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Motivation: tuneable suspensions
for small, fast robots

Mechanical 
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(muscles, limbs) 

Environment 

Mechanical 
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(Preflexes) 
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Feedforward 
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Passive Dynamic 
Self-Stabilization 
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Tuned, passive mechanical
properties that increase
robustness, reduce energy
consumption, simplify
control

Full and Koditschek, 1999
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Koditschek, Full, and Buehler (2004)

Motivation
Animal Locomotion
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How much could we enlarge
the range of possible landing
conditions with a dynamically
variable suspension?

Current suspension:
nonlinear, but fixed 

A specific motivation

Colugo Kinetics (Byrnes, Lim, Spence, Proc. R. Soc. B, 2008)
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Fixed compliance

System

Mass (payload)
Geometry

Environment

Surface stiffness
External disturbances

Task

Gait
Grasping

Cyclic Locomotion Transient Event

Motivation
How do you choose compliance?

What if these change?
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• Mechanical Complexity
• Scalability
• Weight
• Volume
• Energy Density
• Mechanical Time Constant

Background
Tunable Stiffness
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• Principle of Operation

• Pelrine and Kornbluh (2000)
• Geometry and Design

• Choi (2003)
• Rosenthal (2000)

• Modeling
• Wissler (2005)

• Scalable Manufacturing
• Carpi (2007), Kovacs (2007)

• Suspensions
• Pelrine (2008)

Background
Electroactive Polymers
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Electroactive Polymers
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Electroactive Polymers
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Carbon + silicone oil

Dielectric

•   High Voltage
•   Low,Uniform Thickness
•   High Dielectric Constant
•   Low Elastic Modulus

Background
Electroactive Polymers

Electrode

•   Compliant
•   Low Modulus
•   Low Resistance

3M VHB 4910

Very soft, thin, 
stretchy, conductive

Soft, uniformly thin, 
strong insulator

Rigid, light,
strong insulator

Fiberglass

Frame

•   Easy to fabricate
•   Insulating (HV)
•   Stiff, lightweight

16
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Electroactive Polymers
Edge Treatment

Mechanical film stress

Electrical arcing failure

Empirical failure locations

Eventual Mechanical Failure

17
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Sanjay’s EAP Questions
• Why would anyone choose to 

work with thin films that are 
stretchy, sticky, and easily torn?

• And cover them with a goopy 
combination of carbon powder 
and oil?

• And energize them to 6000 
volts?

An intact 4-diaphragm unit

Typical failures...
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Manufacturing Process
Fabricate in batches:
• Use VHB film stretched 400%.

• Lasercut acrylic fixtures maintain 
tension and alignment.

• Use masks to add silicone anti-
tear layers at inner, outer edges.

• Actuator frames are lasercut 
fiberglass

• Spray carbon grease through 
additional masks.

19Monday, January 28, 2013



Module Design

20
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Electroactive Polymers
Edge Treatment

Dielectric
FrameElectrode

Edge coating

5mm

Before electrode

After electrode

21
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Electroactive Polymers
Manufacturing Process

1 hour build time

~100% yield

Reliable (>10,000 cycles)

Consistent across batch

22

Status of January 23 2013:
M.S. student Shiquan Wang has been 
learning this process from Sanjay 
Dastoor and Hannah Stuart 
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Force
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Modeling and Measurement
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Displacement
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Modeling

From Kofod 2001

Model Hooke Neo-Hookean Mooney-Rivlin Ogden

Strain 0.10 0.40 1.4 3.0+

24
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Tunable Stiffness
Physical Module

VHB Acrylic Diaphragm
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Modeling

Captures viscoelastic effects
Linear time-invariant transfer function

Fig. 5: Generalized Maxwell Model

σ(t) = σ∞ +
n�

i=1

σi(t) (3)

where

σi(t) = Cie
(− t

τi
)

(4)

This response is equivalent to the response from a gen-

eralized Maxwell model as shown in Figure 5, where the

stress relaxation of each Maxwell element (a spring and

damper in series) is a single decaying exponential, σi(t).
These elements are placed in parallel, effectively adding their

contributing stresses. Therefore, for n Maxwell elements, the

response is the sum of n exponentials. As n increases, the

model’s elements can better capture the complex behavior

and multiple timescales of the sample’s relaxation response.

Table I shows the increase in R2
of the fit as n increases,

and Figure 6 shows the relaxation tests and exponential fits

for the CV and CC conditions.

TABLE I: Goodness of fit vs. number of elements in QLV

model

n R2value

1 0.874

2 0.931

3 0.987

4 0.999

The model parameters can be calculated from fit parame-

ters as

ki = Ci (5)

bi = Ciτi (6)

TABLE II: QLV Model Parameters

Exp Params CV CC QLV Params CV CC

σ∞ 1.35 1.44 k0 1.35 1.44

C1 1.63 1.66 k1 1.63 1.66

τ1 6.97e-3 7.37e-3 b1 1.14e-2 1.22e-2

C2 0.71 0.66 k2 0.71 0.66

τ2 4.25e-2 4.83e-2 b2 3.00 e-2 3.18e-2

C3 0.29 0.48 k3 0.29 0.48

τ3 1.77 1.27 b3 0.52 0.61

C4 0.37 0.50 k4 0.37 0.50

τ4 0.24 0.33 b4 0.088 0.17

From these values, a transfer function can be calculated

as

F

X
= k0 +

n�

i=1

kis

s+ ki
bi

(7)

This model’s transfer function can then be used to simulate

the response of the material to different inputs. It is important

to note that, even with a near-perfect fit, there are several

limitations. First, the solution is not unique, with multiple

values of Ci and τi capable of fitting the relaxation response

curve. Second, the model linearizes around the conditions

that the relaxation response was measured under. Very large

strains or complex time-histories will cause the model to

deviate significantly from the actual behavior of the actuator.

However, for simple behaviors such as workloops (due

to cyclic loading) or ramps (such as during a landing or

perching maneuver), the model can generally predict the

differences between CV and CC operation. Figures 7 and

8 show examples of modeled and experimental responses to

ramped and cyclic inputs.
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Fig. 6: Generalized Maxwell model fit to relaxation tests

under constant voltage (CV) and constant charge (CC) con-

ditions at 6kV. Note the difference in relaxation rate due to

damping.

B. Transient vs Steady-State Response
A brief note about transient vs. steady-state response is

necessary. In many analyses of biological system impedance,

a sinusoidal input is applied to obtain a workloop response.

The first few cycles are discarded, and the subsequent ones

are averaged to obtain the steady-state response of the mate-

rial to cyclic loading. This response is used to characterize

the material, with the dynamics during starting and stopping

ignored.

While this is suitable for cyclic motions, such as running

or hopping, it is not applicable during a fast, isolated event

such as a landing sequence. The dynamics of landing can

better be simulated by modeling the material’s transient
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differences between CV and CC operation. Figures 7 and
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Fig. 6: Generalized Maxwell model fit to relaxation tests

under constant voltage (CV) and constant charge (CC) con-

ditions at 6kV. Note the difference in relaxation rate due to

damping.

B. Transient vs Steady-State Response
A brief note about transient vs. steady-state response is

necessary. In many analyses of biological system impedance,

a sinusoidal input is applied to obtain a workloop response.

The first few cycles are discarded, and the subsequent ones

are averaged to obtain the steady-state response of the mate-

rial to cyclic loading. This response is used to characterize

the material, with the dynamics during starting and stopping

ignored.

While this is suitable for cyclic motions, such as running

or hopping, it is not applicable during a fast, isolated event

such as a landing sequence. The dynamics of landing can

better be simulated by modeling the material’s transient

Fung 1972

Quasi-Linear Viscoelastic (QLV) Model

26
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Modeling
Quasi-Linear Viscoelastic (QLV) Model
1.  Relaxation test (Step input in displacement, measure force)
2.  Fit sum of decaying exponentials + constant to force data
3.  Measure goodness of fit
4.  Repeat for increasing n until good fit 

Fig. 5: Generalized Maxwell Model

σ(t) = σ∞ +
n�

i=1

σi(t) (3)

where

σi(t) = Cie
(− t

τi
)

(4)
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eralized Maxwell model as shown in Figure 5, where the

stress relaxation of each Maxwell element (a spring and

damper in series) is a single decaying exponential, σi(t).
These elements are placed in parallel, effectively adding their

contributing stresses. Therefore, for n Maxwell elements, the

response is the sum of n exponentials. As n increases, the

model’s elements can better capture the complex behavior

and multiple timescales of the sample’s relaxation response.

Table I shows the increase in R2
of the fit as n increases,

and Figure 6 shows the relaxation tests and exponential fits

for the CV and CC conditions.
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This model’s transfer function can then be used to simulate

the response of the material to different inputs. It is important

to note that, even with a near-perfect fit, there are several

limitations. First, the solution is not unique, with multiple

values of Ci and τi capable of fitting the relaxation response
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deviate significantly from the actual behavior of the actuator.

However, for simple behaviors such as workloops (due

to cyclic loading) or ramps (such as during a landing or

perching maneuver), the model can generally predict the

differences between CV and CC operation. Figures 7 and

8 show examples of modeled and experimental responses to

ramped and cyclic inputs.
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Fig. 6: Generalized Maxwell model fit to relaxation tests

under constant voltage (CV) and constant charge (CC) con-

ditions at 6kV. Note the difference in relaxation rate due to

damping.

B. Transient vs Steady-State Response
A brief note about transient vs. steady-state response is

necessary. In many analyses of biological system impedance,

a sinusoidal input is applied to obtain a workloop response.

The first few cycles are discarded, and the subsequent ones

are averaged to obtain the steady-state response of the mate-

rial to cyclic loading. This response is used to characterize

the material, with the dynamics during starting and stopping

ignored.

While this is suitable for cyclic motions, such as running

or hopping, it is not applicable during a fast, isolated event

such as a landing sequence. The dynamics of landing can

better be simulated by modeling the material’s transient
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Constrain deformation to induce change in stiffness

Tunable Stiffness
Principle of Operation
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Constrain deformation to induce change in stiffness

Tunable Stiffness
Principle of Operation
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Tunable Stiffness
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Tunable Stiffness
Linearization

• Changing offset of inner ring spacing 
relative to outer ring spacing will bias 
films out-of-plane

• Combined (parallel) stiffness will be 
shifted and linearized as a result
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Tunable Stiffness
Response Time

0.5W Power Supply
Input: 5VDC @ 250mA
Output:  6kV @ 50μA

HV Supply
Buffer

Capacitor

EAP

HV Relay

Power Supply Cont. Current (mA) Peak Current (mA)

Trek 610B 2 2

Emco Q101 0.05 0.05

Buffered Q101 0.05 2000
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Using variable stiffness in workloops

be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).

www.sciencemag.org SCIENCE VOL 288 7 APRIL 2000 105

M O V E M E N T : M O L E C U L A R T O R O B O T I C

 o
n 

Ja
nu

ar
y 

7,
 2

00
8 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

be estimated from their muscle length and
cross-sectional area (112–114). Even for swim-
ming scallops, a simple locomotor system in-
volving one joint and a single power muscle
(Fig. 3A), comparison of in vitro and in vivo
muscle performance is complicated by hydro-
dynamic effects and remains controversial
(108, 115, 116). Given advances in transducer
technology, the number of preparations in
which it is possible to measure in vivo work
loops should increase in coming years, expand-
ing even further our understanding of muscle’s
diverse roles in locomotion.

Prospective
Integrative and comparative approaches have
identified several general principles of animal
locomotion, which surprisingly, apply to
swimming, flying, and running. The way in
which animals exert forces on the external
world often allows mechanical energy from
one locomotor cycle to be stored and recov-
ered for use in another. The generality of

energy-storage mechanisms in different
modes of locomotion is just beginning to be
explored. Forces lateral to the direction of
movement are often larger than one might
expect for efficient locomotion, but they may
enhance stability, and their modulation is es-
sential for active maneuvers. Mechanisms of
nonsteady locomotion, including starting,
stopping, and turning, are emerging areas of
interest. Technological advances have en-
abled the nascent studies of locomotion in
natural environments and the mechanical in-
teractions of organisms with their environ-
ment. Animals use their musculoskeletal sys-
tems for a variety of behaviors and, as a
consequence, are not necessarily optimized
for locomotion. In nature, unlike in the labo-
ratory, straight-line, steady-speed locomotion
is the exception rather than the rule. Further,
environmental forces make extreme demands
on the musculoskeletal system of some loco-
moting animals. The control system that en-
ables animals to actively steer in the face of

these changing conditions combines both
neural and mechanical feedback with feedfor-
ward control and pattern-generating circuits.
The interface between these modes of control
offers a rich area for exploration. Finally,
methods adapted from muscle physiology,
combined with measurements of locomotor
mechanics, have revealed many mechanical
functions of muscle during locomotion.

The many recent advances in the study
of molecular motors are just beginning to
be integrated into an understanding of lo-
comotion at the cellular scale. Molecular
biology and genetic engineering tech-
niques, such as site-directed mutagenesis,
are already being used to link the structure
of individual molecules to locomotor per-
formance at the organismal level (117,
118). With a more thorough understanding
of muscle function, systems-level control,
interactions with the environment, and en-
ergy transfer acting at the organismal level,
locomotor biomechanics is now poised to

Fig. 3. Muscles can
act as motors, brakes,
springs, and struts.
Muscles that generate
positive power (mo-
tors) during locomo-
tion and the area
within associated work
loops are indicated in
red. Muscles that ab-
sorb power during lo-
comotion (brakes) and
the area within associ-
ated work loops are in-
dicated in blue. Mus-
cles that act as springs
of variable stiffness
are indicated in green.
Muscles that act to
transmit the forces
(struts) are shown in
black. (A) Scallop
swimming provides a
simple example of a
muscle generating posi-
tive work to act as a
motor. The cycle be-
gins in the lower right
corner of the loop, when the gape of the shell is maximal. Activation of the
muscle (indicated in the scallop by the red rectangle) causes a rise in force
and subsequent shortening producing the pressure to drive a jet of water
that propels the animal. At the upper left, the muscle begins to deactivate,
force declines, and shortening continues. In the lower left, the muscle is fully
deactivated and force is minimal. Along the lower border of the loop, the
shells are opened by passive recoil of elastic hinge ligaments. The area
enclosed within the loop is equal to the work done (product of force and
length change) by the muscle during each cycle. The counterclockwise work
loop and red color indicate that the muscle generates positive power during
locomotion. Adapted from (108) with permission from Company of Biolo-
gists Ltd. (B) The pectoralis muscle of birds generates the positive power
required to fly. In pigeons, it has been possible to measure in vivo work loops
with strain gages bonded to bones near the muscle attachment point (force)
and sonomicrometric crystals implanted at the ends of muscle fibers
(length). Adapted from (100) with permission from Company of Biologists
Ltd. (C) In running cockroaches, some muscles that anatomically appear to
be suited for shortening and producing power instead act as brakes and
absorb energy because of their large strains. Adapted from (96) with permis-

sion from Company of Biologists Ltd. (D) In flies, an intrinsic wing muscle
acts to steer and direct the power produced by the primary flight muscles.
Changes in activation phase alter the dynamic stiffness of the muscle and
produce alterations in wing motion. Adapted from figure 11 of “The control
of wing kinematics by two steering muscles of the blowfly (Calliphora
vicina)” (98), copyright Springer-Verlag. (E) In swimming fish, the function of
muscles varies within a tail-beat cycle and has been investigated with a
variety of techniques in a diversity of species. In some fish designs, early in
a beat, the cranial muscle fibers shorten and produce power, which is
transmitted by more caudal muscle fibers acting as struts. As the beat
continues, the fibers that were previously acting as struts change their role
to power-producing motors. The cartoon at the top shows a fish from the
side. Beneath it are views from above the fish at two points in the
tail-beat cycle. Adapted from (123) with permission from Company of
Biologists Ltd. (F) In vivo muscle force and length measurements in
running turkeys indicate a dual role for the gastrocnemius muscle. It
generates positive power during uphill running but acts as a strut during
level running, which allows the springlike tendons to store and recover
energy. Adapted from (106).
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Dickinson et al., Science, 2000 34

Animals use muscles as motors, 
brakes and springs,

adding, removing or storing 
energy, depending on how 
stiffness is varied at different 
points in a work cycle.

We have the same opportunity, 
with an ability to vary stiffness 
by up to 10x in <5ms. 
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Applications to Tunable Dynamics
Experimental Hopper

Tunable SuspensionLeg

GyroLaser Displacement
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Application to a hopping platform
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Applications to Transient Dynamics
Motivation

High Stiffness Low Stiffness

Aʼ leads to failure.
A to B to C leads to failure.
A to B, switch stiffness to Bʼ, to Cʼ leads to success. with Alexis Lussier-Desbiens (SU), 

and R. Tedrake (MIT) - ICRA2012
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constraints
(max force,
displacement,
foot angle...)
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Conclusions

38

Electroactive polymers are well
suited for use in dynamically variable
suspensions in small, light robots:
• low weight
• low power consumption
• fast response
• augment useful passive properties via control

Batch manufacturing of modular
units provides acceptable yield &
durability.
A particularly interesting application is 
landing from jumps and glides.

Thanks to ARL Robotics CTA and Bio-X fellowship for support.
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