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Abstract

One key problem to achieve a dynamically stable walking motion
with biped robots is to measure and control the actual state of the
robot with respect to its environment. Dynamically stable walking on
unstructured terrain and fast walking can only be achieved with an
orientation sensor. The control system of the biped robot “Johnnie”
is designed such that the orientation of the upper body is controlled
throughout all phases of the gait pattern. Furthermore, a sophisti-
cated measurement and control of the foot torques has been imple-
mented. In this way, the interaction forces and torques between robot
and environment are controlled and tilting of the foot is avoided.

KEY WORDS—sensors, biped robot, control, dynamic sta-
bility, walking

1. Introduction

In the past few years, the development of biped walking robots
has increased rapidly. The reasons for this are the fast im-
provements in the field of sensors, actuators and computers.
Especially, the increase of computational power allows us to
develop more sophisticated sensor fusion schemes and model-
based control algorithms that lead to a stable and disturbance
tolerant system behavior of such robots. Key developments
have been achieved by Hirai, Hirose, and Takenaka (1998)
and Kuffner et al. (2002) who have developed powerful biped
walking robots.

The goal of this research project is the realization of a biped
robot that is able to walk dynamically stable on even and un-
even ground and around curves. It is also planned to realize a
fast dynamically stable walking motion as well as “jogging”
with flight phases. The planned gaits have been tested suc-
cessfully in simulations. Currently, their implementation on
the real robot is ongoing. The measured magnitudes are deter-
mined by joint position sensors, force sensors and an attitude
reference system. The sensors are discussed in detail.
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The control of biped walking robots is still a challenging
problem. Different groups all over the world are working in
this area, but still comprehensive solutions are not yet avail-
able. We have developed a general control concept for the
biped walking robot “Johnnie”, which has been tested in sim-
ulations and is now being implemented on a real robot.

Figure 1 shows the assembled robot “Johnnie”. It 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, each shoulder incorporates two DOF.
The six DOF of each leg allow for an arbitrary control of the
upper body’s posture within the work range of the leg. Thus,
the major characteristics of human gait can be realized. The
geometry of the robot corresponds to that of a male human
with a body height of 1.8 m (Hahn 1994). The total weight is
about 40 kg. The biped is autonomous to a great extent; only
power supply and currently part of the computational power
are supplied by cables.

2. Sensor System

The sensor system can be subclassified in the internal joint
sensors, in force sensors that measure the interaction with the
environment and in an attitude sensor system that determines
the upper body orientation of the robot with respect to the
gravity vector.

2.1. 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 refer-
ence line. Such an accuracy of 1/2000 of a revolution is ob-
tained using standard microcontroller hardware. The refer-
ence position for the measurement is obtained by light barri-
ers. In an initialization phase, each joint passes the respective
light barrier and uses the closest encoder reference line as a
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Fig. 1. “Johnnie”.

reference position. As the position is measured at the motor
shaft, a high resolution is obtained.

In this procedure the elasticities of the gear components are
neglected. However, as very stiff Harmonic Drive gears are
employed, the structural elasticity does not lead to significant
errors.

The joint angular velocity is determined by numerical dif-
ferentiation of the position signal. Even though the resolution
of the signal is low at high sampling rates, the overall accu-
racy compared to analog tachometers is high. Figure 2 shows a
simulation of the measurement error of an analog tachometer
compared to the differentiated encoder signal. The reference
trajectory is a sinoidal velocity with a frequency of 1 Hz and
an amplitude that is fitted to the 10 bit A/D conversion range.
The sampling rate for the velocity calculation with the en-
coder is 3 ms. To reduce noise and ripple and to avoid digital
errors such as aliasing, the tachometer signal is filtered with a
500 Hz PT2-filter. Figure 2 shows that the main error is due to
the filter lag. The discretization of the encoder velocity signal
leads to a higher noise level, but the amplitude of the error is
lower.
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Fig. 2. Comparison of tachometer and encoder measurements.

2.2. Force Sensors

The interaction of the robot with its environment is confined
to the feet. In the control of the forces, the ground geome-
try as well as the elastic and frictional properties have to be
taken into account. The walking motion is mainly constrained
by limitations of this contact situation. Exceeding force and
torque limitations of the feet leads to slippage or tilt of the
foot. Therefore, it is important to measure and control the
ground reaction forces and torques. The biped robot “John-
nie” is equipped with two six-axes force/torque sensors that
are integrated in the foot.

The geometry of the sensor has been developed on the ba-
sis of detailed simulations. The forces and torques acting on
the foot for a jogging motion have been determined with a
detailed multibody simulation program. Based on these data,
a sensor layout has been chosen. Iterations of finite element
analyses lead to the final design (Figure 3). The sensor con-
sists of a single aluminum part. Three deformation beams
holding strain gages are within the load path. Two opposing
strain gages operate as a half bridge, thus compensating for
temperature dependence. Thin membranes mechanically de-
couple the individual beam deflections to a great extent and
so reduce cross talk. Special emphasis has been devoted to
the strain gage application. The strain gages are selected to
match the elastic properties of the sensor material. An exact
application in combination with an appropriate temperature
treatment finally leads to a high zero point stability of the
signal.
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Fig. 3. Force sensor design.

The controller requires the force information with respect
to a reference coordinate system (Figure 3). The six measured
voltages are mapped onto the force components by matrixCCC−1

which results from a calibration procedure like that proposed,
for example, in Galway (1980). The hardware realization can
be seen in Figure 3. The bridge outputs are amplified to the
A/D conversion voltage. In an initialization, the zero offset is
computed and added to the bridge outputs by means of a D/A
converter. The amplified voltages are filtered and then con-
verted by a microcontroller (Infineon 167 CS). To reduce dis-
turbances that result from the A/D conversion and the micro-
controller hardware, further digital filtering of each channel
is performed. With the resulting values, the reference force
vector is computed, FFF = CCC−1RRR, where FFF denotes the six-
dimensional vector of the reference force components,RRR de-
notes the six-dimensional vector of amplified bridge-voltages
and CCC−1 is the projection matrix. This computation runs on
the microcontroller as a real-time task with a sampling time
of 0.5 ms.

2.3. Attitude Sensor

For a stable motion on uneven ground it is necessary to mea-
sure the orientation of the robot with respect to the gravity vec-
tor. Therefore, an attitude measurement system is integrated
in the upper body. The angular description of the upper body

Fig. 4. Angular description of the upper body.

has been proposed in Löffler, Gienger, and Pfeiffer (2000) and
can be seen in Figure 4. The anglesϕ1 andϕ2 denote the angles
between the upper-body fixed x- and y-axis and the inertial
z-axis. Angle ϕ3 denotes the angle between the projection of
the body-fixed x-axis on a horizontal plane and the inertial
x-axis.

As the motion of the robot is associated with rather high
accelerations in the walking cycle, the use of inclination sen-
sors or accelerometers leads to poor results. The basis for the
employed system is therefore the combination of gyroscopic
sensors and accelerometers.

The angular velocities ϕ̇ϕϕ are derived from the measured
gyro-measurements xxxGyro with the inverse Jacobian JJJ−1 that
results from the geometry:

ϕ̇ϕϕ = JJJ −1xxxGyro. (1)

The respective anglesϕ1 andϕ2 on the basis of the acceleration
signals compute as

ϕ1 = arccos

(
ax

|ggg|
)

(2)

ϕ2 = arccos

(
ay

|ggg|
)

(3)

whereaaa denotes the measured acceleration vector andggg is the
gravity vector.

Angle ϕ3 cannot be measured by accelerations as it is par-
allel to the gravity vector. Instead, its angular velocity has to
be integrated:

ϕ3 =
t∫

0

ϕ̇3(t
′)dt ′. (4)
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Fig. 5. Complementary filter.

However, problems arise when the orientation is determined
by the gyros and accelerometers separately. The accelera-
tion sensors produce erroneous results when the body rotation
is superimposed by translational accelerations. On the other
hand, integration of the velocity data leads to an unbounded er-
ror due to noise and disturbances in the measured gyro signals.
To overcome these problems, a variety of sensor fusion meth-
ods has been proposed (Foellinger 1992; Maybeck 1979). The
scheme that is employed here is based on complementary fil-
tering of the gyro- and accelerometer-based signals. The basic
idea is to weight the sensor data in frequency ranges where the
respective sensor can be considered as ideal. Figure 5 shows
a block diagram of the filter.HAcc andHGyro denote the sensor
transfer functions, andGAcc andGGyro comprise the respective
filter functions of the sensor.

The condition that the estimate equals the real orientation
leads to an infinite number of possible filter functions. As
the filter functions are chosen to match the properties of the
respective sensor, the sensor transfer functions may be con-
sidered as HAcc = HGyro = 1. As proposed in Baerveldt and
Klang (1997), the velocity is integrated and high-pass filtered.
This has the advantage that constant drift is compensated. The
orientation computed by the acceleration sensors is low-pass
filtered. The time constant of low- and high-pass filters is
equal and defines the estimation behavior.

Choosing a low time constant leads to weighting the accel-
erations high, thus making the estimate become sensitive to
linear accelerations. Choosing a high time constant is advan-
tageous as it takes advantage of the good dynamic properties
of the gyroscopes. On the other hand, the time-varying bias
is not compensated so fast and emerging disturbances decay
slower.

One shortcoming of this method is that the low-pass branch
leads to results that are corrupted by translational accelera-
tions. At higher frequencies, their portion is smaller. To over-
come this problem, the superimposed acceleration is compen-
sated using the orientation estimate (Figure 6).

This first orientation estimate is already very close to the
real orientation and serves therefore as input for the low-pass
filter. This corrected low-pass orientation is then added to the
high-pass orientation, thus leading to a very accurate result.
The dynamic properties of the corrected estimate are merely
confined by the response of the gyroscopes. The compensation

Fig. 6. Acceleration compensation.
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Fig. 7. Acceleration compensation.

allows for lower filter time constants such that a fast error
decay is realized. Figure 7 shows the simulated estimation
errors with and without compensation. The excitation is a
sinoidal orientation trajectory with a frequency of 1 Hz and
an amplitude of 90◦.

Figure 8 shows a CAD drawing of the realized sensor. To
reduce electromagnetic disturbances, all sensors and the mi-
crocontroller are integrated in the sensor housing. The inter-
face to the sensor is the supply voltage and the bus interfaces
(CAN, serial interface). The filter runs with a sampling time
of 2 ms. Table 1 shows the important sensor data.
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Table 1. Orientation Sensor
Gyros Silicon Sensing CRS 04

Systems

Bandwidth 85 Hz
Range +/− 150 deg s−1

Accelerometer Crossbow CXL02TG3

Range +/− 2 g

Fig. 8. Realized orientation sensor.

3. Control

3.1. Constraints

The main difficulties in the control of dynamically walking
robots result from constraints that limit the applicability of
conventional control concepts. Two groups of constraints need
to be considered. Firstly, the workspaces of the joints (5), the
maximum rotor velocities (6) and the joint torques (7) are
limited:

qqqmin ≤ qqq ≤ qqqmax (5)

q̇qqmin ≤ q̇qq ≤ q̇qqmax (6)

λλλmin(q̇qq,TTT ) ≤ λλλ ≤ λλλmax(q̇qq,TTT ). (7)

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 Fi,z that is transmitted from the foot i = 1, 2 to
the ground, the maximum transmissible torques Ti,x , Ti,y and
Ti,z, as well as the tangential forces Fi,x and Fi,y are limited
by the size of the feet lx , ly and the coefficients of friction µt ,
µd :

|Tx | ≤ 0.5 Fzly |Ty | ≤ 0.5 Fzlx (8)√
F 2
x

+ F 2
y

≤ µtFz Fz ≥ 0 |Tz| ≤ µdFz. (9)

While practical experiments show that the robot usually does
not start slipping, the limits of the torques in the lateral and
frontal directions Tx and Ty lead to a small margin of stability.
Much research has been carried out 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 (Vucobratovic
et al. 1990).

3.2. Trajectory Generation

The trajectories of the robot are defined in terms of Cartesian
coordinates. These are the position of the center of gravity
xxxcog, the rotation of the upper body ϕϕϕU and the position xxxFs
and orientation ϕϕϕFs of the foot that is swinging forward. Ad-
ditionally, the pelvis joint qp and the joints of the arms qqqa are
controlled. Then xxxref = (xxxT

cog
ϕϕϕT
U
xxxT
Fs
ϕϕϕT
Fs
qp qqq

T
a
)T is the vector

of controlled 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 2.0 km h−1.

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 at a constant height, we obtain a particularly simple
solution for the dynamics of the center of gravity. For the
lateral direction ycog the acceleration ÿcog results as

ÿcog = gz

zcog
(ycog − yzmp). (10)

Here gz is the vertical component of the gravity vector, zcog
is the height of the center of gravity and yzmp is the position
of the ZMP. During walking, the center of gravity is shifted
periodically from one leg to the other such that the legs can
alternately swing forward. During the single support phase,
the lateral position of the ZMP point is constant with respect
to the supporting foot. For maximum stability margins it can
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Fig. 9. COG frontal/lateral.

be selected to be in the middle of the foot area; for minimum
lateral 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

ycog = c1cosh(a(t − t0))+ c2sinh(a(t − t0)) (11)

with a =
√

gz

zcog
. The coefficients c1 and c2 are computed such

that ycog(t0) = ycog(t1) and ẏcog(t0) = −ẏcog(t1) with t0 and t1
being the beginning and the end of the single support phase.
During double support the velocity of the center of gravity
is constant. The resulting motion of the center of gravity is
depicted in Figure 9 (right).

The velocity of the center of gravity in the walking direc-
tion is computed according to the same principle. During the
single support phase, the ZMP moves from the rear edge of
the supporting foot to the front edge. In this way, the velocity
of the center of gravity can be kept constant while it is above
the supporting foot. The corresponding motion of the center
of gravity in the frontal direction is depicted in Figure 9 (left).
The simplified model has the advantage that the trajectories
can be computed online and therefore it is possible to com-
pensate model inaccuracies as well as external disturbances
by an adaptation of the trajectories.

3.3. Computed Torque Method

The computed torque method allows us to consider the entire
system dynamics in the control of the robot. The dynamics of
the system is denoted:

MMMq̈qq +WWW 1


 λλλm
Tx
Ty


 = hhh−WWWFλλλFR. (12)

Here MMM ∈ R
21×21 is the mass matrix of the entire system,

qqq ∈ R
21 are the generalized coordinates and hhh ∈ R

21 is

the vector of nonlinear dynamic terms including the Cori-
olis forces. The forces and torques that act on the system are
split up in four terms. Tx and Ty 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 of the ankle joint do not explicitly show
up in the equations. Vector λλλm comprises the remaining 15
joint torques. The forces that act on the supporting foot and
the torque around the vertical axis are contained inλλλFR. Using
the JacobiansWWW 1 andWWWF , the torques and forces are mapped
on the generalized coordinates.

As described above, the trajectories are computed in terms
of Cartesian coordinatesxxxref = (xcogycogzcogϕϕϕ

T
U
xxxT
Fs
ϕϕϕT
Fs
qp qqq

T
a
)T

∈ R
17. As long as the system is not underactuated, we can de-

fine a linear behavior for these variables:

ẍxx = ẍxxref +AAA1(ẋxx +AAA2(xxx +AAA3

∫
(xxx dt (13)

with (xxx = (xxxref − xxx). (14)

The Cartesian coordinates are mapped on the generalized co-
ordinates with JacobianWWW 2, such that

WWW 2q̈qq = ẍxxref +AAA1(ẋxx +AAA2(xxx +AAA3

∫
(xxx dt − ẆWW 2q̇qq. (15)

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

www = −(ẍxxref +AAA1(ẋxx +AAA2(xxx +AAA3

∫
(xxx dt − ẆWW 2q̇qq. (16)

The motor torques and the foot torques are computed with
eqs. (15) and (16) together with the equations of motion (12):


 λλλm
Tx
Ty


 = (WWW 2MMM

−1WWW 1)
−1(www +WWW 2MMM

−1(hhh

−WWWFλλλFR)). (17)
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Fig. 10. Computed torque.

3.3.1. Torque Constraints

The resulting torques lead to the desired system behavior, as
long as the limits of Tx and Ty are not exceeded. When the re-
sult of eq. (17) violates the constraints from eq. (8), a different
set of controlled variables is chosen. For example, when the
limits of Tx are exceeded, we give up controlling the horizon-
tal position of the center of gravity in the lateral direction ycog.
Then the vector of controlled variables has only 16 elements:
xxx∗
ref

= (ycog zcogϕϕϕ
T
U
xxxT
Fs
ϕϕϕT
Fs
qp qqq

T
a
)T ∈ R

16. Instead of the
horizontal position of the center of gravity we can now con-
trol the foot torque Tx , which is equal to the extremal value
(Tx = Tx,min or Tx = Tx,max , respectively). In the resulting
equations of motion, the limited torque Tx is treated like an
external force, that is mapped on the equations of motion with
the JacobianWWWT,x :

MMMq̈qq +WWW ∗
1

(
λλλm
Ty

)
= hhh−WWWFλλλFR −WWWT,xTx. (18)

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

2 and the reduced right-hand side www∗. Then the
joint torques and the foot torque Ty are computed:

(
λλλm
Ty

)
= (WWW ∗

2MMM
−1WWW ∗

1)
−1(www∗ +WWW ∗

2MMM
−1(hhh

−WWWFλλλFR −WWWT,xTx)). (19)

The torque in the frontal direction Ty is treated in the same
way, when it reaches its maximum/minimum value. In this
case we give up controlling the horizontal position of the cen-
ter of gravity in the frontal direction.

In the practical implementation it is not necessary to com-
pute both eqs. (17) and (19) and all other possible combi-
nations of limited minimal and maximal values of the foot

torques. In order to find a valid solution for the torque dis-
tribution, 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 de-
termined 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 horizontally, 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 pa-
pers (Hirai, Hirose, and Takenaka 1998). However, up to now
no consistent solution to determine the system dynamics has
been presented for the underactuated case. Using the map-
ping 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 mo-
tion. As shown in Figure 10, the computation of the reference
trajectories and the computation of the system dynamics is
performed on a PC running under a real-time LINUX kernel
(RTAI). The computed torques are sent to decentral microcon-
trollers (Infineon C167CS) that drive the power amplifiers and
read in the sensor data.

Experiments show that the 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 3.1, the foot torques are of par-
ticular importance for the system stability. While the actual
torques of the joints can only be estimated, it is possible to
use the information of the foot torque sensor for the control
of the ankle joint.

 © 2003 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at CARNEGIE MELLON UNIV LIBRARY on March 14, 2007 http://ijr.sagepub.comDownloaded from 

http://ijr.sagepub.com


236 THE INTERNATIONAL JOURNAL OF ROBOTICS RESEARCH / March–April 2003

Fig. 11. Torque control.

In our hardware implementation, the microcontroller that
drives the ankle joint is also used to evaluate the force sensor.
In 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 Figure 11 for a rectangular reference input.

3.4. Problems of the Computed Torque Method

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

The performance of the controller has been investigated
with the real robot in practical experiments. A walking speed
of 1.2 km h−1 can be achieved with step lengths of 0.35 m.
Even though this is in the range of present state walking ma-
chines (Honda Asimo), it has become obvious 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, as follows.

• 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 ori-
entation velocity signal.

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
frequency. Therefore, it cannot be expected that faster gait
patterns can be realized with this control scheme.

3.5. Joint Position Control

In order to reach higher walking velocities, a different con-
trol approach has been investigated, which is based on typical
implementations that are used for industrial robots. A cen-
tral trajectory generator computes the reference position and
velocity of each joint and sends these values to the joint con-
trollers. Even though the dynamic effects are not considered,
a very good trajectory tracking can be achieved due to a high
sampling rate of the joint position controllers. While this ap-
proach is efficient for fully actuated robots, it is not obvious
that the method can be implemented efficiently on an under-
actuated robot. In particular, the control of the foot torques
requires a fast adaptation of the trajectories.

For our robot, the control scheme has been implemented
according to Figure 12. Again the reference trajectories are
computed in terms of Cartesian coordinates. For the computed
torque method, it was sufficient to determine the Jacobian that
maps the velocities of the controlled variables on the velocities
of the generalized coordinates. Now the kinematic transfor-
mation from xxx to qqq has to be computed. We use a Newton
iteration to compute the transformation. The computational
effort is low compared to the effort for the computation of
the system dynamics. The joint positions and velocities are
controlled by the microcontrollers with a sampling rate of
0.4 ms.

The overall system stability is now investigated with a lin-
earized model. Mass and inertia of the robot are summed to-
gether such that we obtain an inverted pendulum model ac-
cording to Figure 13, as often used for the computation of the
reference trajectories.

For a real robot, the contact to the ground has always
some compliance. This results from the stiffness of the links,
the elasticity of the foot elements and the compliance of the
ground surface. In the model, all of these elasticities are com-
bined to a contact stiffness CF . Typically, the damping of the
contact is relatively low. When the motion of the joints is in-
dependent of the orientation of the upper body, the system
is obviously marginally stable. This is also the case for an
ideally stiff system, when CF → ∞. The undamped system
dynamics leads to instability within a few steps. As soon as
one foot hits the ground at the wrong time, the robot tips over.

Therefore, it is necessary to adapt the trajectories of the
robot in a suitable way. In our control scheme, the trajectories
of the ankle joint are modified depending on the orientation
of the upper body and the torques between foot and ground.
As depicted in Figure 12, the control architecture is similar to
an impedance control.

The stability of the control scheme is demonstrated here
for the simplified model. Figure 14 shows a block diagram for
the reduced system. The dynamics of the actuator is modeled
as a second-order system, and the motion of the upper body
ϕO results from the torque of the contact stiffness. With the
microcontrollers we can control the angle of the foot ϕF rela-
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Fig. 12. Trajectory control.

Fig. 13. Inverted pendulum.

Fig. 14. Control of inverted pendulum model.
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tive to the robot (gainsK1 andK2). As well as the position and
velocity of the ankle joint, the contact torques (gain K3) and
the orientation (gain K5) and rotational velocity (gain K4) of
the upper body are also fed back. The transfer function of the
orientation sensor is approximated by a PT-1 behavior, and
the force sensors are filtered with a crossover frequency of
250 Hz.

Figure 14 shows that the poles for the closed-loop system
can be placed to achieve a high system bandwidth. For the
linearized model, a linear controller with appropriate feedback
gains K1 . . . K7 leads to an optimal system behavior.

4. Conclusions

The control of a biped robot requires a comprehensive set of
sensors to determine the position of the robot in space and the
forces and torques that act on the system. In this paper, we
present the biped robot “Johnnie”. In particular, we discuss
the joint position sensors, the design of a three-dimensional
orientation sensor and the six-axes force/torques sensor.

Two different control concepts are presented. First an im-
plementation based on the method of feedback linearization is
discussed. Considering the entire system dynamics, it allows
us to compute the torques of each joint such that the robot
follows a given trajectory. Even though the method is theo-
retically correct, it is not the optimal solution for a real robot,
as the computational effort is very high and it is necessary to
have very accurate sensors with a high bandwidth.

The second control concept is similar to the typical imple-
mentation of control systems for industrial robots. The trajec-
tories are computed on a central PC and sent to independent
joint controllers that operate at a high sampling rate. In order
to ensure the stability of the upper-body orientation, a foot
torque controller adapts the trajectories of the ankle joints
such that the robot does not tilt considering the limits of the
foot torques.

The presented control scheme has been verified in experi-
ments. At present, stable walking can be realized with up to
2.0 km h−1 and step lengths of 55 cm. Figure 15 shows the
robot walking on a conveyor belt. With an external PC, the
operator can send control commands to the robot. The para-
metric definition of the trajectories allows us to change the
step length/walking speed and the height and orientation of
the upper body during walking. The trajectories are adapted
online such that a dynamically stable motion results. In the
same way, the operator can prescribe a certain turning angle
for each step, such that the robot can walk around curves.

Additionally, the robot can step over obstacles and climb
up stairs with a height of 12.5 cm per stair. The ultimate goal
of this project is to achieve a jogging motion. Currently tra-
jectories are developed for higher walking speeds.

Fig. 15. “Johnnie” walking.
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