Xminfy — 0(Xmin + Ymin) fz — 7z — p1y

—Ymaz fz — Xmazfy + (X maz — Ymaz)fz — 4Tz — HTy
—Ymaz fz + sznfy + H(Xmln - Ymaa:)fz — UTz + pTy
+Yminfa — Xmazfy + H(Xmaar - szn)fz + Uty — pTy
+Yminfe + Xminfy + #(Xmin — Yimin) fz + pre + HTy

VIV IV IV IA A IA A
a3

With these new constraints, the solution of the QP will
generate an ankle wrench, which distributes the contact

forces on the corners of the rectangle cp; shown in Fig.
6.

IV. EXPERIMENTAL RESULTS
A. Experimental platforms

The adjustment of the ZMP reference to the centroid of
the measured supporting polygon was tested in two robots
running different walking controllers. a) the HRP-2 Kai robot
with a total mass of 65 Kg running an LIPM tracking
MPC based controller [1], and b) the H1 robot with a total
mass of 86 Kg running the DCM-ZMP based controller
[2]. The ZMP adjustment from the center of the supporting
polygon was adapted without deep modifications in the
structure of both controllers. Plantar skin was mounted on
both robots, covering completely the soles. The skin used in
the experiments is the latest version of [25]. The sensing
system comprises a lattice array of hexagonal taxels (as
shown in Fig. 2) with an apothem of 14.125 mm. Every
taxel measures normal contact forces up to 300 N with a 12
bit resolution delivering the tactile information at 250 Hz.

The experiments presented in this section analyze the
performance of the robots walking over obstacles with an
area smaller than the foot sole. In every case,the robots
are commanded to take six forward steps with no previous
knowledge on the terrain. The step size is 20 cm, and the
height of the swing foot motion is 8 cm. Early contacts are
detected by the plantar skin, which triggers the stop of the
swing foot motion. When the contact area is less than 90%
of the sole (i.e. e4 < 0.9) the walking motion is adjusted
to step over a partial foothold as described in the previous
Sections. The robots are commanded to keep a height of 0.8
m during all the experiments.

B. Walking over partial footholds with constrained DCM-
ZMP feedback control

The first experiments show the H1 robot walking over two
different obstacles, one that required a ZMP adjustment in
the sagittal plane and one in the frontal plane to challenge the
versatility of the proposed methods. The single support time
was tss = 0.9 [s], and the double support time ¢45 = 0.3 [s].

In Fig. 7-(a,b,c), the foothold only covers the rear half of
the robot sole. When the foot lands over the obstacle, the
plantar skin approximates the shape of the contact, and the
reference point for the ZMP p,. is shifted to the center of the
reconstructed supporting polygon. The reference waypoints
for the DCM &, are updated too. While shifting the robot’s
weight to the new supporting foot, the balance controller
shifts the desired ZMP p, to track the new reference
waypoints for the DCM &,.. Nevertheless, the adjustment is
constrained within the measured supporting polygon. Fig.
7-(d,e,f) shows a similar experiment with an obstacle that
only covers 30% of the sole. In this case, the adjustment is
performed in the y axis (in the frontal plane of the robot).

C. Walking over partial footholds with optimal contact sta-
bilization

The next experiments show the HRP-2 Kai robot walking
over two different obstacles, one that required a ZMP ad-
justment in the sagittal plane and one in the frontal plane to
challenge the versatility of the proposed method. The single
support time was assigned as tss = 1.4 [s], and the double
support time as t4s = 0.5 [s].

In Fig. 8-(a,b,c), the foothold only covers the rear half of
the robot sole. When the foot lands over the obstacle, the
plantar skin approximates the shape of the contact, and the
reference point for the ZMP p,. is shifted to the center of the
reconstructed supporting polygon. Then, the robot defines the
contact constraints X,,,,- and X,,,;,, from the maximum area
rectangle inscribed in the supporting polygon. These limits
define the constraints for the wrench distribution QP (Section
II-C of [1]), which controls the real ZMP p. A closer look at
the constraint adjustment is detailed in Fig. 8-(c). The dashed
green line is the original constraint X, which considers full-
sole contact. Fig. 8-(d,e,f) shows a similar experiment with
an obstacle that only covers around 2/3 of the sole from one
side. In this case, the adjustment is performed in the y axis
(in the frontal plane of the robot).
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Fig. 7: The H1 robot walking over partial footholds. a) The first obstacle tested covers the rear half of the sole. b) shows the
adjustment of the walking reference trajectories. ¢) shows the tracking of the ZMP constrained in the supporting region Sg.
r are the VRP, £, is the reference trajectory for the DCM, x, is the reference trajectory for the CoM, p,. is the reference
trajectory for the ZMP, p, is the adjusted desired position of for the ZMP, and p is the real ZMP during the experiment.
(d, e, f) show the second obstacle tested, a bar that covers only 30% of the sole.
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Fig. 8: The HRP-2 robot walks over obstacles that produce contacts smaller than the sole. The plantar skin approximates
the supporting polygon S, and the contact constraints for the ZMP wrench distribution control are defined as the bounding
box Sp with a safety inner offset of 1 cm. (a,b,c) the obstacle requires an adjustment in the sagittal direction. (c,d,e) The
obstacle triggers an adjustment in the lateral direction. The reference ZMP p,. is shifted to the center of the contact area.
The desired ZMP p, is adjusted and constrained within the supporting area, and the real ZMP p is controlled to track p,
considering the hard constraints X,,q2,Xmin> Ymaz, and Yoin.

V. CONCLUSION

In this work, a new scheme for enabling walking over
partial footholds using plantar robot skin was proposed. The
geometric information that tactile feedback provides helps
adjust the walking motions right after landing a new step.
The spatial distribution of contact force sensors provides
an approximation of the shape of the foothold. With this
information, a walking robot can construct the supporting
polygon and use its centroid as the reference point for ZMP-

DCM control. Furthermore, knowing the supporting polygon
allows for defining constraints for optimal contact wrench
stabilization.

These methods were tested in two robots that run walking
controllers with different approaches. The HI1 robot used
a classic implementation with leg inverse kinematics for
tracking the reference trajectories and ZMP control with only
CoM motion adjustment. The HRP-2 Kai had a walking con-
troller based on whole-body inverse kinematics with optimal
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foot contact stabilization. Both controllers were designed
to walk over flat terrain with the classic full-sole contact
assumption. As shown in Section IV, both robots could step
over small footholds, keeping the supporting contact stable.
The situation where the partial foothold was on the tip of
the foot produced ankle torques that were too high for both
robots, leading to foot tilting due to motor tracking errors and
overheating of the motors. Therefore, it is recommended to
avoid partial footholds on the tip of the feet and keep them
as close to the angle motors as possible.

The walking controllers used to assess the methods de-
scribed in this work always keep a constant step time. This
feature limits the capacity of a robot to react robustly to
more complex terrain conditions. The shift of the target ZMP
induces an effect similar to the step corrections based on
step capturability [26]. The step time should be adjusted
according to the new step length or the distance that the ZMP
and DCM must traverse. Furthermore, the modifications in
the contact constraints limit the amount of ankle torque the
robot can exert on the ground. Thus, these constraints should
also be considered when adjusting the walking motions. The
step timing adjustment and a generalization of the constraint
definition for arbitrary shapes will be assessed in future
works.
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