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Balance Gait Controller for a Bipedal Robotic
Walker with Foot Slip

Marko Mihalec and Jingang Yi

Abstract—Low-friction ground conditions present a navigation
challenge for bipedal robotic locomotion. While robots might tra-
verse slippery surfaces by carefully planning trajectories, balance
recovery from unexpected slip remains a challenge. We present a
motion and gait control design for bipedal robotic walkers under
foot slip. Slipping dynamics are explicitly considered as a part
of the walker’s dynamic model. A two-mass inverted pendulum
model is presented to capture the ankle actuation effect and
used to determine the gait recovery stepping location. A whole-
body balance controller is then applied to realize the stepping
task. The integration of the abstracted inverted pendulum model
and the multi-link model helps build a whole-body operational
space design to compute the controlled joint torques. We design
a 5-link planar walking robot and implement the control system
on the platform. A comprehensive set of walking experiments
are presented, demonstrating the performance of the controller
for walking on both high-, low- and extremely low-friction
ground surfaces. The experimental results confirm that explicit
consideration of foot slip improves the performance and yields a
stable gait on a low-friction ground surface.

Index Terms—Bipedal dynamics, robot control, slip dynamics,
gait recovery, balance control

I. INTRODUCTION

Bipedal robotic walkers bring immense potential for au-
tonomy in unstructured environments [1]. When generating
a walking gait, one of the most important factors to consider
is the contact friction characteristic between the walker’s foot
and the ground. Most bipedal research work either assume
non-slip contact or design gait and locomotion control to
avoid foot slip [2]. Instead of a priori avoiding slip, this work
acknowledges that foot slip might occur for bipedal robots
that interact with environments and that robots are in danger
of loosing balance and falling. We explicitly consider the
possible presence of foot slip and present a gait controller
under which the robot performs stable walking gaits under
foot slip disturbances.

Due to the high-dimensional bipedal robots and the com-
plexity of the walking task, a gait controller is usually con-
structed hierarchically [3]. For high-level motion or trajectory
planning, the robot controllers are built on reduced-order or
abstracted models, whereas a low-level control system uses
high-fidelity full-body dynamics to compute joint torques to
allow the biped to follow a planned motion. One commonly
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used simplified model for bipedal robotic walkers is the linear
inverted pendulum (LIP) [4]–[6]. Due to its simplicity, the LIP
model lends itself to compact, closed-form solutions, which
are conveniently used for motion analysis and real-time motion
planning. Using concepts such as capture point (CP) [7], it has
been demonstrated model’s capability for synthesizing stable
gaits [8]–[11]. The LIP model usually assumes that all the
mass is concentrated at a single point of the center of mass
(COM) and the vector of ground reaction forces has to always
point through the COM. As a result, the angular inertia around
the COM is negligible and this property prevents using the
ankle actuation as part of control correction under foot slip.
Consequently, several revised LIP models were proposed to
circumvent the above-mentioned restriction for studying foot
slip dynamics [12]. In this work, we use the two-mass linear
inverted pendulum (TMLIP) model that was introduced in [13]
to design the foot placement design under slip. The TMLIP
model was demonstrated as an effective tool for human normal
walking and slipping gaits [14].

While the high-level LIP model provides a tool to plan
the COM trajectory or foot placement, a low-level full-body
controller is needed to realize the simplified tasks for joint
torque control. In this work, we use a variation of the
whole-body operational space (WBOS) framework [15]. In the
WBOS, the target behavior is specified in the task space and
that allows for specification of multiple kinematics tasks. By
doing so, the inverse dynamics problem is fully determined
and solved efficiently. The support consistent null space is
used to map the set of tasks from the task space to the joint
space and to obtain the desired joint torques using the inverse
system dynamics. This approach was recently demonstrated
to yield stable dynamic walking in a simulation of a bipedal
robot control [16]. Similarly, the work in [17] proposed a
hierarchical control structure that used the operational space
framework and proved robust in the presence of external
disturbances. We extend the method by introducing a frictional
WBOS (FWBOS), where the conventional no-slip assumption
is relaxed and a Coulomb friction model is used to model the
slipping motion between the foot and the ground. A variation
of the FWBOS-based controller was presented in [18] and
demonstrated increased robustness for walking on slippery
surfaces in simulation only.

Most of research work that study slip dynamics focus on
human gait and walking (e.g., [12], [14], [19]). It is still
unclear how to design gait recovery control for bipedal robotic
walkers. The stability of a compass biped gait under slip
conditions was studied in [20] without experimental validation.
The work in [21] presented an integrated inverted pendulum
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model with the FWBOS control but no experimental valida-
tion. Recent work demonstrated adaptations of robot gait to
prevent slip on low-friction surfaces [22]. Robotic walking
with explicit consideration of foot slip was presented in [23];
however, the slip was expected and planned in advance. In
this paper, we demonstrate stable bipedal robot walking in
presence of unexpected slip on low-frictional surfaces. The
TMLIP model is integrated with the FWBOS framework to
provide the high-level recovery step planning with the low-
level joint torque control to implement the planned gait. We
also demonstrate a mechatronic design of a robotic walker to
validate the gait control under various slipping conditions.

The main contribution of this work is the integrated the
two-mass LIP model-based motion planning and the full-body
balance recovery control for bipedal robot under unexpected
foot slip perturbation. We introduce the generalized CP for
step planning in both slip and non-slip conditions. The CP-
based planning allows safety-guaranteed balance gaits under
unexpected foot slip. Moreover, the CP step planning with
an FWBOS-based whole-body controller provides a new hi-
erarchical control design for bipedal robots under foot slip
perturbation. Moreover, the experimental demonstration of the
bipedal robot control under foot slip is new. To our best
knowledge, no other model-based slip control design has
been reported for bipedal robots. Compared with the work
presented in [18], this paper presents an integrated high-
and low-level model-based hierarchical control design for
bipedal robots, whereas with the work in [21], we demonstrate
the mechatronic systems design and extensive experimental
implementation.

The remainder of this paper is organized as follows. Sec-
tion II presents the TMLIP model and the CP concept.
Section III discusses the FWBOS-based gait recovery control
design. We present the experimental setup in Section IV.
Experimental results are included in Section V followed by
the concluding remarks in Section VI.

II. TMLIP-BASED RECOVERY STEP PLANNING

Fig. 1 shows the schematic of the bipedal robot models.
We consider an underactuated biped walker as shown in the
figure. The robot shown is a 5-link bipedal walker that has five
degrees of freedom (DOFs) and only four joints are actuated
(i.e., two hip and two knee joints). Point contact is considered
between the foot and the firm ground. Bipedal walking gait
is dynamically stabilized by a set of properly positioned foot
steps. When the foot touches down on the ground, the foot
contact can slip and we need to design a gait recovery control.

A. Two-Mass LIP Model

A reduced-order linear inverted pendulum model is used to
determine the location of subsequent step after one foot slips.
We use the TMLIP model to design step planning. The left-
side schematic in Fig. 1 illustrates the TMLIP model. The
model consists of two point masses. Mass m1 located at xc

represents the body weight and is equivalent to the widely
used LIP model [4]. Point mass m2 represents the lower part
of the stance leg and is located at the contact point between

the foot and the ground. Its horizontal location is denoted as
xs in the inertial frame. Similar to many other LIP models,
we assume that the height of m1, denoted by zc, is constant
and the bipedal robot’s motion is only in the sigittal plane.

Model Integration

Step Location Joint Torques

TMLIP 

model
Mul�-link

model

Fig. 1. Left: schematic of the TMLIP model. Center: bipedal robotic walker.
Right: schematic of a 5-link full-body model.

During normal walking in the absence of foot slip, 9xs � 0
and the TMLIP model is identical to the conventional single-
mass LIP model; during foot slip, 9xs � 0, and the TMLIP
model explicitly captures the slip dynamics. We define the
horizontal distance between the two masses as δ � xc � xs

such that δ ¥ 0 when m1 is anterior or in front of m2 along the
direction of walking. The TMLIP dynamic model is written
as [13]

:δ � ω2
mpδ �Aq, (1)

where A � 0 and ω2
m � ω2 are used for non-slip case and

A � µzc and ω2
m � rm

rm�1ω
2 with rm � m1�m2

m1
for slip case.

µ is the friction coefficient between the foot and the ground
and ω �

a
g{zc is the (constant) natural frequency, where g

is gravitational constant.

B. Capture Point-Based Step Planning

The TMLIP model exhibits one unstable equilibrium, lo-
cated at δ � �A, 9δ � 0, and is referred to as the captured state
of the model. The CP is defined as the stepping location which
results in the model reaching the captured state [7]. From the
solution to the TMLIP model [13], [14], the relative extension
that is needed to reach a captured state is δ0 � �A �

9δ
ωm

.
Combining with the current COM location xc, the CP for the
TMLIP model is

ξ � xc �
9δ

ωm
�A. (2)

Taking the time derivative of (2), we obtain

9ξ � 9xc �
:δ

ωm
. (3)

Noting that 9δ � 9xc � 9xs, we substitute (1) and (2) into (3)
and obtain the CP dynamics as

9ξ � ωm

�
ξ � xs �

9xf

ωm
� 2A



. (4)
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Comparing (2) and (4) to the conventional CP ξ � x� 9x
ω and

its dynamics 9ξ � ωpξ� xsq, it is evident that the TMLIP is a
generalization of the LIP model, that is, by setting the slipping
velocity to zero and thus A � 0, ωm � ω, 9xs � 0, and 9δ � 9x.

Using the CP in (2), the stepping location is designed as

xT � x̂cpT q � λ
9δ

ωm
�A, (5)

where x̂cpT q is the predicted COM location at time T of the
subsequent heel-strike, and λ is a parameter. For any forward
progression 9xc ¡ 0, λ � 0 leads to divergent motion with
9xc Ñ 8, while λ � 1 leads to 9xc Ñ 0 by the definition of
the CP above. For stable walking, λ P p0, 1q is selected. The
velocity 9xT is in turn calculated by taking the time derivative
of (5) and by using (3), it can be written as

9xT � 9x̂cpT q � λp 9ξ � 9xcq. (6)

To ensure stability, the touchdown location velocity is selected
to be constant, i.e., :xT � 0. The desired stepping location xT

in (5) and its derivatives in (6) is re-planned at every time step
to ensure controller robustness.

III. GAIT RECOVERY CONTROL DESIGN

A. Control System Overview

The previous section presents a stepping strategy under
foot slip through an abstracted TMLIP model. To implement
such stepping and other kinematic tasks, a whole-body robot
controller is needed. The right schematic in Fig. 1 shows a
5-link planar model for the robotic walker. The geometry of
both legs are symmetric. The generalized coordinate for the
robot is denoted as q � rθsth θstk θswh θswk xb zb θbs

T P R7,
where xb, zb, and θb denote the horizontal and vertical position
and rotation of the floating base, respectively. θh and θk are
the thigh and the shank angles, and superscripts st and sw
stand for stance and swing legs, respectively. Using the full-
body dynamics that are built on q, 9q and :q, we will discuss
the FWBOS-based control later in this section.

Fig. 2 illustrates the overall schematic of the gait recovery
control design. The main variables pxc, zc, xsq of the TMLIP
model (i.e., COM and slipping foot motion) are computed and
extracted from the 5-link full-body model. The TMLIP-model
design provides the stepping location and its derivatives for
gait recovery, which is implemented through the FWBOS-
based design and joint torque compensation. The control
system structure remains the same both for normal walking
and slip recovery. Presence or absence of foot slip influences
the step location given by the TMLIP and the use of switched
WBOS- and FWBOS-based controllers.

B. WBOS and FWBOS Models

We first briefly review the WBOS-based controller and
then present the FWBOS extension [18]. Using generalized
coordinate q, the robot dynamic model is specified by [15],
[16]

D:q �NT pb� gq � JTΛ 9J 9q � pSNqT τ , (7)

Robo�c
walker

Fric�on
compensa�on

WBOS/FWBOSTMLIP

5-link 
model

Task
speci�ca�on

Foot
placement

Fig. 2. Control diagram for walking. The schematics is identical for normal
and slip walking. Slip changes the results of TMLIP and FWBOS calculations.

where D P R7�7, b, g P R7 are the inertia matrix, Coriolis
and centrifugal forces, and gravity force vectors, respectively.
J P R2�7 and Λ P R7�7 denote the support Jacobian and
the mass inertia matrices, respectively, both associated with
the contact point. N � I � J�J P R7�7 is the dynamically
consistent null-space of J , where J� � D�1JTΛ is the
generalized inverse of J . S P R4�7 is the selection matrix
which selects the rows of q that correspond to the actuated
joints, and τ P R4 are the joint torques. The joint torques are
given by

τ � J�TF t, (8)

where J� � J tpSNq� is the support-consistent reduced
Jacobian matrix, and J t is the task Jacobian related to the
generalized force F t. The task Jacobian enables the operator
to move away from joint space and instead specifies the task in
an arbitrary coordinate system, as shown later in this section.
The task specification is done by the use of F t, which consists
of acceleration ut in task space, centrifugal and Coriolis forces
ct, and gravity force pt, all expressed in task space, namely,

F t � Λtut � ct � pt. (9)

Using the kinetic energy matrix Λt � pJ tD
�1JT

t q
�1 and

J�t � D�1JT
t Λt, the above gravity and Coriolis/centrifugal

contributions are expressed as pt � J�T
t g and ct � J�T

t b�
pΛT

t
9J t � J�T

t JTΛ 9Jq 9q.
The above WBOS formulations are built upon the explicit

assumption of no foot slip. We now extend these developments
to relax the no-slip assumption and derive FWBOS. We write
the general dynamic model where only the vertical component
of the ground reaction force and movement is considered as

D:q � b� g � JT
z Fz � ST τ , (10)

where Fz is the vertical component of foot contact force and
Jz � r0 1sJ P R1�7 is a subset of J (i.e., the second row
of the full contact Jacobian J ), which is used to describe
the movement in vertical direction only. We multiply (10) by
JzD

�1 and obtain

9vz � 9Jz 9q � JzD
�1pb� gq � JzD

�1JT
z Fz � JzD

�1ST τ ,

where the contact point vertical velocity is vz � Jz 9q and
its derivative 9vz � Jz:q � 9Jz 9q are used. By using Jz , vz
represents only the vertical velocity of the contact point. Since
the stance foot remains on the ground, therefore vz � 9vz � 0
and from the above equation, the contact force is obtained as

Fz � Λz
9Jz 9q �

�
J�z
�T
pb� gq �

�
J�z
�T

ST τ , (11)
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where J�z � D�1JT
z Λz and Λz � pJzD

�1JT
z q
�1. Since

the reduced Jacobian Jz constrains the vertical direction only,
Fz is a scalar representing the normal (z-axis) component of
the ground reaction force.

Considering a Coulomb friction model, the frictional contact
force is denoted as F tot � r	µFz Fzs

T , where Fx � 	µFz

and “�µ” is used if the slip is in the positive x direction and
vice versa. Defining friction matrix µ � r	µ 1sT , the contact
force is expressed as F tot � µFz . The frictional contact force
F tot is then plugged back into (10), where the reduced contact
Jacobian is replaced with the full form

D:q�b�g�JTF tot �D:q�b�g�JTµFz � ST τ . (12)

Combining (11) and (12), projecting to task space and defining
NT

f � I � JTµ
�
J�z
�T

, we obtain the joint torque

τ � J�T
f F F

t , (13)

where J�f � J tpSNf q
� and pSNf q

� �

D�1pSNf q
T
�
SNfD

�1pSNf q
T
��1

. The generalized
force is given by

F F
t � ΛT

t ut � cFt � pF
t , (14)

where pF
t � pJ�t q

TNT
f g is the gravitational contribution and

cFt � pJ�t q
TNT

f b � pΛT
t

9J t � pJ�t q
TµΛ 9Jzq 9q denotes the

Coriollis/centrifugal forces.

C. Task Specification

We need to define the task space of the WBOS and
FWBOS controller. For bipedal walking gaits, the task vector
specifies the COM height zc, the angle of the torso θb, the
horizontal and vertical swing foot positions xsw and zsw,
respectively; see Fig. 1. The task vector is therefore defined
as r � rzc θb xsw zsws

T . We need to specify the walking
gait by the desired task vector rdes such that under the joint
torque control, r converges to rdes.

The desired task vector is designed and specified as follows.
The desired COM height zdc and the desired torso orienta-
tion angle θdb are chosen as constant. The desired horizontal
location of the swing foot xd

sw is designed to smoothly
track between the takeoff and touchdown location such that
xsw arrives at xT at t � T that is given by (5). We use
a 5th-order polynomial function to determine xd

sw, that is,
xd
swptq �

°5
i�0 ait

i, where coefficients ai, i � 0, . . . , 5, are
selected using the current position xswptq and velocity 9xswptq
at current time t and the desired position xswpT q � xT

by (5) and velocity 9xswpT q � 9xT by (6), and acceleration
:xd
swpT q � 0, which are specified by the step planner presented

in the previous section. The desired trajectory is recalculated
at every time instance to take into account disturbances and
uncertainties.

The desired vertical location zdsw of the swing foot is mainly
specified by a sine wave. To ensure that the free foot touches
the ground, a decreasing quadratic term is added to the desired
zsw profile, and therefore, the complete desired trajectory for
zsw is designed as

zdswptq �
z0
2
r1� cospωf tqs � z1pωf tq

2, (15)

where ωf ¡ 0 is a constant frequency, constant z0 is the
maximum desired height of the foot and z1 is a constant
parameter that ensures that the swing foot contacts the ground
at t � T , i.e., zdswpT q � 0. The desired task vector is then
rdes � rzdc θdb xd

swptq zdswptqs
T and the desired velocity

9rdes and acceleration :rdes are obtained by taking the time
derivative of rdes using (15) and above discussions.

D. Controller Design

We need to design the task acceleration ut that is used in (9)
and (14) as the control input. A proportional and derivative
controller is designed to generate the desired task acceleration
as

ut � :rdes � kpe� kd 9e, (16)

where tracking error e � r � rdes, and kp,kd P R4�4 are
the diagonal gain matrices (with positive diagonal elements).
Under (16) and using the control input :r � ut, we obtain the
error dynamics

:e� kpe� kd 9e � 0.

Therefore, the asymptotic stability is obtained since kp and
kd are selected as diagonal matrices with positive elements.
Asymptotic stability in the task space holds in joint space if
the transformations are fully determined, i.e., if the Jacobians
are full-rank.

The above robot control (16) does not consider and com-
pensate for friction effects in the robot dynamics. In experi-
mental implementation, we included a friction compensation
mechanism to counteract the effects of friction. The actual
implemented joint torque is τ app � τ � τ f , where τ app

is the actually applied joint torque and τ is the torque
calculated by the full-body controller given in (8) or (13). The
compensation drive torque τf,i, ith element of τ f for robot
joints, i � 1, 2, 3, 4, is designed as

τf,i �

#
fi signp 9qiq, | 9qi| ¥ 9qst,

fi signpτiq, | 9qi|   9qst,
(17)

where fi is the frictional torque for the ith robot drive joint
and is identified and obtained experimentally. 9qi is the velocity
of the ith joint and 9qst is the threshold for the joint velocity.

IV. EXPERIMENTS

Fig. 3(a) shows the hardware platform of a 7-DOF planar
bipedal robot and Fig. 3(b) for the experimental setup. We
designed and fabricated the bipedal robot primarily for the
slip recovery gait control. The floating-base torso is mounted
via a high-precision, low-friction rotational bearing to a sub-
carriage, giving the torso to freely rotate around the pitch
axis. The carriage is equipped with two high-precision, low-
friction linear sliders, allowing the sub-carriage to freely move
vertically. The carriage set is affixed to a rigid rail by two low-
friction rollers, which allows it to freely move horizontally.
With the rail, sliders, and bearing, the floating-base torso is
confined to the sagittal plane and can move freely in the
horizontal and vertical directions, as well as freely rotate
around the pitch axis. At the same time, the carriage system
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Fig. 3. (a) The 7-DOF bipedal robotic walker prototype. (b) The indoor
experimental setup with the robot control systems and high- and low-friction
ground conditions.

prevents any movement of the robot in the lateral direction
and around the roll and the yaw axes.

Two parallel-chain legs are attached to the torso and each
leg consists of two rigid links. The robotic feet are ball-
shaped and made of acetal polymer. Due to the small radius
(around 9.5 mm), the rolling effects of the robot feet are not
significant and can be treated as point feet. The two hip and
two knee joints are actuated by 4 brushless motors (model
DC-MAX26S from Maxon Inc., Switzerland). The hip-joint
motors are positioned inside the torso, while the knee-join
motors are located outside the body. All motors are integrated
with high-ratio gearboxes and knee joints are driven by two
chains. Each motor is equipped with a rotational encoder with
a resolution of 1024 pulses per turn. In addition, a motion
capture system (9 Vantage cameras from Vicon Ltd., Oxford,
UK) was used to measure the positions and velocities of the
linear joints which did not have corresponding encoders; see
Fig. 3(b). The foot slip detection was also obtained in real
time by using the captured motion data. The Robot Operating
System (ROS) was used to collect the data from the encoders
and the motion capture system, and command the real-time
robot control. The control algorithm was running at 115 Hz.
The proposed WBOS and FWBOS control algorithm was first
developed and verified in Matlab simulation environment. The
simulation-verified control algorithms were translated to C++
to deploy the real-time implementation on the robotic walker
platform.

In order to selectively induce slip, various tapes were
applied to the floor to create ground surfaces with three levels
of friction coefficients. The robotic foot was made of hard
plastic material. When we used anti-slip tapes on the floor, the
friction coefficient of the foot-floor contact was high around
µ � 0.5. When we coated the floor with painter’s tape, the
friction coefficient of the foot-floor contact was low around
µ � 0.2. Besides these two types of ground surfaces, we
also taped a hard plastic sheet on the floor and this would
bring extremely low friction coefficient around µ � 0.1. The
friction coefficient of each foot-floor surface was estimated
experimentally by using a force plate to measure the friction
force. The robot’s feet were manually pushed and dragged to
slide on the taped surfaces mounted on the multi-axis force

plate. The friction coefficient was calculated as a ratio between
the tangential and normal forces from these experiments.

The accuracy of the robot dynamic model is critical to
the performance of the proposed controller. Table I lists a
partial set of the model parameters values that can be precisely
measured. The remaining model parameters such as moments
of angular inertia for thigh Ih, shank with the motor Ik,
shank without the motor Ik,r, and COM locations for thigh
Lch and shank Lck cannot be measured directly. We therefore
performed system identification to identify the parameters and
verify that the model structure matches the experimental setup.
System identification was performed on the subsystem for each
leg individually. Table II lists the values for the sets of lumped
parameters for both legs. The experimental estimates for all
the inertial model parameters show good agreement between
the two legs and the design model values. The two non-inertial
lumped parameters (i.e., mhLch�mkLh and mkLck) exhibit
more variability. The discrepancies are due to the used gait
excitation predominately excited the inertial forces while the
Coriolis/centrifugal contribution remained almost negligible.

TABLE I
MODEL PARAMETERS OF THE EXPERIMENTAL BIPEDAL ROBOT.

Parameter Symbol Value
Torso length Lb 2.5 cm
Thigh length Lh 20 cm
Shank length Lk 22 cm

Mass of the torso mb 3.600 kg
Mass of the thigh mh 1.074 kg
Mass of the shank mk 0.190 kg

TABLE II
IDENTIFICATION OF LUMPED PARAMETERS FOR EACH LEG

Lumped Parameters Unit Model estimate Left/Right leg (Exp.)
Ih �mhL

2
ch �mkL

2
h [kg m2] 0.057 0.062{0.052

Ik �mkL
2
ck [kg m2] 0.037 0.038{0.039

Ik,r �mkL
2
ck [kg m2] 0.001 0.000{0.001

mhLch �mkLh [kg m] 0.074 0.085{ � 0.002

mkLckLh [kg m2] 0.001 0.002{0.001

mkLck [kg m] 0.005 0.014{0.003

We also conducted experiments to identify and estimate
robot joint drive frictions. The drive friction torques in (17)
were estimated as: f1 � 0.15, f2 � 0.06, f3 � 0.18, and
f4 � 0.06 Nm. 9qst � 0.1 rad/s was selected as the threshold
in friction compensation calculation in (17). For desired task
vector profile rdes, we chose zdc � 33 cm, θdb � 0, z0 � 4 cm,
z1 � 2 cm, and ωf � 2.5 s�1 for (15). For controller (16), we
chose kp � diagp80, 100, 300, 12q and kd � diagp1, 2, 35, 5q
in experiments.

V. EXPERIMENTAL RESULTS

We first present the normal walking results without foot
slip. Fig. 4(a) shows the trajectory tracking results for normal
(non-slip) walking under the WBOS controller. The figure
includes the tracking error profiles, that is, tracking errors
for the COM vertical position zc, torso orientation θb, and
horizontal and vertical positions xsw and zsw for the swing
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Fig. 5. Components of the task vector errors e � r � rdes � rexc eθb exsw ezsw s on ground with friction coefficients switching between high-friction
(µ � 0.5) and low-friction surface (µ � 0.2) under (a) the WBOS controller and (b) the FWBOS controller. (c) Joint torques for successful slip recovery
using a switched WBOS/FWBOS controller.

foot. It is clear that both the COM vertical position and
torso orientation follow the constant values closely under the
controller. The error of the swing foot’s vertical position is
periodic, which is a consequence of a small lag between the
desired and actual trajectories. The error of the swing foot’s
horizontal position is among the largest and most variable.
Fig. 4(b) further shows the horizontal location of the swing
foot along with the designed touchdown location. For each
time step, the desired horizontal position xd

sw meets the desired
touchdown location xT . From Fig. 4, the swing foot horizontal
often lagged up to 2 cm behind the desired profile. However,
the system dynamics are mainly determined by the position
of the swing foot at the end of each step, which converges to
the desired positions.
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Fig. 4. Normal walking performance under the WBOS control on high-
friction ground surface (µ � 0.5). (a) Components of the task vector errors
e � r � rdes � rexc eθb exsw ezsw s. (b) Swing foot positioning. At the
end of the step, the actual location converged towards desired location.

To examine the controller’s performance under foot slip, the
robot was set in motion continuously on ground surfaces with
a mixed friction coefficients between high-friction (µ � 0.5)
and high-friction coefficients (µ � 0.2). Fig. 5(a) shows the
task tracking errors for the slip-and-fall case when the WBOS-
based controller was used. For the first part of the trial until t �
13.0 s, the robot performed normal walking without foot slip
under the WBOS controll on high-friction surface (µ � 0.5),
similar to that in Fig. 4(a). Upon touching down on the low-
friction surface (µ � 0.2) at t � 13.0 s, the robot’s stance foot
started to slip backwards and the robot lost balance. Despite
touching down with the other foot, the robot cannot regain
balance resulting in a fall under the WBOS controller. After
the onset of foot slip, all four components of the task error e
deviated significantly from the desired quantities.

We repeated the same experiment but switched to the
FWBOS controller when the foot hit on a low-friction surface.
The robot was able to maintain balance through the transitions
from the high- to the low-friction ground as well as maintain
a periodic forward progression despite occurrence of foot slip.
Fig. 5(b) shows the tracking errors for the successful slip
recovery when the FWBOS controller was used. Same to the
above-discussed WBOS control, at t � 14.5 s, the robot
reached the low-friction portion of the walkway. The foot
slipped at each step but yet the robot was able to maintain
balance. The results show that foot slip led to larger devia-
tions for task tracking and the FWBOS controller contained
the deviations and kept the tracking error within acceptable
bounds.

Fig. 5(c) further shows the joint torques τ with the switch
from the WBOS to the FWBOS controllers when the robot en-
tered the low-friction ground surface. The swing leg actuation
exhibited a periodic profile throughout the walk, regardless of
the presence or absence of foot slip. This was expected as
the swing leg dynamics was dominated by inertial forces that
mostly remain unchanged due to periodic lifting and lowering
of the foot. The mean value for the actuation of the swing
leg hip was positive and this was expected given the knee is
bent and thus was always in front of the torso. The offset
of the swing hip torque provided a compensating force for
the gravitational forces of the swing leg. The actuation of the
standing leg showed significant change due to the presence
of foot slip starting at time t � 14.5 s (and ending at
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Fig. 7. (a) Top: Mean and standard deviation of the horizontal COM position xc of the robot. Bottom: Mean and standard deviation of cumulative slipping
distance of the stance leg on low-friction surface (µ � 0.2) under the FWBOS controller. (b) The means and standard deviations errors of the trajectories of
robot COM vertical position zc, horizontal and vertical positions (xsw and zsw) of the swing foot, and the rotation (θb) of the floating torso base on the
high (µ � 0.5) and low (µ � 0.2) friction surfaces under the FWBOS controller.

around t � 20.5 s). In response, the FWBOS controller was
initiated at this moment. It is clear from Fig. 5(c) that the
FWBOS controller generated a large, positive torque on the
hip joint. This increased torque resulted in a forward force
on the contact foot and caused the slip to stop. It was also
evident that while both the WBOS and FWBOS controllers
prescribed continuous actuation in the absence of heel-strike,
the switch between the two controllers represents a discrete
jump in actuation. Finally, the torque on the stance knee was
higher during walking on the slippery surface than on the high-
friction surface. As seen in Fig. 5(b), the COM lowered due
to slippage at each step, resulting in further bending of the
stance knee and an increase of actuation torque.

Fig. 6 shows the comparison of the COM’s forward velocity
as function of stride progression variable under the WBOS and
FWBOS controllers on high (non-slip) and low (slip) friction
surfaces. The stride progression variable is normalized by the
steady-state step period under non-slip steady gait. The robot
converged to periodic stepping gait both in absence (non-
slip) and presence of foot slip under the FWBOS controller.
However, the robot cyclic gait became unstable with foot slip
under the WBOS controller. The COM velocity variation was
greater for the slip case, which is expected as the slip moves
the foot contact point and changes the progression curves.
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Fig. 6. Performance comparison as the diagrams shown by the COM’s
velocity vs. walking stride progression under non-slip and foot slip under the
WBOS and FWBOS controllers. The arrows indicate the motion progression
direction with time.

We conducted additional experiments and obtained multiple
runs on the same ground as well as on surfaces with different
friction coefficients. Fig. 7 shows the FWBOS control per-
formance under repeated experimental trials. Fig. 7(a) shows
the mean and standard deviation of the trajectories of the
horizontal robot COM position xc and cumulative slipping
distance of the stance leg over 5 trials on low-friction surface
(µ � 0.2) under the FWBOS controller. It is clear that
under the FWBOS controller, the bipedal robot consistently
performed a stable gait on low-friction surfaces. Fig. 7(b)
further shows the statistical results of the 5 experimental trials
separately on both the high (µ � 0.5) and low (µ � 0.2)
friction surfaces. The plot includes the mean and standard
deviations of the error trajectories for the robot COM vertical
position zc, horizontal and vertical positions (xsw and zsw) of
the swing foot, and the rotation (θb) of the floating torso base.
These results clearly demonstrate the robust performance of
the controller from multiple runs.

We conducted additional experiments for the robot to walk
on the extremely low-friction ground surface with µ � 0.1.
In this case, the extremely low friction foot-ground contact
resulted in a slip-induced fall under either of the WBOS or
FWBOS controllers. Fig. 8(a) shows the swing foot location
and step progression under both the WBOS and FWBOS
controllers. At t � 0 s, the robot foot touched down on the
extremely low-friction surface. A recovery attempt is clearly
visible due to higher discrepancies between the desired and
actual positions. Compared to the WBOS controller for stable
gait lasting for about 1 s, the FWBOS controller maintained
longer time balance for about 2.5 s on the slippery surface
before falling down. Fig. 8(b) shows the slipping distance for
the stance foot in the experiment. The WBOS controller was
able to maintain stability for two steps and resulted in a fall on
the third step after the onset of slip. In contrast, the FWBOS
controller was able to maintain stability for 6 steps and finally
the robot fell at the 7th step of the recovery sequence. The
results also demonstrate the slipping distance which leads to
robot’s fall. Under the WBOS control, the slipping distance
was about 30 mm before the robot fell in the subsequent step.
In the FWBOS control trial, the gait also experienced a 30 mm
foot slip; however, that did not immediately lead to fall. The
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controller was able to stabilize the walking gait under slip with
a distance upwards to 50 mm before resulting in a fall.

The FWBOS balance controller can handle limited model
uncertainties as the precise model for the custom built was
needed. Due to page limit, we did not conduct simulation study
to explore the robustness of the FWBOS control. The targeted
balance recovery motion profile was planned by the high-
level TMLIP model-based method that explicitly incorporated
the slip dynamics. Therefore, the integrated TMLIP-FWBOS
design can handle certain model uncertainties.

VI. CONCLUSION

The presented work in this paper introduced a bipedal
walking controller with key feature to maintain the balance
walking gaits under foot slip. This was achieved by using
the integrated TMLIP model with the FWBOS control design.
The TMLIP model provided a stepping location design and
the FWBOS controller was used to obtain joint torques to
compensate for slip dynamics. We presented the 5-link planar
bipedal walking robot as an experimental platform. The ef-
fectiveness of the controller was demonstrated by a series of
experiments examining robotic walking over slippery ground
surface. The experimental results consistently confirmed that
the FWBOS controller outperformed the benchmark control on
low-frictional surfaces in term of gait stability recovery. We
also presented a scenario with extremely low-friction ground
condition in which none of the presented controllers was
able to maintain gait balance. Compared to a conventional
controller, the FWBOS controller still outperformed in term
of maintaining balance time and walking distance .
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