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Impedance in robots 

 Active Compliance 
–  Compliant behaviour by means of software control 

 Constant Passive Compliance 
–  Passive element (eg spring is introduced) 

–  One motor 

 Adaptable Passive Compliance 
–  Stiffness can be changed  

–  Two motors 
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Categorization of adaptable 
compliant actuators 
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 Equilibrium Controlled Stiffness 
 Antagonistically Controlled Stiffness 

 Structure Controlled Stiffness 
 Mechanically Controlled Stiffness 
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AND DIRK LEFEBER

I
n the growing fields of wearable robotics, reha-
bilitation robotics, prosthetics, and walking
robots, variable stiffness actuators (VSAs) or
adjustable compliant actuators are being
designed and implemented because of their

ability to minimize large forces due to shocks, to
safely interact with the user, and their ability to
store and release energy in passive elastic ele-
ments. This review article describes the state of
the art in the design of actuators with adaptable
passive compliance. This new type of actuator is
not preferred for classical position-controlled
applications such as pick and place operations but
is preferred in novel robots where safe human–
robot interaction is required or in applications
where energy efficiency must be increased by
adapting the actuator’s resonance frequency. The
working principles of the different existing
designs are explained and compared. The designs
are divided into four groups: equilibrium-con-
trolled stiffness, antagonistic-controlled stiffness,
structure-controlled stiffness (SCS), and mechan-
ically controlled stiffness.
In classical robotic applications, actuators are

preferred to be as stiff as possible to make precise
position movements or trajectory tracking con-
trol easier (faster systems with high bandwidth).
The biological counterpart is the muscle that has
superior functional performance and a neurome-
chanical control system that is much more
advanced at adapting and tuning its parameters.
The superior power-to-weight ratio, force-to-
weight ratio, compliance, and control of muscle,
when compared with traditional robotic actua-
tors, are the main barriers for the development of
machines that can match the motion, safety, and
energy efficiency of human or other animals.
One of the key differences of these systems is the
compliance or springlike behavior found in bio-
logical systems [1]. Although such compliant
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Antagonistically Controlled Stiffness 
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S. A. Migliore et al.                  VSA  - Tonietti et al.             AMASC – Hurst et al. 
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Antagonistic setup of two 
pneumatic muscles 
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Structure Controlled Stiffness 
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Mechanical Compliance Adjuster      Jack Spring Actuator 
          Morita et Sugano                                        Hollander et Sugar         Hollander et al. 
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Mechanically Controlled Stiffness 
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1 motors controls position                   1 motor controls stiffness 

VS-joint 
 Wolf et Hirzinger

    

Maccepa 
Van Ham et al. 



Speed of robots 
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Usain Bolt 
WR 100m: 
36,8km/h 

Asimo: 
6km/h 

WL-5 
(1970): 
45s/step 

E2 
(’87-’91): 
1,2km/h 

Walking men 
+/- 5km/h 

Partner robot: 
7km/h 



Copy nature? 
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Walking: inverted pendulum 

 

 No aerial phase 
 Straight supporting leg 

 Potential energy and 
kinetic energy out of 
phase 

 Energy storage by 
interchange of 
gravitational potential 
energy and kinetic energy 
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Figure 1.70: Basic model for walking

Figure 1.71: Eadweard Muybridge’s sequence of walking [3]

however worth looking to the research performed by biomechanicists. The inter-
connection of muscles, sensors, spinal cord and brain intelligence seems to have an
overwhelming perfection because humans are able to cope with most of the surface
structures. By training our body and mind, humans are even able to achieve out-
standing performances which can be witnessed at the Olympic Games, at a show
of Cirque Du Soleil and so one.
However the biological solution is not always the best solution because it is a

product of evolution and is consequently a combination of historical, functional
and structural constraints (the so called Seilacher’s triangle [149]). Out of this it
is impossible to have an optimal design because then the design should only have
functional constraints [150]. Evolution comes up with a partially optimal solution
so it is fit enough to survive the current environment. Some go even further: “If
there were no imperfections, there would be no evidence to favor evolution by
natural selection over creation.” said by Jeremy Cherfas [151] or “The proof of
evolution lies in imperfection.” of Stephen Jay Gould [152].
Evolution came up with excellent solutions and it makes sense to study them and

transfer the underlying ideas and principles into technology, not one to one but in
a reasonable, technology-oriented way.

Walking and running

Walking is classically defined as a gait in which at least one leg is in contact with
the ground at all times [153]. In contrast, running involves aerial phases when no
feet are in contact with the ground. So during walking there are no aerial phases,
while in running there are aerial phases. There are more differences still.
During walking the stance leg is almost completely stretched in the single support

phase [4]. As a consequence the head goes up and down with an amplitude of
about 4cm. This motion can be seen in figure 1.71. By doing this the kinetic
energy and gravitational potential energy of the center of mass are approximately
180◦ out of phase. At mid-stance in walking, the gravitational potential energy is
at its maximum and the kinetic energy is at its minimum. During the first half

Wisse 
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Passive walkers 

          powered 
passive walkers     

Active walkers 
with explotation of 
natural dynamics 

Optimal 

Active walkers 

Controlled 
passive walking 



From walking to running 

 Fcentrifugal=mv2/L < F gravitational=mg 
 v<sqrt(gL)  (g=10m/s2, L=0.9m: v=3m/s) 

 Race walker: 4m/s 
 Froude number=v2/gL has to stay below 1 for walking 

 normally transition at Froude=0.4-0.5 
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Figure 1.70: Basic model for walking

Figure 1.71: Eadweard Muybridge’s sequence of walking [3]

however worth looking to the research performed by biomechanicists. The inter-
connection of muscles, sensors, spinal cord and brain intelligence seems to have an
overwhelming perfection because humans are able to cope with most of the surface
structures. By training our body and mind, humans are even able to achieve out-
standing performances which can be witnessed at the Olympic Games, at a show
of Cirque Du Soleil and so one.
However the biological solution is not always the best solution because it is a

product of evolution and is consequently a combination of historical, functional
and structural constraints (the so called Seilacher’s triangle [149]). Out of this it
is impossible to have an optimal design because then the design should only have
functional constraints [150]. Evolution comes up with a partially optimal solution
so it is fit enough to survive the current environment. Some go even further: “If
there were no imperfections, there would be no evidence to favor evolution by
natural selection over creation.” said by Jeremy Cherfas [151] or “The proof of
evolution lies in imperfection.” of Stephen Jay Gould [152].
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Walking is classically defined as a gait in which at least one leg is in contact with
the ground at all times [153]. In contrast, running involves aerial phases when no
feet are in contact with the ground. So during walking there are no aerial phases,
while in running there are aerial phases. There are more differences still.
During walking the stance leg is almost completely stretched in the single support

phase [4]. As a consequence the head goes up and down with an amplitude of
about 4cm. This motion can be seen in figure 1.71. By doing this the kinetic
energy and gravitational potential energy of the center of mass are approximately
180◦ out of phase. At mid-stance in walking, the gravitational potential energy is
at its maximum and the kinetic energy is at its minimum. During the first half



Running: bouncing ball 
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 Aerial phase 
 Bent legs store energy in 

springs 

 Potential energy and kinetic 
energy in phase 

 Energy storage by elastic 
properties of the joints 
(Achilles tendon) 

Hurst 



Use of springs 

 these basic mechanisms of energy conservation have 
been demonstrated in a wide variety of animals that 
differ in leg number, posture, body shape, body mass, 
or skeleton type 
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Oscar Pistorius 
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Spring-mass model for walking 
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4.2 Methods

Figure 4.1. Spring-mass model for walking (for abbreviations see text).

respect to gravity, predefining a distinct landing height yTD = �0 sinα0. When

the leg strikes the ground (yCOM = yTD), it returns to the freely rotating spring

representation of the stance phase. Again, to attain symmetry, α0 is equal for both

legs.

For instance, in Fig. 4.1, the model starts at the apex of the left leg single

support phase. Although largely decompressed (� close to �0), the left leg spring

(black) remains in contact (please note that the instant of apex is not necessarily

characterized by an upright position of the contacting spring as depicted in the

figure, it merely requires ẏ = 0). In contrast, the right leg spring (white) resembles

the kinematic constraint of the fixed leg orientation during the swing phase. Since

the gravitational force exceeds the counteracting force developed by the left leg

spring, the COM height reduces (dotted line) while compressing the spring. When

the right leg touches the ground (’right TD’, Fig. 4.1), the system enters the double

support phase. The vertical COM movement soon reverses as a consequence of the

additional vertical push of the right leg. If the COM had sufficient horizontal speed

beforehand, the forward motion continuous and eventually reaches a position where

the left leg spring reaches its rest length �0 again. Consequently, the left leg takes off

(’left TO’, Fig. 4.1) and the system switches into the right leg single support phase.

4.2.2 Stability analysis

The previous example presumes a well distributed force generation among the leg

springs balancing the COM in the vertical direction when counteracting gravity

while maintaining the forward motion. But the walking pattern may also fail if (i)

51

Characteristic ground reaction force 
(GRF) patterns observed during the 

stance phase in walking  and running 

dynamics only during stance when the spring force
opposes the gravitational force. On the contrary, in
swing, the respective spring has no physical meaning,
but describes a kinematic touchdown condition
yTDZ[0 sin a0, given by the rest length [0 and the fixed
leg orientation a0 with respect to gravity. The transition
from swing to stance occurs when the swing-leg strikes the
ground, whereas that from stance to swing occurs when
the spring reaches its rest length during lengthening. To
compare the model dynamics with that of human walking,
we fix the parameters mass, rest limb length and
gravitational acceleration to mZ80 kg, [0Z1 m and
gZ9.81 m sK2, respectively.

To obtain steady-state solutions of this model, we
investigate a single step, which is defined as the interval
between two subsequent apex events marking the highest
points of the COM trajectory. For example, in figure 2, the
model starts at the ith apex with the left spring (black) in
single support and the right spring (white) describing the
swing-leg. Since the gravitational force exceeds the
opposing spring force, the left spring shortens while
rotating forward and the COM height decreases (dotted
line). When the right leg touches the ground (‘right TD’),
themodel enters the double-support phase. The additional
push of the right stance-spring reverses the vertical and
decelerates the horizontal COM motion. Owing to
sufficient momentum, the forward progression continuous
to extend the left spring until it reaches its rest length. At
this instant, the left spring takes off (‘left TO’) and the
system enters the single support phase of the right spring in

which the (iC1)th apex is reached when the upward COM
motion stops (verticalCOMvelocity _yZ0), completing the
step. Owing to the parametric symmetry between both
springs, one step represents a basic gait cycle and its
identical repetition, the steady-state locomotion.

3. WALKING SOLUTIONS REPRODUCING
EXPERIMENTAL DATA
Depending on the chosen parameter values, the model
may take off in single support or stumble and fall down;
however, it also shows, and converges to, steady-state
locomotion. By searching for stable locomotion using the
return map of a single step (for details on the stability
analysis see appendix Aa–c), we find three characteristic
steady-state solutions A–C of the model, which have in
common that their stance-phase patterns resemble those
observed in animal and human walking (figure 3). The
horizontal GRF shows the observed change from negative
to positive values and the vertical axis, the double peak
that distinguishes the walking gait (Fx and Fy, first row of
subplots). Correspondingly, as in animals and humans
(Lee & Farley 1998; Gard et al. 2004), the COM oscillates
around its landing height in the vertical GRF with a
smaller increase in height during stance than that of the
inverted pendulum motion (Dy, second row). Moreover,
closer than the inverted pendulum, the bipedal spring–
mass model describes the out-of-phase changes in the
forward kinetic and the gravitational potential energies
that occur in walking (DEk,x and DEp, third row).

The stance-phase patterns of the three example
solutions A–C not only share general features of animal
and human walking, but also have differences that reflect
those observed in walking at different speeds. First, the
patterns differ in their symmetry with respect to midstance
(50% of stance time). They are symmetric in A and C, but
asymmetric in B. For instance, in A and C, the vertical
GRF has two equal peaks that lead to the knownM-shape.
On the contrary, in B, the vertical force has a first peak that
is clearly higher than the second one (Fy, first row).
Furthermore, the patterns differ in their amplitudes,
which are large in A and B, but only small in C. For
instance, although for all three solutions A–C, the vertical
displacement of the COM is smaller than that of an
inverted pendulum, in C, the COM remains close to the
landing height throughout stance (Dy, second row).
Similar differences in symmetry and amplitude can be
found in animal and human walking when considering
different speeds (Keller et al. 1996). For slow walking,
symmetric stance-phase patterns with small amplitudes
are observed that compare to the patterns in C. For faster
walking, patterns with larger amplitudes are observed that
compare to the patterns in A or B.

To investigate how the solutions A–C depend on the
specific parameters chosen, we scan the physiologically
plausible range of angle of attack a0, spring stiffness k and
system energy Es for stable locomotion of the model.
(Dimensional analysis shows that the model has only three
independent parameters: angle of attack a0, dimensionless
spring stiffness ~kZk[0=ðmgÞ and dimensionless system
energy ~EsZEs=ðmg[0Þ, where Es is the constant system
energy of the conservative model. Without loss of general-
ity, we can use their dimensional counterparts a0, k and
Es, since we fixed the remaining parameters m, g and [0.)
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Figure 1. Standard conceptual models of legged locomotion
and their predictive powerwith respect towalking and running
dynamics. The inverted pendulum and the spring–mass
system are the standard models for walking and running.
The model-predicted stance dynamics (red lines) fit experi-
mental data (black traces recorded from human treadmill
walking at 1.2 m sK1 and running at 4.0 m sK1) only for the
spring–mass model for running. Note that, in the inverted
pendulum dynamics, delta functions appear at 0 and 100%
stance time if one adds collision and push-off models imitating
double support. Fx, y, horizontal and vertical ground reaction
force (GRF) normalized to body weight (bw).

2 H. Geyer and others Compliant leg behaviour in walking/running

Proc. R. Soc. B

Geyer et al. 2006 



Ankle prostheses 
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Traditional prosthesis:  
walk with closed ski boots 
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Figure 1.13: Torque-angle characteristic of a sound human ankle. The curve
is built from two sets of data; the ankle torque and the ankle angle. Positive
angles indicate dorsiflexion, negative angles indicate plantarflexion. Torques
that force the foot to plantarflex or dorsiflex are considered positive or nega-
tive respectively. The torque-angle characteristic moves in a counterclockwise
rotation meaning that energy is being generated by the ankle complex. The
schematics below the plot show the corresponding phases of the gait cycle.

speed (SWS) is shown in Figure 1.14. It is seen that both plots (Figure 1.13
and Figure 1.14) do not differ much from IC until the maximum plantarflexor
torque has been reached. From that point onward, however, one can see that
where the sound foot establishes adequate plantarflexion, the prosthetic foot
flexes back to neutral with a remarkable energy loss. This is typical for current
prosthetic feet since all are basically springs (some with excellent damping
qualities and some fairly rigid) that can only flex back to their neutral position
after deformation (te Riele (2003)).
Besides the aforementioned aspect of energy, the torque-angle characteristic

yields another useful parameter; stiffness.
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Active prostheses 
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Figure 1.11: Ankle joint power profile as a function of gait cycle. Ankle power

is expressed in W/kg body mass. A first region of power absorption, A1, relates

to the eccentric work of the plantarflexors controlling the forward movement of

the tibia. The large power burst, A2, is associated with the concentric work of

the plantarflexors accelerating the stance limb into swing.

generation of power is very critical to the production of natural gait. It is

strongly felt that the effective replacement of this power generation is one of

the major challenges in replicating normal gait with a prosthetic system.

1.6 Torque-angle characteristic of a sound ankle

1.6.1 Introduction

“An elastic spring will return to its original shape via the same path that was
used to compress it” (Hafner et al. (2002)). This is true in theory, but not in

practice because no spring is 100% efficient. Rather than returning via the same

path on the force-displacement curve, a real spring will return via a different

path because of friction (Figure 1.12). Consequently, energy is being lost in the

system and is dissipated as heat and/or sound (gray shaded area in Figure 1.12).

This behavior, called viscoelasticity, is identified by hysteresis, the difference

between the loading and unloading portions of the force-displacement curve

(Hafner et al. (2002)).

Sugar: 77W instead of 250W 

54 CHAPTER 2

(A) (B)

Figure 2.17: (A) Schematics of the powered ankle-foot prosthesis. (B) Ankle-
foot prosthesis design with integrated battery and other electronic components
onboard. Images adapted from Au et al. (2009) and Au et al. (2007).

containing sufficient numbers of states, a low-level servo controller (torque con-
troller, impedance controller, position controller) and a local sensing part (foot
contacts, ankle angle, ankle torque) (Au et al. (2008)).
The prosthesis uses a Lithium-Polymer battery with a power density of 165

Wh/kg. A 0.24 kg battery would then enable 5000 steps of fast powered walking
between recharges. By exploiting high-strength lightweight materials, the total
weight of the system could be reduced to 2 kg, battery pack included.
Three unilateral transtibial amputees were fitted with the prototype. It was

found that the powered prosthesis improves the metabolic cost of walking by
7% to 20% compared to a conventional prostheses evaluated, even though the
powered prosthesis is twofold heavier than the conventional prosthetic feet.
Furthermore, the measured net work delivered by the powered system was
about 20 J, which is very close to the estimated net work required for normal
walking (21 J) (Au et al. (2009)).

2.9.2.3 Vanderbilt University (United States)

Recently, Sup et al. (2009) reported on the design of a fully self-contained elec-
trically powered knee and ankle prosthesis capable of producing human-scale
power (Figure 2.18(B)). Prior to the design of this battery-powered prosthesis,
the authors have previously developed a tethered, electrically powered knee
and ankle prosthesis which served as a test bed to develop controllers and in-
vestigate the electrical power requirements of such a device (Varol et al. (2008),

Herr: 150W instead of 250W 
20J/step 
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Knee model 
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Gait rehabilitation 
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KNEXO: Unimpaired, Assisted 
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KNEXO: MS Patient, Assisted 
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STANCE: KNEE HYPEREXTENSION 
  
SWING: UNSMOOTH KNEE FLEX/EXT 
 
L/R ASYMMETRY 

GAIT ASSESSMENT 
 

DIFFERENT TARGET TRAJECTORIES 
 
DIFFERENT CONTROLLER SETTINGS 

PATIENT SPECIFIC TUNING 



Conclusions 

 Compliance important from biological evidence 
  Influence of compliance in human locomotion is not yet 

fully understood 

 Current robots, prostheses and ortheses do not yet fully 
exploit the possibilities of variable compliance 

 Synergy between biology-engineering 
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