
Chapter 8

Balance and Posture Control for Biped Robots

Maximo A. Roa and Christian Ott

Abstract This work presents an overview of a new approach for balance and

posture control by regulating simultaneously the center of mass position and

trunk orientation of a biped robot. After an unknown external perturbation deviates

the robot from a desired posture, the controller computes a wrench (force and

torque) required to recover the desired position and orientation, according to a

compliance control law. This wrench is distributed to predefined supporting contact

points at the feet. The forces at these points are computed via a constrained

optimization problem, adopted from the grasping literature, which minimizes the

contact forces while including friction restrictions and torque limits at each joint.

8.1 Introduction

The goal of obtaining biped robots able to interact with humans in everyday tasks and

environments, calls for a proper control system that allows the robot to balance

(compliantly) in the presence of unknown external perturbations. Such balance, i.e.

the control of the linear and angular momentum of the system, is achieved through the

application of suitable contact forces to the ground, using the finite support area of the

feet [12]. Traditional approaches use a dynamics based walking pattern generator that

provides desired trajectories for the underlying position controllers. The execution of

such trajectories requires the addition of force sensors in the feet for implementing a

Zero Moment Point (ZMP) control loop. In this way, a large range of stepping and

walkingmotions can be generated. Several position-based balance compensators have

been developed, although in general they require the measurement of force at every

expected point of interaction with the external environment, which increases the

computational load and creates time delays in the controller [1, 7, 20, 22].
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Joint torque sensing and control allows sensitive compliance and impedance

control [14], but requires additional instrumentation in the drive units. Torque

sensing has been applied explicitly in the hydraulic humanoid robot CB [3] and

implicitly via serial elastic actuators in [17]. At DLR, joint torque sensors are

integrated in an electrically driven biped robot based on the torque controlled

drive units of the DLR-KUKA Light-Weight Robot (Fig. 8.1), which can be

position or torque controlled [15].

Passivity-based impedance and compliance controllers based on joint torque

sensing have been traditionally applied to manipulation tasks [1, 14]. The applica-

tion of such framework to biped balancing control was first proposed in [9]. This

controller provides gravity compensation, making the robot compliant and thus

facilitating physical interactions and adaptation to unknown external forces. It sets

a ground reaction force able to compensate perturbations on the robot position, and

transforms the desired force to joint torques directly. It is able to cope with an

arbitrary number of interaction points with the environment, but does not require

force measurement at such points and does not use inverse kinematics or dynamics.

The controller was tested both in simulation and on a real humanoid [3], and has

Fig. 8.1 DLR-Biped: a biped walking machine with torque controlled joints
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been extended to compensate for yaw perturbations and to provide adaptability to

unknown rough terrain [8].

More recently, a dynamic balance force controller was proposed for determining

full body joint torques based on the desired motion of the Center of Mass (COM),

combined with some desired virtual task forces [21]. The approach controls the

motion of the COM and the angular momentum of the robot by computing suitable

contact forces via a quadratic optimization problem. The mapping of the contact

forces to the joint torques is solved considering the nonlinear multi-body dynamics

of the system. In addition to the force distribution, the control of internal forces

during multicontact interaction tasks was studied in [19], based on the concept of a

virtual-linkage model, which provides a representation of the internal and COM

resultant forces with respect to reaction forces on the supporting surfaces.

A balancing controller based on the independent control of the desired ground

reaction force and center of pressure at each support foot was also proposed [11],

which allows dealing with different ground geometry. The approach minimizes

ankle torques while generating desired rates of change of momenta. The perfor-

mance of the approach is shown with simulated experiments.

This work presents an overview of a new approach for a posture controller able

to deal with unknown external perturbations by distributing the required balancing

forces among predefined contact points [16]. The approach is strongly based on the

observation that the problems of grasping an object and balancing a robot are

fundamentally similar, in the sense that both try to achieve a desired wrench Fo

(on the object in the grasping case, on the robot in the balancing case) based on the

application of suitable forces at the contact points fi (at the fingertips or at the feet).
Figure 8.2 illustrates such similarity. By using the basic theory of grasping, the

force required to counteract external perturbations is distributed to the contact

points; the final solution is obtained via a constrained optimization problem. The

approach is validated in simulation, and tested on the DLR biped.
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Fig. 8.2 Force distribution is fundamentally similar in (a) Grasping and (b) Balancing
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8.2 Grasping Basics

An object is grasped for resisting external perturbations or to manipulate it in a

dexterous way. The fulfillment of such tasks depends on the selection of suitable

forces fi applied at contact points Pi such that they produce a desired net wrench Fo

on the object [13]. Each contact location is described by its relative position rp and
orientation Rp with respect to the object reference frame O, commonly located at

the COM of the object (Fig. 8.3).

In general, a fingertip can only apply forces in certain directions, described by

a contact model. The friction properties at the fingertip are commonly

described using Coulomb’s friction model, which states that slippage is avoided

when f t � mf n , where f n and f t are the magnitudes of the normal and tangential

components, respectively, and m is the friction coefficient. Therefore, the set of

allowable contact forces at the contact point is

F i ¼ f i 2 R3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2ix þ f 2iy

q
� m fiz ; fiz � 0

���n o
(8.1)

Geometrically,F i represents a friction cone with axis along the surface normal and a

semiangle of’ ¼ atan (m). Besides the friction constraints, the forces must also fulfill

the positivity restriction, i.e. the fingers can push but cannot pull the object.

The generalized force Fi that can be applied at a contact point is described by

Fi ¼ Bi fi, with Bi being the wrench basis that characterizes the contact model. For

instance, for a frictional point contact, the applied wrench is

Fi ¼

1 0 0

0 1 0

0 0 1

0 0 0

0 0 0

0 0 0

2
6666664

3
7777775

fix
fiy
fiz

2
4

3
5 ¼ Bi fi (8.2)
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Fig. 8.3 Object and contact coordinate frames
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The wrench exerted by a single contact on the object, expressed in the object

coordinate frame, is given by

FOi
¼ AdTopBi fi ¼ Gi fi (8.3)

where Gi ¼ AdTopBi is called the contact map. AdTop is the transpose of the adjoint

matrix for the homogeneous transformation from the frame P to O, given by

AdTop ¼
Rp 0

r̂p Rp Rp

� �
(8.4)

with r̂p the cross product matrix for the vector rp ¼ xp yp zp
� �T

, given by

r̂p ¼
0 �zp yp
zp 0 �xp
�yp xp 0

0
@

1
A (8.5)

The total wrench FO on the object is the sum of the contributions from each one

of the � contacts, expressed in the same coordinate frame O,

FO ¼ G1 . . .G�

� 	 f 1
..
.

f �

2
64

3
75 ¼ GfC (8.6)

where G is the grasp map, given by

G ¼ AdTop�1
B1 � � �AdTop� B�

h i
(8.7)

Assuming � frictional point contacts, the grasp map is further simplified to

G ¼ Rp1 � � � Rp�

r̂p1 Rp1 � � � r̂p� Rp�

� �
(8.8)

8.3 Dynamic Model

The unconstrained dynamics of a biped robot can be described using the velocity

vector v ¼ ð·T ;vT ; _qTÞT , where · 2 R3 and v 2 R3 are the linear and angular

velocities of a frame B attached to a base link (e.g. trunk) with respect to the world

coordinate frame W , and _q 2 Rn are the angular velocities for the n joints of the
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robot. Let rb 2 R3 andRb 2 SOð3Þ be the position and orientation of the base frame

B; then, the dynamical model is

MðqÞ _yþ Cðq;yÞyþ pðq;RbÞ ¼
0
0
Ü

0
@

1
Aþ

X
k¼fr;lg

JkðqÞTFk (8.9)

where M(q), C(q, y)y, and p(q, Rb) are the robot’s inertia matrix, the vector of

centrifugal and Coriolis terms, and the vector of gravity terms, respectively;Ü 2 Rn

is the vector of actuator torques, and Fk 2 R6 are the body wrenches acting at the

robot’s right (k ¼ r) and left foot (k ¼ l). Moreover, JkðqÞ ¼ ½AdkbðqÞ JbkðqÞ�, with
Adkb(q) being the adjoint matrix for the homogeneous transformation between the

feet and the base link, and JbkðqÞ is the body Jacobian for the feet [13].

This dynamical model is further simplified if the COM velocity _rC is used instead

of the velocity of the base link [23]. Then, y is replaced by yC ¼ ð _rTC;vT ; _qTÞT via

y ¼
·
v
_q

0
@

1
A ¼

RT
b

B r̂C ðqÞ �JBCðqÞ
0 I 0
0 0 I

2
4

3
5

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A

_rC
v
_q

0
@

1
A

|fflfflffl{zfflfflffl}
yC

(8.10)

where JBCðqÞ ¼ @BrCðqÞ=@q , and BrCðqÞ is the COM position represented in the

coordinate frame B. With these new coordinates, the dynamic model is transformed to

mI 0

0 �MðqÞ
� �

_yC þ
0

�Cðq;yCÞyC

� �
þ mg

0

� �
¼

0

0

Ü

0
B@

1
CAþ

X
k¼fr;lg

�Jk ðqÞTFk

(8.11)

where m is the total mass, and �MðqÞ and �Cðq;yCÞyC are terms resulting from the

coordinate transformation (8.10). The resulting Jacobian matrices are given by
�Jk ðqÞ ¼ Jk ðqÞA, with k ¼ {r, l}, and can be partitioned as

�Jk ðqÞ ¼ RT
k

0

� �
Adkb

Br̂C
I

� �
JbkðqÞ � Rkb JBCðqÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

JckðqÞ

2
64

3
75 (8.12)

The COM dynamics emerges from the first three equations in (8.11), i.e.

m €rC þ mg ¼
X
k¼r;l

Rk f k (8.13)
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and it is influenced by the force components fk from the contact wrenchesFk ¼ ( fk, tk).
The last n equations in (8.11) provide a kinetostaticmapping of the contact wrenchesFr,

Fl at the right and left foot to the joint torques Ü via

Ü ¼ JcrðqÞTFr þ JclðqÞTFl (8.14)

The representation provided in (8.11), which gives the interaction of the isolated

COM dynamics with the remaining multibody dynamics, was previously used for

the design of a force based COM balancing controller [9]. In the following section,

we extend the controller from [9] by adding a posture controller for the base

orientation, and using the force distribution framework described in Sect. 8.2.

8.4 Balancing Controller

This section presents a balancing controller which regulates the position of the

robot’s total COM inW, rC 2 R3, and the orientation Rb of the base link. Figure 8.4

shows the structure of the proposed controller. Basically, given a desired equilibrium

position rdC for the COM position and a desired orientation Rd of the trunk, we

compute a desired wrench FGA to be applied to the robot. That wrench is distributed

to forces fC 2 R3� at the � supporting contact points at the feet. In order to realize the
desired contact forces, we compute the resulting contact wrenches Fr and Fl at the

right and left foot, and map these contact wrenches to corresponding joint torques Üd

via (8.14), thus avoiding the use of inverse kinematics or dynamics. The resulting

joint torques are commanded to an underlying joint torque controller [1]. Further

details are provided below.

8.4.1 Object Force Generation

A biped robot with multiple contacts with the ground can be analyzed as a series of

contact forces applied at the contact points, which generate a net wrench on the

robot according to (8.6). The force component of the net wrench is called the

ground reaction force fGR. For the balancing controller, it is more convenient to

consider a desired wrench that must be applied at the COM of the robot, which must

be generated through forces applied at the contact points. The net force that must be

generated is called ground applied force fGA, defined as fGA ¼ �fGR.
To keep the desired COM position, we obtain a desired ground applied force f dGA,

given by the task of recovering the initial position (according to a compliance

control law) while providing gravity compensation, i.e.

f dGA ¼ mðgþ €rdCÞ � KP rC � rdC
� �� DP _rC � _rdC

� �
(8.15)
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where m is the total mass of the robot, g is the gravity vector, KP, DP > 0 are the

proportional and differential gain matrices, and rdC , _rdC , and €rdC are the desired

position, velocity and acceleration of the COM.

To deal with the orientation perturbations, let d and e be the scalar and vector

part of the quaternion representation ofRdb ¼ RT
dRb, withRb andRd the current and

desired trunk orientation. The required torque for a torsional spring acting to align

Rb to Rd can be derived from a potential function VO ¼ 2eTKre, and is given by

Ü r ¼ �2 dIþêð ÞKre , with Kr 2 R3�3 a symmetric and positive definite stiffness

matrix. This relation can be verified by using the principle of virtual work [2]. Thus,

a PD-like orientation controller for the trunk is given by

Üd
GA ¼ RwbðÜ r � Drðv�vdÞÞ (8.16)

with Dr 2 R3�3 being a symmetric and positive definite damping matrix.

Finally, the desired force and torque from (8.15) and (8.16) are combined to get

the net desired wrench FGA ¼ ð f dGA ; Üd
GAÞT .

8.4.2 Contact Force Distribution

Consider a biped robot with � contact points with the ground (Fig. 8.5), and let

ri ¼ ½xi; yi; zi�T with i ¼ 1; :::; � be the position of the contact points with respect to
the COM (i.e. in the coordinate frame O). The robot only interacts with the

environment through forces fi at the � frictional contact points. Each contact

force is described as f i ¼ ½ fix ; fiy ; fiz �T , and all the contact forces are stacked in

the contact force vector fC 2 R3�.

The desired net wrench on the robot, FGA, must be generated through suitable

contact forces fC; the relation between them is given by (8.6) (FGA ¼ GC fC), with
GC the contact map (i.e. the grasp map applied to walking robots). For instance, for

the case of a robot standing on flat ground, the coordinate frame at each contact

point can be chosen parallel to the world frame W , and GC 2 R6�3� gets the

simplified form

Force
Distribution

Force
Mapping

Torque
Control

Robot
Dynamics

Object Force
Generation

IMU
Kinematics

FGA τm

τ

q
τd

rd
C , Rd

fC

rC , Rb

Torque controlled robot [1]

Fig. 8.4 Overview of the balancing controller
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GC ¼ I3�3 � � � I3�3

r̂p1 � � � r̂p�

� �
(8.17)

For a given FGA, the corresponding contact forces can be computed as

fC ¼ G#
CFGA (8.18)

with G#
C ¼ GT

CðGCG
T
CÞ�1

the pseudoinverse of the contact map. This solution

minimizes the Euclidean norm of the contact forces under the constraint (8.6).

The solution to this problem has also been considered in the grasping community as

the minimization of the grasping forces that ensure a stable grasp [6, 18]. These

optimization procedures include the friction cone restrictions, and guarantee that

the equilibrium (8.6) is always fulfilled. However, in the case of the balancing

problem the wrench FGA on the object is a control command resulting from (8.15)

and (8.16), which might not be exactly met. In order to ensure that all constraints

are fulfilled, a different approach is required for this optimization problem.

8.4.3 Force Distribution Using Unilateral Constraints

To get a desired net wrenchFGA, the distribution of contact forces according to (8.18)

in general does not guarantee that the positivity restriction and the friction constraints

(8.1) at the contact points are fulfilled. As an alternative, the contact forces can be

computed with a constrained multi-objective optimization problem. The main objec-

tive is to achieve a desired force on the COM, which can be formulated as the

minimization of the cost function J1ð fCÞ ¼ jj½I 0�ðFGA � GC fCÞjj22 . Getting the

object torque is a secondary objective, with an objective function J2ð fCÞ ¼ jj½0 I�
ðFGA � GC fCÞjj22 . Additionally, a third objective is the minimization of the

Euclidean norm of the contact forces, i.e. J3ð fCÞ ¼ f TC fC . The three objectives

are combined in a single objective function J( fC)

a b

WW

BB
COMd

COM

Od

ri
rC

fi

Fr

Fl

FGA mg

xx
yy zz

Fig. 8.5 Contact positions and forces for a biped robot: (a) Location of the COM; (b) Forces
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Jð fCÞ ¼ a1J1ð fCÞ þ a2J2ð fCÞ þ a3J3ð fCÞ (8.19)

where a1; a2; a3 > 0 are the corresponding weights for the three objectives. By

choosinga3 << a2 << a1, the first objective is selected as the main priority task and

the third objective acts mainly as a regularization of the Hessian for the objective

function. The minimization of J( fC) subject to restrictions arising from a polyhedral

approximation to the friction cone (8.1) and from the positivity constraints

represents a quadratic optimization problem, given by

minfC f TCQ fC þ pTfC (8.20)

where

Q ¼ a3I þ GT
C

a1I 0

0 a2I

� �
GC (8.21)

p ¼ �GT
C

a1I 0

0 a2I

� �
FGA (8.22)

Note that the positivity and friction constraints force the ZMP to lie within the

support polygon. Based on (8.14), additional restrictions such as torque limits at

each joint can also be included in the problem statement.

The proposed approach assumes that all the predefined contacts are active at

every moment, and therefore distributes the desired wrench to all the contact points.

To guarantee that each contact is always active on the real robot, a lower limit for

the contact force can be preset to some positive value.

8.5 Experiments

The balancing controller was tested in simulations using OpenHRP3 [10], and in

experiments with the DLR Biped [15] (Fig. 8.1). The DLR Biped has six degrees of

freedom per leg, a 6-DOF force-torque sensor (FTS) in each foot, position and

torque sensors at each joint, and an inertial measurement unit (IMU). The FTS

information is not used, since the proposed control scheme does not require any

measurement of the contact forces at the feet.

8.5.1 Implementation Details

The origin of the world coordinate frame W was chosen to be in the middle point

between the two feet. The trunk orientation and angular velocity are measured via
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the IMU. As the IMU shows considerable drift in the yaw rotation, we approximate

the yaw angle between the world frame and the trunk by comparing the trunk

orientation to the baseline between the right and left foot.

The proportional gain matrix Kp for the controller was chosen as a diagonal

matrix with stiffness values of kh ¼ 900 N/m in the horizontal (x and y) directions,
and kv ¼ 3,000 N/m in the vertical (z) direction. The damping gain matrix Dp was

chosen as a diagonal matrix with the elements set to dh ¼
ffiffiðp
mkhÞ2 � 0:8 for the

horizontal components, and dv ¼
ffiffiðp
mkvÞ2 � 0:2 for the vertical component. The

rotational stiffness and damping matrices were set to Kr ¼ 100I[Nm/rad] and

Dr ¼ 50I[Nms/rad]. The same controller gains were used in the simulations and

in the experiments.

The constrained optimization problem from Sect. 8.4.3 was solved using the

open source software qpOASES [5]. The values of the weights for the multi-

objective optimization are chosen as a1 ¼ 1, a2 ¼ 10�3 and a3 ¼ 10�6. With � ¼ 8

frictional contact points, the computation time for the optimization of 3� ¼ 24

components in fC took less than 200 ms on the onboard 2.8 GHz mobile CPU

running under the real-time operating system VxWorks.

8.5.2 Simulation

As an example of the behavior of the controller, a simulation of an external

perturbation was performed. The desired COM velocity is set to _rdC ¼ 0, and a

lateral force of 70 N was applied during 50 ms at the hip (Fig. 8.6). This force

applies also a torque on the base link, since it is not exerted at the COM. Figure 8.7a

shows the COM error resulting from this simulation. The components of the contact

forces are displayed in Fig. 8.7b. At t � 0.25s the vertical forces at the right foot (in
blue) reach their lower limit of 4 N set in the optimization algorithm from

Sect. 8.4.3.

8.5.3 Experimental Evaluation

An experiment of physical interaction with a human is shown in Fig. 8.8, where

the trunk of the robot is pushed to create different perturbations in position and

orientation. Figure 8.9a shows the corresponding COM error for pushes in x and y.
Figure 8.9b shows the corresponding contact forces generated by the balancing

controller. In this example, the non-negativity constraints on the vertical force

components act over a longer duration compared to the simulated experiment, as

the human interaction acts as a low frequency disturbance.

Finally, note that in the derivation of the controller there was no assumption for

the robot to be on flat ground. When the global trunk orientation can be obtained

from an onboard IMU, the controller can deal with uneven terrain. Figure 8.10
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presents a time sequence of the behavior of the robot mounted on top of a balancing

board, and subjected to perturbations coming from a human.

8.6 Summary

This chapter has presented an optimization based balancing algorithm for biped

robots, which regulates the position of the COM and the orientation of the trunk. It

allows to distribute a net wrench, required to recover a desired posture, onto a

predefined set of contact points. The approach was verified in simulation and in

experiments with a torque controlled robot. The balancing controller, including the

approach for distributing the contact force, is general enough to be applied to a

biped robot in different contact situations, such as single or double support phases.

70N

t = 0.2s t = 0.3s t = 0.5s t = 1.0s

Fig. 8.6 Balancing experiment in OpenHRP
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Fig. 8.7 Results for the simulated lateral force disturbance: (a) COM error in x (blue), y (black),
and z (red); (b) Contact force components at the right (blue) and left (red) feet
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It can also be applied to multi-legged robots or to multi-point contact situations, for

instance, to balance forces created when a humanoid robot manipulates an object or

interacts with the environment.

a b

c d

Fig. 8.8 Compensatory motions for different perturbations applied to the robot: (a) in x; (b) in y;
(c) in z; (d) in yaw. Filled rectangles are overimposed as an aid to perceive the displacement of the

robot

0 1 2 3 4 5 6 7 8
-5

0

5

fx
 [N

]

0 1 2 3 4 5 6 7 8

0

5

10

fy
 [N

]

0 1 2 3 4 5 6 7 8
0

50
100
150

time [s]

fz
 [N

]

left foot

left foot

right foot

right foot

0 1 2 3 4 5 6 7 8

-0.06

-0.04

-0.02

0

0.02

0.04

time [s]

C
O

M
 e

rr
or

 [m
]

z
x

y

a

b

Fig. 8.9 Results for the experiment of physical human interaction: (a) COM error in x (blue),
y (black), and z (red); (b) Contact force components at the right (blue) and left (red) feet
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14. Ott C, Albu-Schäffer A, Kugi A, Hirzinger G (2008) On the passivity based impedance control

of flexible joint robots. IEEE Trans Robotics 24(2):416–429
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