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Abstract— The McKibben pneumatic artificial muscle is a
commonly studied soft robotic actuator, and its quasistatic
force-length properties have been well characterized and mod-
eled. However, its damping and force-velocity properties are
less well studied. Understanding these properties will allow
for more robust dynamic modeling of soft robotic systems.
The force-velocity response of these actuators is of particular
interest because these actuators are often used as hardware
models of skeletal muscles for bioinspired robots, and this
force-velocity relationship is fundamental to muscle physiology.
In this work, we investigated the force-velocity response of
McKibben actuators and the ability to tune this response
through the use of viscoelastic polymer sheaths. These vis-
coelastic McKibben actuators (VMAs) were characterized using
iso-velocity experiments inspired by skeletal muscle physiology
tests. A simplified 1D model of the actuators was developed
to connect the shape of the force-velocity curve to the material
parameters of the actuator and sheaths. Using these viscoelastic
materials, we were able to modulate the shape and magnitude
of the actuators’ force-velocity curves, and using the developed
model, these changes were connected back to the material
properties of the sheaths.

I. INTRODUCTION

Originally introduced in the 1930s-1940s [1], and popu-
larized by Joseph McKibben in the 1950s [2]-[4], pneumatic
artificial muscles are a commonly studied soft robotic actu-
ator and have been used in traditional rigid robotics [1], [5],
[6], soft robotic platforms [7], [8], and wearable and assistive
devices [9]-[13]. Consisting of an inner rubber bladder and
an outer constraining mesh, the McKibben actuator is able
to achieve high actuator strains and large force relative to
its light weight [14]. McKibben actuators are of particular
interest in bioinspired robotics and prosthetics because of
their functional similarity to biological muscle in terms of
contracting in response to activation and introducing com-
pliance into the system. As a consequence, they can serve
as first-order hardware models of skeletal muscle [4], [14]-
[16]. Current experimental characterizations and models of
these actuators tend to focus on their quasistatic properties,
relating their inflation pressure, length, and axial force [3],
[17]-[20], but less attention has been given to their dynamics
properties. These properties are important both to the design
and modeling of the dynamics of a robotic system composed
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Fig. 1.  Viscoelastic McKibben Actuator (VMA): (a) Plain McKibben
Actuator (control), (b) Ecoflex-30 sheath, (c) Urethane sheath, (d) Ecoflex-
30 and Carbopol composite sheath (10mm diameter shown for all). Each
VMA contains a plain McKibben actuator at its core, fabricated in the same
method as the control.

by these actuators and to the use of McKibben muscles as
biomimetic actuators.

While few studies have been reported on the dynamic
properties of McKibben actuators, those that have done
so have often focused on the force-velocity relationship.
For example, Tondu et al. performed isotonic quick-release
experiments on McKibben actuators and showed that, for
a particular combination of rubber bladder and mesh ma-
terials, the force-velocity relationship can resemble that of
the Hill muscle model [14]. Other works have shown that
the velocity-dependence of the McKibben actuator’s force is
minimal compared to that of biological muscle [15], [21].
The authors instead augmented the muscle with parallel
hydraulic damping elements to better mimic the biological
tissue [15]. However, these solutions either rely on very
particular woven mesh materials or large auxiliary equipment
to tune the shape of the actuator’s force-velocity response.

In this work, we begin to investigate the force-velocity
relationship of McKibben actuators and the ability to tune
these relationships using simple viscoelastic material sheaths.
Four different actuator architectures are investigated using
actuators of three different diameters. The force-velocity
response of these viscoelastic McKibben actuators (VMA) is
measured using iso-velocity tests adapted from the muscle
physiology literature [22]. To connect the measured force-
velocity response to the material properties of the sheath
and the mechanics of the underlying McKibben actuator, a
simplified 1D model, consisting of parallel chains of standard
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Fig. 2. Fabrication, Characterization, and Modeling. (a) Each viscoelastic muscle actuator consists of a standard McKibben actuator (fabricated following
[7]) and a viscoelastic polymer sheath. (b) To characterize the dynamic properties of the actuators, iso-velocity experiments were performed on an Instron
5969 at various velocities and inflation pressures. (c) The dynamics of the actuators were modeled using parallel chains of Standard Linear Solid elements
(SLSE), with one arm capturing the dynamics of the McKibben actuator and the other the dynamics of the sheath material. Using this model, an analytical
expression for the force-velocity curves can be obtained (d), and the shape of the curve can be related to the material properties of the constituents. The
height of this curve above the v = 0 point, AF'V (v), can be related to two material properties of the actuator. Here, shortening velocity (negative of the
extension rate) is reported in alignment with standard muscle physiology experiments.

linear solid elements (SLSEs), is formulated.

II. MATERIALS AND METHODS

A. Actuator Design and Fabrication

Each viscoelastic muscle actuator consists of a traditional
McKibben actuator, serving as the contractile element, and
a viscoelastic sheath around the McKibben, serving as a
passive damper (Fig. 2a). Four 90 mm long McKibben
actuators each of three different diameters (6 mm, 10 mm,
12 mm nominal mesh diameter) were fabricated. The design
of the actuator was adapted from [7]. Briefly, a latex balloon
inner bladder is connected to two barbed tube ends and is
constrained by commercially available overexpanded cable
meshes (PET Expandable Sleeving, Alex Tech). Kevlar fibers
and cyanoacrylate glue were used to seal and connect the
bladder and mesh to the end caps of the actuator.

Thin hollow sheaths of different viscoelastic and
thixotropic materials were attached to the outside of the
McKibben to act as the damping element of the actuator.
To create the outer viscoelastic sheaths, 2 single-layered,
concentric-cylindrical molds were 3D printed (Object 30,
Stratasys), with inner diameters of 9 mm and 12 mm. For
both diameters, the resulting sheath has a thickness of 2
mm. Polyurethane (Vytaflex, Smooth-On Inc.), Ecoflex-30
(Ecoflex 00-30, Smooth-On Inc.) and 5% Carbopol (Car-
bomer 940, Sanare) gel were used to fabricate the McKibben
sheaths. For both the Ecoflex-30 and polyurethane sheaths,
the liquid elastomer was prepared by mixing the 2-part
polymer in a 1:1 ratio. The mixed polymer was placed in
a vacuum chamber for 5 minutes to remove air bubbles.
The 3D-printed molds were prepared by spraying a thin
layer of mold release (Ease Release 200, Mann Release
Technologies) on the inner surfaces of the mold. The elas-
tomer was then injected into the mold and cured at room
temperature (25°C) for 12 hours. The Carbopol gel used in
this project was adapted from [23]. First, 10g of Carbopol
940 powder (Carbomer) was mixed with 190g of deionized
water. The mixture was then mechanically stirred for 4 hours.
After stirring, 4g of 10M NaOH solution was added to the
mixture. The new mixture was then mechanically stirred for

30 min. Finally, the gel was injected in between an Ecoflex-
30 sheath and the McKibben actuator. The resulting sheaths
were connected at the ends of the actuator using silicone
epoxy (Sil-poxy, Smooth-On Inc.) and Kevlar threads.

The geometric and material parameters of all 12 actuators
fabricated for experimental characterization, with and with-
out sheaths, are provided in Table 1. The fabricated length
of each actuator was measured by a digital caliper. The Max
Contraction Ratio is defined as the ratio of the length of the
actuator at 20 psi to the length of the actuator at O psi (initial
length).

B. Experimental Characterization

Inspired by biological muscle testing [22], iso-velocity
tests were performed at different pressure levels for all sam-
ple actuators on a universal material testing system (5969, In-
stron, 1 kN load cell). Inflation pressure was measured with a
digital pressure sensor (ELVH-030G-HAND-C-PSA4, ALL
SENSORS, maximum pressure 30 psi, resolution 0.1 psi)
and recorded using a microcontroller (Teensy 3.6, PJRC).
Two pairs of 3D printed holders were designed to hold both
ends of the actuator and provide consistent friction between
the actuator and the testing system. The force and length
data from the universal material testing system and pressure
data from the microcontroller were collected independently
and synchronized later in MATLAB.

Iso-velocity tests (Fig. 4 (a)) were performed at five
velocity magnitudes (2, 4, 6, 8, 10, all in mm/s) at 4 pressure
levels (5, 10, 15, 20, all in psi). All five velocities were
tested in a single session at a given pressure level. For a
given pressure: the actuator was first held at its rest length
in the testing system and pressurized to the desired level.
After allowing the actuator force to reach steady state, the
actuator was stretched between +4 and -4 mm at 0.01 mm/s
for one cycle, returned to the unpressurized rest length, and
again allowed to come to steady state. This was done to
minimize preconditioning effects on the first ramp. For each
velocity magnitude v: the actuator was stretched 2 mm at v
mm/s and then held for 30 seconds. The actuator was then
returned to the unpressurized rest length at 0.01 mm/s and
held for 30 seconds. This same profile was then repeated at



a velocity of —v mm/s. For 5 psi, only 1 mm of extension
was applied, as shortening by more than Imm from the
unpressurized rest length would have led to shortening below
the pressurized rest length of the actuators. Five repetitions
of this full protocol were conducted for each actuator at each
pressure and velocity.

C. Modeling

To relate changes in the experimental force-velocity curves
to design parameters of the actuator materials, a simplified,
1D model was developed where both the McKibben actuator
and polymer sheaths were treated as standard linear solid
elements (SLSE) (Fig. 2c¢). The resulting force-velocity ex-
pressions are parameterized by mechanical properties of the
actuator constituents and can therefore be used as a design
tool to inform future designs. In this model, elastic elements
are assumed to have a force linearly proportional to strain
(F' = ke where the normalized stiffness k£ has units [N]), and
the viscous elements are assumed to have a force linearly
proportional to the strain rate (F' = 7 where the damping
coefficient 1 has units [Ns]). For the case of a single SLSE,
the system force is given by:

F(t) = qu“g(t) + k2i€2i (t) (1)

where ki, and ko, are the stiffness of the parallel and
series elastic elements, and € and 9, are the strains of the
parallel and series elastic elements of the i SLSE. For the
actuators presented here only two SLSEs are included: a
control McKibben (c) and the sheath (s). For each SLSE,
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where 7; is the damping coefficient of the series damper.
Starting from steady state (2,(t = 0~) = 0), a constant
strain rate ramp (¢ = © where ¥ has units [1/s]) yields a
system force

the pre-extension, steady state force (F;(t = 07) = kq,g0),
the force-velocity curve for the model can be written as:

de @Hi
FVi(0) =1+ sgn(®) ~+ (1 -
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)
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where k; = ko, /k1, is the relative stiffness of the elastic
elements and ; = ks, /7); is the inverse of the time constant
of the viscous arm (Fig. 2d). Here, sgn(x) is the sign function

(1:2>0,—1:2 < 0). The height of the force-velocity
curve above the v = 0 discontinuity then takes the form:
L —sen(p) ide
AFV;(v) = (1—e ). 3)
€071

Using this equation, the parameters «,; and ~; can be related
to the shape of force-velocity curve. Specifically, the hori-
zontal asymptote is given by:

d
AFV (o) = 5—%
0

(6)

and the velocity 9,, at which the force-velocity curve reaches
aAFV;(?s) can be approximated as:

de _
21 —a) 't

Vg & (N
This approximation is valid within 5% for o > 0.75. Thus
the height of the force-velocity curve is governed by «; and
the steepness of the force-velocity curve is governed by +;
(Fig.3a,b).

For the two-SLSE case (McKibben actuator and the
sheath), similar relationships can be found. The shape of
the force-velocity curve takes the form:

Be ARV + L AFV,() ®)

Be + Bs Be + Bs

where AFV, and AFV, both take the form of AFV, from
the 1 SLSE case. The height and steepness are governed by
weighted averages of x; and ~;:

AFV,.(0) s

- . . de Beke + Bsk
Sy Oni -~ , _ & Pckic ¥ Pshis
Fi(t) = ky, (50 + 0t) + . (1—e" ). 3) AFVeis(teo) B4 P )
For a fixed final applied strain de, the peak system force is ~ 2nd o de Bekeye + Bskiss 10
a function of the velocity ({peqr = de/0). Normalizing by Vo 7 2(1 —a)  Bekc + Pskis (10)
TABLE I

GEOMETRIC AND MATERIAL PARAMETERS FOR THE VISCOELASTIC MCKIBBEN ACTUATORS

Sample  Mesh Diameter IL* &1 STD (mm) ML* £ 1 STD (mm) Max Contraction Sheath Material Sheath Diameter (mm)
(mm) Ratio (%)

Controll 6 88.5+0.9 68.3£0.6 22.8 N/A N/A
Control2 10 94.3+0.5 70.3£0.3 254 N/A N/A
Control3 12 91.5+0.4 67.240.1 26.6 N/A N/A
Ecoflex] 6 91.74£0.2 75.240.3 17.9 Ecoflex-30 9
Ecoflex2 10 89.7+£0.4 70.240.5 21.8 Ecoflex-30 9
Ecoflex3 12 90.9+0.6 69.61+0.5 234 Ecoflex-30 12
Urethanel 6 91.24+1.0 70.640.5 21.7 Poly-urethane 9
Urethane2 10 90.8+0.7 70.2+0.6 22.6 Poly-urethane 12
Urethane3 12 89.7+0.4 68.3£0.8 239 Poly-urethane 12
Carbopoll 6 92.540.3 72.740.3 21.4 Carbopol+Ecoflex-30 12
Carbopol2 10 93.8+0.4 70.2+0.5 21.9 Carbopol+Ecoflex-30 12
Carbopol3 12 86.410.3 64.8+0.4 249 Carbopol+Ecoflex-30 12

IL*: Initial length. The length of sample actuator measured at O psi.

ML*: Minimum length. The length of sample actuators measured at 20 psi.

STD: Standard Deviation.



—
(=2
-

-
5

Normalize
Peak Force
Normalize
Peak Force

S % N\~
6 1t %/oo?%g T 1 1
S Y 1 w2 17 N //}/’/7 1 1 K
% %
(c) 4
Q 8=0.01 8=1 B=100
o012 . |—1Element [~ e ===
L \ - -7,=1000 - ‘ﬁ ﬂ
Xx 1 _ ~d Sso
3 | 7,=100 1 -
oy | |---%=10 | {
§ {|---7e=1 | i~
= i s\~‘~ I‘ e
Eos: ~ R A
z A1 0 1 -1 0 1 -1 0 1
) Shortening Velocity [1/s] Shortening Velocity [1/s] Shortening Velocity [1/s]
8 £=0.01 B= B8=100
‘o_ 2 ——1 Element - - -+,=25
L k=0 ---k=375
- s s
g £ =125 =50 g-zz:zozs
o 1 —\ |
o N———
[}
N
©
E 0
5 . L . . .
z A 0 1 -1 0 1 -1 0 1
Shortening Velocity [1/s] Shortening Velocity [1/s] Shortening Velocity [1/s]
(e) Short Time Constant Long Time Constant
Viscous . . .
Dominant High k, High y High k, Low y
Elastic Low Kk, High y Low k, Low y
Dominant
Fig. 3. Investigation of model parameters for a 1-SLSE model ((a) and

(b)) and for a 2-SLSE model ((c) and (d)). Here the normalized shortening
velocity (negative of the extension strain rate, v) is reported in alignment
with standard muscle physiology experiments. (a) By varying the stiffness
: damping ratio in the viscous arm of the SLSE, the slope of the force-
velocity curve can be changed. As ~ decreases (increased damping time
constant), the force-velocity curve approaches a step response, with no
velocity dependence. Conversely, as - increases, the curve approaches a
linear response. (b) By varying the stiffness ratio between the two arms of
the model, the height of the force-velocity curve is changed, with the height
increasing with increasing . For (c) and (d), one SLSE in the model was
fixed with k1 = 10 and ;3 = 50, and the parameters of the other arm
were varied. (c) By varying ~2 in the second arm, the slope of the force-
velocity can be tuned, and (d) by varying 2, the height of the force-velocity
curve can be adjusted. In both cases, increasing 3 (the stiffness ratio of the
two parallel elastic elements), the effect of changing 2 or 2 is amplified.
(e) These parameters can grouped into four different material classes. By
combining materials of classes, the force-velocity curve can be tuned for a
desired dynamic response.

where 8; = kq,/k;, is the stiffness ratio of parallel elastic
element to the McKibben parallel stiffness (5. = 1) in the
different elements. With different combinations of (s, ks,
and +;, the force-velocity response of the McKibben actuator
can be tuned (Fig. 3 (c),(d)). These expressions can also be
extended to any number of parallel SLSEs following this
weighted average scheme.

D. Analysis

Experimental force-velocity curves were compiled for
each actuator and each pressure level using data mea-
sured during characterization experiments. Individual ve-
locity ramps were identified and extracted from the larger
experiment (Fig. 4a). The average velocity was found by
fitting a piece-wise-linear ramp function to the extension
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Fig. 4.  Characterization and Modeling of the Force-Velocity Curve. (a)

An example iso-velocity experiment (6mm control McKibben actuator at 10
PSI) with the individual velocity ramps overlayed. Data from these force
responses are used to construct an experimental force-velocity curve. (b)
To avoid confounding effects from various amounts of overshoot, the peak
force that is normalized by the initial force and the velocity is normalized
by the pressurized rest length for the force-velocity curve is taken at the
point when the ramp first reaches its target point. This occurs just prior to
the extension overshoot.

data, the slope of which corresponds to the average velocity
(Fig. 4b). The average velocity is then normalized by the
pressurized rest length of the actuator to obtained the strain
rate. The starting force (Fy) was calculated as the mean
force during the two seconds prior to the start of the ramp.
The peak force was taken as the force value when the
extension first reached its target point. This was to avoid
artifacts introduced by extension overshoot, which occurred
at higher velocities. The peak force was then normalized by
the starting force.

These experimental force-velocity curves were then used
to obtain model parameters for the McKibben actuators
and viscoelastic sheaths as functions of pressure. For all
experiments, the values of de, g, €, and ¥ in the model
were calculated relative to the pressurized rest length of
the actuator. First, for each control McKibben actuator at
each pressure, k. and 7. were fitted using a nonlinear least
squares method (code generated by using MATLAB Curve
Fitting Toolbox). Parameter initialization was chosen based
on the Equations 6 and 7 for the horizontal asymptote and 7.
Specifically, the normalized force from the +10 mm/s tests
were used as F'V,(0) to approximate ., and the data from
the +4 mm/s was used as the « point to estimate .. To fit
Kss Vs, and [ for each material, diameter, and pressure, the
corresponding McKibben parameters were set as k. and 7,
and not optimized. The parameter 35 was initialized to 1, and
ks and v, were initialized following the same procedure as
in the plain McKibben case. The same optimization process
was then carried out for these three parameters.

III. RESULTS AND DISCUSSION
A. Characterization

The force-velocity response of the twelve actuators was
measured as a function of the pressure, sheath material, and
mesh diameter (Fig. 5). In these figures, the normalized
shortening velocity (negative of the extension strain rate)
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Experimental Characterization of Viscoelastic McKibben Actuators. Each column shows the data for a different actuator, and each row shows a

different actuator diameter. Along the dashed line, the experimental data is reported as mean + 1 standard deviation. The solid line shows the corresponding
model fit for that actuator and that pressure. For the control actuators, a 1-SLSE model is used, and for each of the VMA, a 2-SLSE model is used, with
the control element parameters set by the corresponding control actuator model. Inset: The SPSI curve for the 12mm Urethane actuator is inset to allow a

smaller axis range for the rest of the 12mm actuators.

is reported in alignment with standard muscle physiology
experiments. The shortening velocity is normalized by the
pressurized rest length of the actuator (units of shortening
velocity here are [1/s]). Common force-velocity features
were found across all actuators. Unlike what is predicted in
the model, all actuators showed an asymmetric force-velocity
response, with a larger magnitude asymptote for extensions
(negative shortening velocities) than for shortening. This
reflects the nonlinear stiffness properties of the McKibben
actuators that have been previously reported, with stiffness
increasing with increased length [3]. Additionally, an in-
crease in pressure led to a decrease in the height of force-
velocity curve at all velocities and diameters, suggesting a
more elastically dominant behavior at high pressures (Fig.
3b,e). However, the difference in height for a given pressure
increase diminished with increasing pressure. This is most
pronounced in the 10 and 12 mm diameter actuators at the 5
psi level. This could be related to changes in the contact
state of the inner bladder. In these larger actuators, the
bladder is not in full contact with mesh at lower pressures,
but at higher pressures has made full contact. This low-
pressure discrepancy being related to the contact state is also
supported by the observation this discrepancy is not seen in
the 6 mm actuators, where the mesh is in full contact with
the actuator even at low pressures. However, the mechanism
that causes this contact state to result in a more viscous-

dominated response would require additional investigation.

The addition of the viscoelastic polymer sheaths was
successful in altering the force-velocity response of the
McKibben actuators. In the case of the 6 and 12 mm diameter
urethane actuators, a more viscous-dominating response was
achieved, with the height of the force-velocity curve being
higher than the control actuator response at all pressures and
velocities. The 10 mm urethane actuator showed a different
response, with the height in much closer agreement with
the control. This could be due to the 10 mm urethane
actuator requiring a larger diameter sheath than the other 10
mm actuators. The larger diameter sheath was used because
the smaller sheath diameter consistently ruptured at higher
pressures. However, this meant that the sheath was less in
contact with the underlying McKibben than in the 6 and
12 mm cases and was thus less engaged. Conversely, the
Ecoflex sheath led to a decrease in the height of the force-
velocity curve in extension for all diameters and pressure,
showing a more elastic-dominant response. In shortening, the
Ecoflex actuators showed closer agreement with the control
actuators. Finally, the effect of the Carbopol actuators varied.
For the 6 mm actuator, almost no change was seem from the
control actuator. In the 10 mm actuator, the response was
much closer to that of the Ecoflex, showing a more elastic-
dominant response. In the 12 mm case, the effect varied with
pressure and direction of motion, with an increased height



seen at 10 and 15 psi in extension, but no difference seen at
20 psi or in shortening at 10, 15 or 20 psi.

This characterization is limited in a number of ways.
The force-velocity curve, while relevant to the actuator in
terms of its role as a model of skeletal muscle, is only
one metric by which to determine these actuators’ dynamic
properties or the ability of these material sheaths to tune
them. More complete characterization will require cyclic
testing at various speeds to determine hysteresis as a function
of velocity. Additionally, the minimum extension rate of 2
mm/s was near the horizontal asymptote for many actuators,
resulting in poor characterization of the high slope region
of the force-velocity curve near ¢ = 0. A more complete
investigation of the force-velocity curve will require lower
velocities to be incorporated. These higher test rates also
resulted in extension and shortening overshoot in the tests,
which made the calculation of the peak force and the
following force decay more challenging. These overshoots
would be minimized with lower velocity tests.

B. Modeling

The presented model was able to successfully capture
major trends in the experimental force-velocity curves (R? =
0.94 £ 0.05 for all actuators and pressures), and the changes
in the VMA curve relative to the control curves can be
explained through the model parameters. For example, in all
actuators, an increase in pressure leads to a decrease in the
height of the force-velocity curve. This is expected under this
model, as increasing the pressure of the McKibben actuator
increases its stiffness [3], and this increased stiffness results
in a lower k. and thus F'V (). This model can also be used
to explain changes in the force-velocity curves associated
with the material sheaths (Fig. 6). Based on preliminary
materials testing, the urethane sheath would fall into the
viscous dominant, long time constant class, and Ecoflex
would fall into the elastic dominant, short time constant class
(relative to the McKibben actuator). Therefore, we would
expect that the urethane would cause an increase in the
height of the force-velocity curve (Fig. 3e). However, with
increased pressure, the relative stiffness of the McKibben to
the urethane sheath increase (decreasing f3s), so we would
expect this difference to decrease with increased pressure as
the weighted average begins to favor the McKibben actuator
(Fig. 6a). For the Ecoflex sheath, the relatively shorter time
constant would lead to a high slope of the force-velocity
curve, which is seen at low pressures (Fig. 6b). However, as
with the urethane sheath, an increased pressure leads to the
McKibben properties dominating once again.

While this model can capture many of the trends in the
data, there are some limitations in its accuracy and predictive
power. Both the McKibben actuators and the sheath materials
are non-linearly elastic, with their stiffness increasing with
increased strain. This results in an asymmetrical force-
velocity curve, with a larger response for extension (negative
shortening velocity) relative to shortening at the same rate.
This cannot be captured by the linear springs in the proposed
model. As a consequence, the model fits tend to under-predict
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black dashed line shows the model fit of the corresponding plain Mckibben
actuators (1 SLSE model), and the solid colored line shows the adjusted 2
SLSE model. As with Fig. 5, the experimental data are shown as mean + 1
STD. (a) 6mm Urethane VMA. For all pressures, the viscous nature of the
urethane led to an increased height of the force-velocity curve, captured by
the 2 SLSE model have a higher asymptote. As pressure increases and the
McKibben stiffens, this asymptote difference decreases as the McKibben
begins to dominate. (JAFV (0s0) = FVasrse (Vo) — FVisrLse (0so)).
(b) 10mm Ecoflex VMA. At low pressure, the low viscous effects (large vg)
of the Ecoflex sheath are able to change the slope of the force-velocity curve,
but at higher pressures, the relative stiffness of the McKibben actuator again
dominates, making the VMA response into alignment with the standard
McKibben actuator.

extension responses and to over-predict shortening responses.
Furthermore, the asymmetry also results in high parameter
uncertainty. Improvements can be made through the inclusion
of nonlinear spring elements and more appropriate models of
the McKibben actuator at the cost of decreased interpretabil-
ity of the model parameters. Additionally, the optimized
sheath parameters tend to vary with pressure, whereas it
would be expected that they would be pressure-independent
for linear materials. However, a pressure dependence would
be expected for nonlinear materials, as the McKibben ac-
tuator’s pressure will determine the deformation state of the
sheath material. In the future, this pressure dependence could
be incorporated into the model as well, but it would require
3D geometric information about the actuator. Both of these
issues could be addressed by incorporating a more complete
quasi-static McKibben model [3], [9], [17] to capture the
strain stiffening of the McKibben actuators and provide the
geometry needed to estimate the sheath stiffness pressure
dependence.

Finally, this model only includes damping from standard
dash-pot elements. However, previous work has shown that
a velocity dependence in McKibben actuators can actually
come from non-linear friction interactions in the mesh mate-
rial [14] and Coulomb friction between the bladder material
and the sheath [4], [21]. Future model development should
incorporate such friction into a more complete model of the
McKibben to replace one of the SLSEs in this model.



IV. CONCLUSION AND FUTURE WORKS

This work presents the characterization and modeling of
the force-velocity relationships of viscoelastic McKibben
actuators (VMA). These VMASs consist of a standard McK-
ibben actuator surrounded by a viscoelastic polymer sheath.
Iso-velocity experiments were performed to measure the
force-velocity response of these actuators, and a simplified
1D model was developed to relate the shape of these exper-
imental force-velocity curves to the material properties of
the actuators. Using these polymer sheaths, we were able
to successfully augment the force-velocity response of a
standard McKibben, changing either its asymptotic height
or its slope. The 1D model performed well in capturing
the trends in these force-velocity curves, but missed key
features, including the asymmetry in extension/shortening
and the pressure dependence of sheath properties.

Future works on these actuators will include iso-velocity
tests at slower speeds to further investigate the steep portion
of the force-velocity curve near the ¥ = 0 discontinuity.
Additionally, to increase the predictive power of the model,
more accurate quasistatic models of the McKibben’s length-
pressure-force properties will be implemented to replace the
linear spring element. This will also require the measure-
ment of the actuator geometry during quasi-static testing.
Geometric information from these models will be used to
capture the deformation-dependent properties of the sheath
materials as well. With better predictive power, these models
can be used as a design tool for creating actuators with a
desired force-velocity response. Future characterization will
also include cyclic testing of the actuators at various speeds
to more robustly investigate their dynamic properties. The
work presented here lays the foundation for the fabrica-
tion and design of pneumatic actuators with tunable force-
velocity dynamics for broad applications in bioinspired and
biomimetic robotics.
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