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Sensors and Control Concept of a Biped Robot
Klaus Löffler, Michael Gienger, Friedrich Pfeiffer, Fellow, IEEE, and Heinz Ulbrich

Abstract—The biped robot “Johnnie” is designed to achieve a
dynamically stable gait pattern, allowing for high walking veloc-
ities. Very accurate and fast sensors were developed for the ma-
chine. In particular, the design of the three-dimensional-orienta-
tion sensor and the six-axes force–torque sensor are presented. The
control scheme is based on the information from these sensors to
deal with unstructured terrain and disturbances. Two different im-
plementations are investigated: a computed torque approach and
a trajectory control with adaptive trajectories. Walking speeds of
2.4 km/h have been achieved in experiments.

Index Terms—Cascade control, legged locomotion, microcon-
trollers, mobile robot dynamics, motion control, motion planning,
multisensor systems, torque control.

I. INTRODUCTION

I N THE PAST several years, the development of sophisti-
cated biped walking robots has increased rapidly. Key devel-

opments have been achieved, as reported in [5] and [6], where
powerful biped walking robots were developed. The goals of
this research project are the realization of a biped robot that
is able to walk dynamically stable on even and uneven ground
and around curves. It is also planned to realize a fast dynam-
ically stable walking motion as well as slow “jogging” with
flight phases. Up to now a walking speed of 2.4 km/h has been
achieved in experiments and trajectories for higher velocities
are currently being implemented. Fig. 1 shows the assembled
robot “Johnnie” [3], [7], [8], [11] of the Institute for Applied
Mechanics, Technical University of Munich (TUM), Garching,
Germany. The development is based on comprehensive experi-
ence, that has been obtained in the development of two multi-
legged walking machines [10], [13], [17] and general research
in the area of robotic systems [12], [15]. The vision system
has been developed at the Institute of Automatic Control Engi-
neering of the TUM [14]. The robot is equipped with 17 joints.
Each leg is driven with six joints, three in the hip, one in the
knee, and two (pitch and roll) in the ankle. The upper body
has one degree of freedom (DOF) about the vertical axis of the
pelvis. To compensate for the overall moment of momentum,
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Fig. 1. “Johnnie.”

each shoulder incorporates 2 DOF. The geometry of the ma-
chine corresponds to that of a male human with a body height of
1.8 m.1 The total weight is about 40 kg. The biped is autonomous
to a far extent, only the energy and a part of the computational
power is supplied by cables.

II. SENSOR SYSTEM

A. Joint Sensors

Each joint is equipped with an incremental encoder (HP
5550) that is attached to the motor shaft. The encoders have two
channels with 500 lines and one channel with a reference line.
Such an accuracy of 1/2000 of a revolution is obtained using
standard microcontroller hardware. The reference position for
the measurement is obtained by light barriers.

B. Force Sensors

The biped robot is equipped with two six-axes force/torque
sensors that are integrated in the foot. The forces and torques
acting on the foot during a jogging motion have been determined
with a detailed multibody simulation program. Based on these
data and multiple iterations of finite-element analysis, an op-
timal design was developed (Fig. 2). The sensor consists of a

1U. Hahn, Calculation of anthropometric data for human body segments, im-
plemented in software program “Calcman3d,” 1994.
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Fig. 2. Force sensor design.

TABLE I
ORIENTATION SENSOR

single aluminum part. Three deformation beams holding strain
gauges are within the load path. Two opposing strain gauges
operate as a half bridge, compensating for temperature depen-
dency. Thin membranes mechanically decouple the individual
beam deflections to a great extent and so reduce cross talk. Spe-
cial emphasis has been devoted to the strain-gauge application.
The strain gauges are selected to match the elastic properties of
the sensor material. An exact application in combination with
an appropriate temperature treatment finally lead to a high zero
point stability of the signal.

C. Attitude Sensor

The orientation of the robot is determined by a combination
of gyroscopes and accelerometers. The technical data of the sen-
sors used are depicted in Table I. The acceleration sensors pro-
vide correct signals in the static case, but the information is dis-
turbed by translational accelerations. On the other hand, a pure
integration of the gyroscopic angular velocity data leads to an
unbounded error due to noise and disturbances. To overcome
these problems, a variety of sensor fusion methods have been
proposed [2], [9]. The scheme that is employed here is based
on complementary filtering the gyro- and accelerometer signals.
The basic idea is to weight the sensor data in frequency ranges
in which the respective sensor can be considered as ideal. Fig. 3

Fig. 3. Complementary filter.

shows a block diagram of the filter. and denote
the sensor transfer functions, and and comprise the
respective filter function of the sensor. The filter functions are
chosen to match the properties of the respective sensor. As pro-
posed in [1], the velocity signal from the gyroscopes is inte-
grated and high-pass filtered. This has the advantage that con-
stant drift is compensated. On the other hand, the orientation
computed by the acceleration sensors is low-pass filtered. The
time constants of the low- and high-pass filters have to be equal
and define the estimation behavior.

A low time constant increases the influence of the accelera-
tion sensor on high-frequency signals and, thus, makes the esti-
mate become sensitive to linear accelerations. Choosing a high
time constant takes advantage of the dynamic properties of the
gyroscopes, but the time-varying bias is not being compensated
fast enough and disturbances decay more slowly. To reduce elec-
tromagnetic disturbances, all sensors and the microcontroller
are integrated in a closed sensor housing.

III. CONTROL

A. Constraints

The main difficulties in the control of dynamically walking
robots result from constraints that limit the applicability of con-
ventional control concepts. Two groups of constraints need to
be considered. Firstly the workspace of the joints (1), the max-
imum rotor velocities (2), and the joint torques (3) are limited

(1)

(2)

(3)

These are typical constraints for industrial robots and can be
satisfied by an adequate design and an appropriate choice of the
trajectories. However, critical control problems result from the
second group of constraints that describe the unilateral contact
between the feet and the ground. Depending on the normal force

, that is, transmit from foot 1, 2 to the ground, the max-
imum transmissible torques , , and , as well as the
tangential forces and are limited by the size of the feet

, and the coefficients of friction ,

(4)

(5)

While practical experiments show that the robot usually does
not start slipping, the limits of the torques in the lateral and
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Fig. 4. COG frontal/lateral.

frontal direction and lead to a small margin of stability.
Much research has been spent on concepts to ensure that these
constraints are satisfied throughout the entire gait cycle. The
“Zero Moment Point” (ZMP) theory is one of the most popular
approaches to describe the constraints [16].

B. Trajectory Generation

The trajectories of the robot are defined in terms of Cartesian
coordinates. These are the position of the center of gravity ,
the rotation of the upper body and the position and orienta-
tion of the foot that is swinging forward , . Add to this
the pelvis joint and the joints of the arms are controlled.
Then, is the vector of con-
trolled variables. Except for the horizontal motion of the center
of gravity, the motion of these variables is defined in fifth-order
polynomials for each phase of the gait pattern.

The reference trajectories of the center of gravity are com-
puted with a lumped-mass model. These approximations are not
completely exact, as the acceleration of the swinging foot does
also influence the dynamics of the center of gravity. However,
practical experiments have shown that the model is sufficient for
walking speeds up to 2.4 km/h.

In the reduced model, it is assumed that the mass of the robot
can be lumped to the center of gravity. The motion of the center
of gravity in the frontal direction is independent of the motion
in the lateral direction. When the center of gravity is kept on a
constant height, we obtain a particularly simple solution for the
dynamics of the center of gravity. For the lateral direction
the acceleration results in

(6)

Here, is the vertical component of the gravity vector,
is the height of the center of gravity, and is the position of
the ZMP. During walking, the center of gravity is shifted period-
ically from one leg to the other such that the legs can alternately
swing forward. During the single support phase the lateral po-
sition of the zero moment point shall be constant with respect
to the supporting foot. For maximum stability margins it can be

selected to be in the middle of the foot area, for minimum lat-
eral deviation of the center of gravity it has to be on the inner
edge of the supporting foot. The resulting equations for single
support are

(7)

with . The coefficients and are computed
such that and with

and being the beginning and the end of the single sup-
port phase. During double support the velocity of the center of
gravity shall be constant. The resulting motion of the center of
gravity is depicted in the right side of Fig. 4. The velocity of the
center of gravity in walking direction is computed according to
the same principle. During the single support phase the zero mo-
ment point moves from the rear edge of the supporting foot to
the front edge. This way the velocity of the center of gravity can
be kept constant while it is above the supporting foot. The corre-
sponding motion of the center of gravity in the frontal direction
is depicted in the left side of Fig. 4. The simplified model has
the advantage that the trajectories can be computed online and,
therefore, it is possible to compensate model inaccuracies as
well as external disturbances by an adaptation of the trajectories.

C. Computed Torque Method

The computed torque method allows one to consider the en-
tire system dynamics in the control of the robot. The dynamics
of the system are denoted as

(8)

Here, is the mass matrix of the entire system,
are the generalized coordinates and is the

vector of nonlinear dynamic terms including the coriolis forces.
The forces and torques that act on the system are split up into
four terms. and are the lateral and frontal torques between
the supporting foot and the ground. These are a function of the
torques of the corresponding ankle joint, therefore, the torques
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Fig. 5. Computed torque.

of the ankle joint do not explicitly show up in the equations.
Vector comprises the remaining 15 joint torques. The forces
that act on the supporting foot and the torque around the vertical
axis are contained in . Using the Jacobians and , the
torques and forces are mapped on the generalized coordinates.

As described above, the trajectories are com-
puted in terms of Cartesian coordinates

. As
long as the system is not underactuated, we can define a linear
behavior for these variables

(9)

with . The Cartesian coordinates are mapped
on the generalized coordinates with Jacobian , such that

(10)

In the following, the control law is summed up in :

(11)
The motor torques and the foot torques are computed with (9)
and (10) together with the equations of motion (8)

(12)

Torque Constraints: The resulting torques lead to the desired
system behavior, as long as the limits of and are not ex-
ceeded. When the result of (12) violates the constraints from (4),
a different set of controlled variables is chosen. For example,
when the limits of are exceeded we give up controlling the
horizontal position of the center of gravity in the lateral direc-
tion . Then the vector of controlled variables has only 16 el-
ements: . Instead
of the horizontal position of the center of gravity, we can now

Fig. 6. Torque control.

control the foot torque , which shall be equal to the extreme
value ( or , respectively). In the re-
sulting equations of motion the limited torque is treated like
an external force, which is mapped on the equations of motion
with the Jacobian

(13)

Considering that the mapping of the controlled variables has to
be adapted to the reduced set, we introduce the reduced Jacobian

and the reduced right-hand side . Then, the joint torques
and the foot torque are computed

(14)
The torque in the frontal direction is treated the same way,

when it reaches its maximal/minimal value. In this case we give
up controlling the horizontal position of the center of gravity
in the frontal direction. In the practical implementation it is not
necessary to compute both (12) and (14) and all other possible
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Fig. 7. Trajectory control.

combinations of limited minimal and maximal values of the foot
torques. In order to find a valid solution for the torque distribu-
tion, it is more efficient to transform the problem into a linear
complementarity problem (LCP), which can be solved with less
computational effort. Based on the presented scheme, the motor
torques are determined consistently for a given limitation of the
foot torques. In this way it is ensured that the robot does not tip
over in case of disturbances, but it will just accelerate horizon-
tally, which is not critical for the system stability.

The concept to accelerate/decelerate the robot when the upper
body tilts forward/backward is known from other papers [5].
However, up to now no consistent solution to determine the
system dynamics has been presented for the underactuated case.
Using the mapping concept, the exact solution results directly
from the set of controlled variables.

The control scheme has been implemented on our biped robot
“Johnnie” to realize a dynamically stable walking motion. As
shown in Fig. 5, the computation of the reference trajectories
and the computation of the system dynamics are performed on a
PC running under a real-time LINUX kernel (RTAI). The com-
puted torques are sent to decentral microcontrollers (Infineon
C167CS) that drive the power amplifiers and read in the sensor
data.

Experiments show that the actual torques of the joints do
significantly depend on the time-variant friction of the gears.
Therefore, disturbance observers are used to estimate external
disturbances as well as varying motor parameters and friction.

As discussed in Section III-A, the foot torques are of partic-
ular importance for the system stability. While the actual torques
of the joints can only be estimated, it is possible to use the in-
formation of the foot torque sensor for the control of the ankle
joint.

In our hardware implementation the microcontroller that
drives the ankle joint is also used to evaluate the force sensor.
This way it is possible to realize a sampling time of 0.4 ms for
the torque control of the feet. Experiments have shown that
the performance of the torque controller can be improved by
a disturbance observer. The performance of the controller is
shown in Fig. 6 for a rectangular reference input.

Fig. 8. Inverted pendulum.

D. Problems of the Computed Torque Method

Theoretically, the presented scheme leads to an optimal
system performance, since all dynamic effects and the limita-
tion of the foot torques are considered.

The performance of the controller was investigated with the
real robot in practical experiments. A walking speed of 1.2 km/h
could be achieved with step lengths of 0.35 m. Even though this
is in the range of present-state walking machines, it became ob-
vious that the control scheme cannot be used for higher walking
speeds. In spite of a fast control of the ZMP, the overall system
bandwidth is very low. This is due to three problems.

• Due to the high computational effort, it is not possible to
compute the overall system dynamics in less than 4 ms on
a Pentium III processor 800 MHz.

• The communication between microcontrollers and PC
requires more than 1 ms with the employed CAN-Bus
system.

• The orientation sensor has a crossover frequency of 85 Hz,
leading to a considerable time delay of the orientation ve-
locity signal.
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Fig. 9. Control of inverted pendulum model.

Fig. 10. Control with torque limitation.

The time delay due to the computation time of the PC can be
reduced with more efficient algorithms and faster processors,
and the communication time can be reduced with a bus system
with higher bandwidth. However, it is not possible to obtain
an orientation sensor with a significantly higher crossover fre-
quency. Therefore, it cannot be expected that significantly faster
gait patterns can be realized with this control scheme.

E. Impedance Control

In order to reach higher walking velocities, a different control
approach was investigated that is based on an online adaptation
of the trajectories to control the overall posture of the robot. The
control scheme is structured in three layers according to Fig. 7.
On the highest level is the computation of the reference trajec-
tories as described above. On the second level the trajectories
are adapted dependent on the orientation of the robot and the
forces that act on the feet. The second level also includes the
mapping of the trajectories from Cartesian space to joint space.
The lowest level consists of the joint controllers that control the
position and velocity of each degree of freedom.

Similar concepts are used to control most of the existing biped
robots that can perform a stable walking motion. However, it has
not been shown before how to model the system in order to com-
pute the feedback gains to prove stability. The implementations
differ in terms of the variables that are used to adapt the trajec-
tories. In most cases the orientation of the supporting foot, i.e.,
the ankle joint is used to control the foot torques in order to sta-
bilize the robot. Add to this that it is possible to accelerate the
upper body horizontally to keep an upright posture. A very pop-
ular approach is to also vary the step length in sagittal and lateral
direction. Variations of these two parameters have a strong ef-
fect on the motion of the robot, however, the implementation is
limited by the workspace of the joints. In order to reduce impact

when the swinging foot hits the ground, it is possible to intro-
duce some impedance in the vertical position of the feet, i.e.,
vary the vertical position of the feet with respect to the upper
body.

In our robot we have investigated all approaches experimen-
tally, but in the following only the control of the ankle joints will
be discussed since it is the most important control parameter.

The dynamics of the robot are linearized around the motion
on the reference trajectories. This is possible since the devia-
tions from the reference are assumed to be small. In particular,
the inclination of the foot plates differs from the reference posi-
tion by small angles , while the remaining
degrees of freedom of the robot are moving according to the ref-
erence trajectories. For a given state of the system, the mass and
inertia of the robot are summed together such that we obtain an
inverted pendulum model according to Fig. 8.

For a real robot, the contact to the ground always has some
compliance. It results from the stiffness of the links, the elas-
ticity of the foot elements, and the compliance of the ground
surface. In the model all of these elasticities are combined to a
contact stiffness . Typically, the damping of the contact is
relatively low, and it increases the robustness of the controller.
We can, therefore, neglect the damping without loosing the ap-
plicability of our approach.

The torques that are transmit from the foot to the ground are

(15)

Here, the angles and denote only the differences of the
orientation of the upper body and the foot from the reference
trajectory. Also, the torque is the part of the foot torques
that results from deviations from the reference trajectory.
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Without moving the ankle joints, the dynamics of the system
are denoted as

(16)

When the motion of the joints is independent of the orientation
of the upper body , the system is obviously marginally
stable. Please note that even without additional control there is
a feedback of the position resulting from the compliance of
the ground contact. In order to obtain an asymptotically stable
system, we have to introduce damping to the system.

For the linearized system, sagittal and lateral dynamics are
decoupled, and for each direction we obtain the state equations

The orientation and rotational velocity of the upper body and
the position of the foot can be measured such that we can feed
back the entire state

(17)

A block diagram of the system is depicted in Fig. 9. Obvi-
ously, the system is controllable and we can place the poles ar-
bitrarily by choosing .

In this diagram the limitation of the foot torques due to the
length and width of the feet is not considered. It is assumed
that the maximum torques are sufficient during normal walking.
However, the limits have to be taken into account in case of
major disturbances such that the feet do not tilt.

Therefore, a cascaded control structure is used to consider the
torque limits according to Fig. 10. The inner loop (feedback
and ) consists of a proportional and derivative (PD) control
of the joint angles. Here, the transfer function of the motor–gear
system and the controller are replaced by a simplified system for
conciseness. In the real robot the joint control is augmented with
friction observers to obtain a zero steady-state error.

In the outer loop the orientation of the upper body is con-
trolled with the torques of the ankle joint. For this loop the de-
sired torque is computed from the orientation and rotational ve-
locity of the upper body (gains and ). It is limited to the
maximum possible value, which depends on the normal force
and the size of the feet. The desired value is compared with the
measured torque and serves as input to the ankle position
control (gain ). An integral term allows for compensation
of the steady-state error.

In order to get a useful design of the control gains, the transfer
functions of the sensors have to be considered. The orientation
sensor is approximated by a PT-1 filter, and the force sensors
are filtered with a crossover frequency of 250 Hz. Using stan-
dard design methods the poles of the closed-loop system can be
placed to achieve a high system bandwidth.

Please note that it is not necessary to have a very good
tracking of the torque control loop since we are primarily inter-
ested in a high robustness of the overall system stability. In fact, Fig. 11. Johnnie walking.
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experiments with a very fast decentralized torque control were
not promising. Even though the foot torques could be tracked
very quickly, the overall system bandwidth was limited due to
a considerable time delay of the orientation sensor. Using the
presented approach. instead, the state-space design allows for
the choice of a high damping for the overall system.

F. Experiments

The presented control scheme was implemented on a central
PC, Pentium IV, 2.8 GHz, and verified in experiments. Presently,
stable walking can be realized with up to 2.4 km/h and step
lengths of 55 cm. Fig. 11 shows “Johnnie” walking on a con-
veyor belt.

IV. CONCLUSION

The sensor system and the control scheme of the humanoid
robot “Johnnie” have been presented. In particular, incremental
encoders are used to measure the joint angles, while the contact
forces to the ground are determined with six-axes force/torque
sensors based on strain gauges. A three-axis orientation sensor is
used to measure the orientation of the upper body. With the im-
plemented sensor fusion scheme the signal of three gyroscopes
and three accelerometers are combined such that the orientation
of the upper body can be measured accurately with a crossover
frequency of 85 Hz.

Two different control concepts have been investigated. An
implementation based on the method of feedback linearization
with a decentralized torque control was tested in experiments,
but the maximum speed of the robot was limited to 1.2 km/h.
In spite of a good control of the foot torques, the overall system
bandwidth was not sufficient for higher velocities. Therefore, an
impedance control has been implemented that takes into account
a simplified model of the overall system. Based on this method
a walking speed of 2.4 km/h could be reached in experiments.
As the robot has a very lightweight design, it is suitable for fast
walking and even for a jogging motion including flight phases.
Currently, the corresponding trajectories are being implemented
such that higher walking speeds can be realized.
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