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Experimental Characterization
and Static Modeling of McKibben
Actuators
McKibben actuators are pneumatic actuators with very high force to weight ratios. Their
ability to match the behavior of biological muscles better than any other actuators has
motivated much research into the characterization and modeling of these actuators. The
purpose of this paper is to experimentally characterize the behavior of McKibben artifi-
cial muscles with basic geometric parameters, and present a model that is able to predict
the static behavior accurately in terms of blocked force and free displacement. A series of
experiments aimed at understanding the static behavior of the actuators was conducted.
The results for three different lengths (4 in., 6 in., and 8 in.), three diameters (1/8 in., 1/4
in., and 3/8 in.), and one wall thickness (1/16 in.) at pressures ranging from 10 psi to 60
psi illustrate the key design trends seen in McKibben actuator geometry. While existing
models predict this static behavior, there are varying degrees of accuarcy, which moti-
vates the present study. Using knowledge gained from the experimental study, improve-
ments for the two modeling approaches were explored, including effects from elastic
energy storage, noncylindrical shape, and variable thickness. To increase model accu-
racy, another set of experiments was used to characterize the elasticity of the rubber
tubes and fibers of the braid. Comparisons of the measured data to the improved model
indicate that the ability to accurately predict the static behavior of McKibben actuators
has increased. �DOI: 10.1115/1.3158982�
Introduction
McKibben actuators are a class of compliant pneumatic actua-

ors with very high force to weight ratios, that are composed of an
lastomeric bladder inside a braided mesh sleeve. The initial con-
eption of these actuators stemmed from work with orthotic de-
ices for polio patients by McKibben in the 1950s �1,2�. This
ork subsequently led to a patent on the actuator as a fluid-driven

troking device �3�. By applying pressure inside the elastomeric
ladder, these actuators can produce large forces and undergo
arge contractions through dimensional changes and geometric
onstraints. The characteristics, along with their inherent flexibil-
ty, allowed McKibben actuators to simulate the behavior of bio-
ogical muscles much better than conventional actuators �4,5�.
everal names in the literature are synonymous with McKibben
ctuators, such as air muscles, rubbertuators, and braided pneu-
atic actuators. However, these are not to be confused with simi-

ar contractile actuation devices that have no braided mesh sleeve
6�, with pleated bladders �7�, or those with pressure controlled
hrough ion transport �8�. A comprehensive review of all types of
neumatic artificial muscles �PAMs� can be found in Ref. �9�.

The encouraging response properties exhibited by McKibben
uscles have provided much motivation for research. There have

een characterization studies that focused exclusively on identify-
ng static and dynamic responses �10�, fatigue limits �11,12�, and
pplicability to robotic systems. These systems are typically cen-
ered around the manipulation and joint control of robotic arms
13–17�, legs �18–20�, or human assistance and rehabilitative de-
ices, for which McKibben actuators were initially envisioned
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�21–23�. Numerous model formulations varying in complexity
have also been proposed. Design guidelines from the past experi-
mental studies note that higher stiffness actuators �or braids� pro-
duce more work per cycle �10�, braids initially aligned closer to
the longitudinal axis lead to larger contraction and force �24�,
latex bladders offer higher fatigue life than silicone bladders �11�,
the use of tighter weaved braids increases fatigue life �12�, and
reducing the internal air volume can lead to higher bandwidth
operation �25�. However, there is yet to be an investigation into
the effects of various lengths and diameters, which is the first
focus of this work.

Mathematical actuator models relating the force generated to
the length contraction and applied pressure are typically derived
from considerations for the change in volume based on the prin-
ciple of virtual work �26�, but other derivations consider force
balancing �27�, fiber-reinforced membrane analysis �28,29�, and
nonlinear identification �30�. However, due to the complexity in-
volved in the system, there are still refinements that can be made
to improve physical understanding. These existing model inaccu-
racies have led to a variety of improvement efforts, including the
storage of elastic energy in the bladder material �31�, noncylindri-
cal shape at the ends of the actuator �28,32�, stresses built up from
an increasing diameter �25�, and effects from the braided mesh
�24�. The second purpose of this work is to build upon existing
model formulations to further increase the accuracy and under-
standing of the quasistatic response of McKibben actuators in
terms of blocked force and free displacement �contraction�. This
modeling effort will be initiated and validated with an experimen-
tal characterization of the behavior of these artificial muscles for a
range of basic geometric parameters.

The remainder of this paper is divided into three sections. In
Sec. 2, discussion follows a series of experiments aimed at under-
standing the static behavior of McKibben actuators, and the rela-
tionships that exist between different geometrical parameters.

Then improvements for the two leading model derivations �energy
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nd force balance� are explored in the Sec. 3, where some of the
efinements investigated were motivated by observations and re-
ults from the experimental characterization. For example, noncy-
indrical tip shape was visually apparent during experimentation,
nd test results illustrated that bladder thickness plays a role in
ctuator performance and model predictive ability. The work is
oncluded with summary and future directions in dynamic char-
cterization and modeling.

Static Response Characterization
In order to characterize the performance of the McKibben ac-

uators, each was experimentally tested. The test specimens are
omposed of 18 in-house fabricated actuators with various dimen-
ions of length and diameter. Three inner diameter tube sizes
3.175 mm, 6.35 mm, and 9.525 mm� and nominal lengths �101.6
m, 152.4 mm, and 203.2 mm� were used, all with a thickness of

.5875 mm. Table 1 shows a complete list of the various actuators
sed �in English units�. Also included in the table is the number of
bers n in the different braids used to make the actuators, and the
raction of the cross-sectional area taken by the braid material,
hich ranges from 6% to 10%.
The test setup is shown in Fig. 1. Quasistatic testing was per-

ormed with an Instron 8841 servo-hydraulic, table top, dynamic
nd fatigue testing machine. This apparatus measured both load
nd position. Pressure was supplied to the actuator by a Jun-Air/
ewport air compressor, and it was monitored with a
00 psi �gauge� �1.40 MPa� transducer from Omega Engineering,
nc., which was powered with a 24 V dc power supply. An accu-

Table 1 Dimensions

No.
L0

�in.�
ID

�in.�
OD
�in.�

2a 4 1/8 1/4
2b 6 1/8 1/4
2c 8 1/8 1/4
3a 4 1/8 1/4
3b 6 1/8 1/4
3c 8 1/8 1/4
4a 4 1/4 3/8
4b 6 1/4 3/8
4c 8 1/4 3/8
5a 4 3/8 1/2
5b 6 3/8 1/2
5c 8 3/8 1/2

ig. 1 Experimental setup for McKibben actuator

haracterization
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mulator was also added to the pneumatic circuit near the pressure
transducer and actuator to help mitigate any potential fluctuations
in the pressure. Data was collected on a host computer using
LABVIEW version 6.1 software.

A single test run is programmed to collect both static measure-
ments �blocked force and free contraction�. At the beginning of
each test, the McKibben actuator was pressurized to a specific
value �10–60 psi �gauge� �415 kPa� in 10 psi �gauge� �70 kPa�
increments�, while holding the ends fixed. This provided a mea-
surement of the blocked force as a function of applied pressure. It
should be noted here that the pressure was maintained constant
throughout each test. Then the test machine grip at one end of the
actuator is unlocked and programmed to perform a slow load
ramp, allowing the sample to contract until the force measurement
reaches zero. This position is recorded as the free contraction
measurement. Note that the quasistatic force-contraction profile at
constant pressure is approximately linear. This procedure was fol-
lowed twice at each test condition for each actuator, and the re-
sults to be shown represent the average.

The above set of experiments was used to characterize the be-
havior of McKibben actuators with respect to the following pa-
rameters: pressure, length, inner diameter, ratio of bladder thick-
ness to inner diameter, and braid angle. As will be seen in the
modeling discussion, these parameters either influence directly or
indirectly the output behavior of the PAMs.

Pressure. Figs. 2–4 show the experimental results for the pres-
sure response of the key actuator output characteristics for actua-
tors 5c. Data from the two experiments are plotted in each of these

McKibben actuators

t0
�in.�

�
�deg� n AFbraid

1/16 40.1 32 0.067
1/16 40.1 32 0.067
1/16 40.1 32 0.067
1/16 61.8 48 0.101
1/16 61.8 48 0.101
1/16 61.8 48 0.101
1/16 48.0 48 0.061
1/16 48.0 48 0.061
1/16 48.0 48 0.061
1/16 47.1 108 0.098
1/16 47.1 108 0.098
1/16 47.1 108 0.098

Fig. 2 Blocked force as a function of pressure—linear in-
of
crease „actuator 5c…
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rst figures to show the repeatability of the tests. The blocked
orce �Fig. 2� shows a linear increase with pressure, while the
ncrease in free contraction with pressure �Fig. 3� follows a non-
inear relationship, which tends to level off with increasing pres-
ure as the reorientation of the braid fibers begins to reach a physi-
al constraint. Several existing models that analyze the braid angle
ehavior specifically make note of this effect. Free contraction
ives a dimensioned maximum stroke of the actuator �e.g., �LF�,
ut it is also common to express this quantity in nondimensional
orm as the free contraction ratio ��F=1−�LF /L0�. These results
re presented in Fig. 4. Similar to Fig. 3, there is a nonlinear
elationship with increasing pressure, though this quantity de-
reases with increasing pressure since smaller values of the con-
raction ratio � imply larger physical stroke of the actuator.

Length. Beginning with the blocked force measurements, Fig. 5
ppears to indicate that this performance metric is independent of
ctuator length. This is true since the force is created through
adial expansion �diameter increase�, and increasing the resting
ength of an actuator will have no effect on this or the associated
raid angle. The converse is true for free contraction, however.
igure 6 shows that the maximum stroke of an actuator increases
ith length. In each of these two figures, the increase in perfor-
ance with pressure is also shown again with data displayed from

hree different pressure settings. Note that the length of the actua-

ig. 3 Free contraction as a function of pressure—nonlinear
ncrease „actuator 5c…

ig. 4 Free contraction ratio as a function of pressure—

onlinear decrease „actuator 5c…
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tor does not affect its static behavior if we consider �F instead of
�LF. Actuators of type 5a, 5b, and 5c demonstrate this indepen-
dent trend in Fig. 7, which shows little variation in �F as an
actuator is increased in length from 100 mm to 200 mm. Since �F
appears to be constant with L, this also supports the trend in Fig.
6 that free contraction increases linearly with length. Also note
that increasing the pressure causes a decrease in �F as the actuator
contracts more. The small variations seen here could be attributed
somewhat to fabrication dissimilarities, though the model devel-
opment will show that the effect of noncylindrical tips also plays
a role.

Inner diameter. Actuators 3c, 4c, and 5c are compared while
examining the influence of the inner diameter of the tube on the
output force and stroke characteristics. Figure 8 shows the nonlin-
ear trend of increasing force capability with increasing actuator
diameter. The apparent quadratic shape of this nonlinear trend is
supported in the modeling, as it will be shown that the dominant
component is the Gaylord term, which states that force is propor-
tional to the change in volume with respect to length. Assuming a
perfectly cylindrical actuator with V=�D2L /4 helps highlight this
behavior. Figure 9 shows a nonlinear increase in stroke with di-
ameter that tends to level off for larger sizes. The free contraction
ratio �F behaves similarly to �LF, but Fig. 10 shows that the trend

Fig. 5 Blocked force as a function of actuator length—
independent „actuator 5x…

Fig. 6 Free contraction as a function of actuator length—

linear increase „actuator 5x…
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s decreasing. A portion of this leveling off characteristic seen here
s likely attributable to the noncylindrical tip effects, which have
hown through experimental observation to be more substantial
ith larger diameter actuators.
Thickness to inner diameter ratio. To understand the influence

f bladder thickness, the parameter t /D can be examined, as it is
lso a measure of how much rubber is used in the actuator by
olume. Note that this ratio in the figures to be shown is taken at
est �no pressure� since t /D varies decreasingly during contrac-
ion. Actuators 3c, 4c, and 5c are again chosen to investigate the
nfluence. A larger volume of rubber implies more energy storage
nd, therefore, less actuation is expected from higher t /D actua-
ors. This is supported by the experimental results shown in Figs.
1 and 12. The blocked force FB decreases nonlinearly with in-
reasing t /D and tends to level off at larger thicknesses, and �LF
lso decreases, though linearly. Likewise, the variation in �F is
lso linear, as seen in Fig. 13, though it is increasing here. Rea-
ons for the nonlinearity here are likely attributable to the depen-
ence of force on area, as described with inner diameter. Again,
ncreasing pressures lead to more blocked force and free contrac-
ion, with lower free contraction ratios.

Braid angle. The braid angle is defined here as the angle be-
ween the fibers and the plane perpendicular to the actuator length
at rest�, and it is used to determine the number of turns of the

ig. 7 Free contraction ratio as a function of actuator length—
ndependent „actuator 5x…

ig. 8 Blocked force as a function of actuator diameter—

uadratic increase „actuator Xc…
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braid fiber around the bladder N through the relationship cos���
=N�D /B. We can see that as the diameter of the actuator in-
creases, the braid angle decreases for a fixed nominal braid size B.
As the braid angle becomes smaller, there is less room for it to
reduce further through its normal radial expansion as the fibers
approach alignment with the perpendicular axis, which will lead
to less actuation force and stroke. This behavior is best observed
with actuators 2x and 3x �x=a ,b ,c�, which have the same diam-
eter and thickness, but different braids. The blocked force results
for actuators 2a and 3a are shown in Fig. 14. It is seen here that
there is a greater sensitivity to applied pressure for larger initial
braid angles, as well as higher force capability. The same trend is
nearly replicated for the two stroke metrics in Figs. 15 and 16,
though the contrary is shown at 205 kPa. It should be noted here
that there were some inconsistencies observed in the experiments
at low pressures due to fabrication inconsistencies, where the
braid may not have been tightly wound around the bladder. In this
case, a nominal pressure was required initially before force or
motion could be generated, but this effect became negligible as
applied pressure increased, which is evident in the figures. While
larger initial braid angles do result in larger force and stroke ca-
pabilities, this does not come without cost. Though not portrayed
in this set of characterization experiments, radial expansion �di-

Fig. 9 Free contraction as a function of actuator diameter—
increasing „actuator Xc…

Fig. 10 Free contraction ratio as a function of actuator

diameter—decreasing „actuator Xc…
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meter increase� is larger, which could lead to interference issues
n system design. Additionally, tensile stiffness also increases for
AMs with larger braid angles, and this is an important consider-
tion for antagonistic device design.

Model Development
Because the activation concept of McKibben actuators is for

heir length to shorten under an increase in applied pressure, the
ongitudinal contraction ratio �1 is the most common means of
escribing this phenomenon

�1 =
L0 − �L

L0
�1�

ere, L0 is the resting �maximum� length of the actuator, and �L
s the change in length from the applied pressure P. Initial mod-
ling work for these actuators considered only the kinematic rela-
ionships of the braid and assumed the system as without loss and
ithout energy storage �3�

ig. 11 Blocked force as a function of t /D—nonlinear de-
rease „actuator Xc…

ig. 12 Free contraction as a function of t /D—linear decrease

actuator Xc…
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FGaylord =
P

4N2�
�3��1L0�2 − B2� =

P

4N2�
�3L2 − B2� �2�

where L is the length of the actuator, N is the number of turns of
a single braid fiber about the actuator diameter, and B is the length
of that thread. This approach was adopted more recently by re-
searchers that extended the applicability of this model using the
virtual work principle �26�. This work also used the kinematic
model of Gaylord and showed that in the dynamic case, better
results can be obtained when inertial effects of the fluid are con-
sidered. However, these models still suffer when comparing the-
oretical simulations to experimental results.

To this end, there are two modeling efforts based on different
principles of physics that promise better prediction of the actua-
tors. These include a model that accounts for elastic energy stor-
age in the bladder �31� based on the principle of virtual work, and
another model that uses Newton’s second law to derive an ana-
lytical expression for the actuation force �27�. In Secs. 3.1 and 3.2,
modifications to both the models will be recommended that im-
prove their predictions considerably.

3.1 Modeling With Principle of Virtual Work. In this de-
velopment, it is suggested that the force of the McKibben actuator
is composed of two terms �31�. The first is the Gaylord term due

Fig. 13 Free contraction ratio as a function of t /D—linear in-
crease „actuator Xc…

Fig. 14 Blocked force as a function of braid angle—increase

„actuators 2a and 3a…
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o the applied pressure and braid kinematics, and the second is a
onlinear Mooney–Rivlin term that considers the elasticity of the
ladder. This equation has the form

F = P
dV

dL
− Vb

dW

dL
= FGaylord − FM−R �3�

here Vb is the bladder volume, and W is the strain energy density
f the bladder. The expression for the Gaylord term is given in Eq.
2�. To formulate the elastic energy term, a material model devel-
ped by Mooney and Rivlin �33� was incorporated. This work
eveloped a nonlinear relationship between stress and strain that
as based on geometry and material properties of rubber. This

elation, which has the form

W = �
i=0,j=0

Cij�I1 − 3�i�I2 − 3� j �4�

s a function of two strain invariants In and the empirical constants
ij �34�. Using only two Mooney–Rivlin constants for the McK-

bben actuator and assuming that the bladder is incompressible
ields the following expansion

ig. 15 Free contraction as a function of braid angle—
ncrease „actuators 2a and 3a…

ig. 16 Free contraction ratio as a function of braid angle—

ecrease „actuators 2a and 3a…
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FM−R = Vb�C10�2��1 − a� −
2��1 + a − 2a�2�

��2 + a�2�1 − �2��2� + C01�2��1 + a

− 2a�2� −
2

�3 +
2a�

�1 + a�1 − �2��2�	 �5�

where R0 is the resting radius of the actuator, and the geometric
parameter a is defined as

a = 
 L0

2�R0N
�2

�6�

However, simulations with this seemingly more comprehensive
model show only nominal improvement in regard to matching
experimental force-contraction data �31�. Though qualitatively ac-
curate, this data showed that the nearly 90% error from using only
the Gaylord term was reduced to 60% error by including the
Mooney–Rivlin force term in the equation.

3.1.1 Correction of Elastic Energy Term. The expression in
Eq. �5� has been derived using the constant volume assumption
for the bladder. However, if we consider the definition of stretch
ratios used in the previous work

�1 =
L

L0
, �2 =

R

R0
, �3 =

1

�1�2
�7�

where the respective current and resting radii of the bladder tube
are R and R0, respectively; it does not consider any effects of
bladder thickness. To account for these changes, the volume of the
bladder at rest V0 has the form

Vb,0 = L0��R0
2 − ��R0 − t0�2� �8�

where t is thickness. After inflation, the bladder volume can be
expressed as

Vb = L��R2 − ��R − t�2� �9�

For constant volume, the resting and inflated volume must be the
same, so

Vb

Vb,0
= 1 = �1�2�3 �10�

Modifying the second two stretch ratios from Eq. �7� to consider
the average radius �mean circumference� and thickness allows the
equation to better account for dimensional changes in all three
directions, and has thus been shown to improve the model �35�. In
the present case, defining the stretch ratios as

�1 =
L

L0
, �2 =

R − t/2
R0 − t0/2

, �3 =
t

t0
�11�

satisfies the incompressibility condition �constant bladder vol-
ume�. Derivation of the improved Mooney–Rivlin force term fol-
lows as

FcM−R = Vb
dW

dL
= Vb�2C10��1

d�1

dL
+ �2

d�2

dL
+ �3

d�3

dL
�

+ 2C01��1��2
2 + �3

2�
d�1

dL
+ �2��3

2 + �1
2�

d�2

dL
+ �3��1

2

+ �2
2�

d�3

dL
�	 �12�

with the stretch ratios defined in Eq. �11�, and their derivatives
given by

d�1

dL
=

1

L
�13�

d�2 =
1 
dR

−
1 dt � �14�
dL R0 − t0/2 dL 2 dL
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d�3

dL
=

1

t0

dt

dL
�15�

he outer radius and thickness of the bladder can be obtained
rom the geometric and constant volume conditions at any time as

R =
�B2 − L2

2�N
, t = R −�R2 −

Vb

�L
�16�

his improved expression for elastic energy improves the model
ignificantly. It does not affect the predicted FB �Fig. 17� because
his value is defined as the force at which no contraction or reori-
ntation has taken place �G+MR and G+cMR lines overlay each
ther�, but it does influence the calculation of �LF. As shown
rom simulations with the elastic energy term defined by Eq. �5�
G+MR� and Eq. �12� �G+cMR�, Fig. 18 shows that the error in
he prediction is reduced by more than 40% for an actuator of type
a. The extent of improvement depends on the size and geometry
f the actuator, with more improvement seen for smaller sizes.
his size-dependent accuracy could be attributed to the fact that

he significance of the elastic energy storage term depends on the
olume percent of rubber.

In beginning to display model simulation results, it needs to be
entioned that the Young’s modulus for the silicone rubber �2.3

ig. 17 Blocked force of elastic energy models compared with
xperimental data „actuator 5A…

ig. 18 Free contraction of elastic energy models compared

ith experimental data „actuator 5A…
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MPa� and polyethylene terephthalate �PET� braid �4.3 GPa� were
determined experimentally by fitting a least-squares line to the
data collected for slow loading and unloading cycles of several
specimens. For consistency, leftover tube material and braid were
used in these tests. Bladder material was stretched to a represen-
tative amount �20%�, and an apparent modulus value based on 5%
maximum strain was used for the braid. For the Mooney–Rivlin
parameters, published values �31� for latex rubber were used as a
starting point and iterated upon using the model. The identified
values are C10=1.0 MPa and C01=−0.55 MPa. Note that the
proper identification of these parameters requires that tensile and
shear specimens from the same batch of material be tested, which
was not an option for the commercially available rubber used.

3.1.2 Inclusion of Braid Effects. This concept arises because
using the Gaylord equation alone or with the above correction, the
blocked force prediction does not change and is much higher than
experimental measurements. When the length of the actuator is
kept at the resting length, the shape of the rubber tube will not
change �as the braids are assumed rigid�, and there are not ex-
pected to be other losses from friction or hysteresis because there
is no movement involved. Hence, the possibility remains that con-
sidering elastic energy storage in the braid could improve the
prediction. Other related work has also recently explored model-
ing braid effects, though this work focused more on the limits of
contraction and friction effects �24�. In the present case, even if
the length is constant, small amounts of strain may be present in
the braid �and in the rubber tube� that contribute to smaller
blocked force measurements.

In order to obtain an initial estimate of such elastic energy
storage, only the Gaylord force term is used. The total load carried
by the actuator is given by

F = P
dV

dL
�17�

assuming a cylindrical shape of the actuator V=AL, where A is the
internal cross-sectional area. Therefore,

F = PA + PL
dA

dL
�18�

With the force PA taken by the air, we now assume that all the
remaining force is carried by the braid �no load taken by the
rubber�. If the braid is composed of n fibers, the second term of
Eq. �18� represents the load carried by each fiber, which becomes

Fbraid =
PL

n sin �

dA

dL
=

PB

n

dA

dL
�19�

through the geometry of the actuator components. The strain en-
ergy density in the braid can then be formulated as

Wbraid =
1

2

Fbraid

Abraid

Fbraid

EbraidAbraid
=

Fbraid
2

2EbraidAbraid
2 �20�

where Ebraid is the Young’s modulus, and Abraid is the cross-
sectional area of a braid fiber. Using this approach we can derive
the elastic force term for the braid as

FBr = VBr
dWbraid

dL
= Vbraid

1

EbraidAbraid
2 n2

4�2P2B2

�2�N�4 L �21�

where the area used in the dA /dL term is A=�R2, and the total
braid volume is VBr=BnAbraid. The radius was determined from
the geometry of the braid with the relation

R2 =
�B2 − L2�
�2�N�2 �22�
The actuator force is then given by
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F = FGaylord − FcM−R − FBr �23�
s apparent from the formula, braid elasticity is more significant

t higher pressures and for larger actuators with longer B and L.
or actuators of type 5a, the prediction error at 60 psi �415 kPa�
educes by 50% by inclusion of the Fbraid term, which is indicated
y the line denoted G+cMR+B in Fig. 18.

3.1.3 Effect of Noncylindrical Tips on Energy Model. While
he model assumes a cylindrical shape of the actuator throughout
ts pressure range, this assumption holds for the tips only at the
esting condition, and the actual shape of the actuator near the tips
s uncertain, though some success has been achieved using vary-
ng braid angle assumptions �32� and large deformation membrane
heory �28�. In order to get an idea whether the tip shape would
ave an influence on the model prediction of the actuation behav-
or, we used a reduced length in the expression, calculating the
orces in Eq. �23�. It was observed during the experiments that the
ips of the actuator were similar to a circular arc. Therefore, the
ollowing choice of reduced length was used

L� = L − � �24�

� = 2�R − R0� �25�

ecall that R0 is the resting radius, which remains fixed at the
nds of the bladder throughout pressurization, and R is the radius
f a substantially cylindrical portion �e.g., near the center� of the
ctuator during pressurization. The use of Eq. �24� improves �LF
y nearly 20% at a high pressure for actuator 5a, as denoted by the
ine G+cMR+B+T in Fig. 18, but does not affect FB. There is no
mpact on blocked force because this value assumes by definition
hat no contraction �tip rounding� has taken place. In summary,
his term appears in the equation simply as a correction factor,
hough it is based on physical observation of the approximate tip
hape.

3.2 Modeling With Force Balancing. In this alternative
ethod of derivation, the force balance equation for the actuators

as been derived using the freebody diagram in Fig. 19 �27�. It
hould be noted that a linear elastic model is formulated here,
hereas the previous section employed a nonlinear elastic model

o describe the actuator behavior. For force balance in the x- and
-directions, respectively,

PRL = �ctL + NT cos � �26�

F + �R2P = �zArubber + T sin � �27�

here here, R is the outer diameter, which does not include blad-
er thickness, and assumes a cylindrical shape. These equations,
n conjunction with

� = ER�, �c =
R

R0
, �z =

L

L0
�28�

nd geometric constraints, lead to the following expression for

Fig. 19 Freebody diagram for force balancing model †27‡
ctuation force
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F =
P

4N2�
�3L2 − B2� −

ERtL2

2N2�

 1

R
−

1

R0
� + ERVb
 1

L0
−

1

L
�

�29�

where ER is the elastic modulus for the bladder material. With Eq.
�29�, the prediction of FB and �LF is less accurate than with Eqs.
�23� and �24�, particularly for smaller actuators. Even for larger
actuators like 5a, the blocked force prediction could benefit from
improvement. This can be seen by lines I in Figs. 20 and 21. The
reason for this is that the model assumes constant bladder thick-
ness instead of constant bladder volume. It should also be noted
that an experimentally determined modulus value of ER
=2.28 MPa was used here.

3.2.1 Effect of Nonconstant Thickness. To include the varia-
tion in thickness in this formulation, the R terms in Eqs. �26� and
�27� are modified according to

P�R − t�L = �ctL + NT cos � �30�

Fig. 20 Blocked force of force balance models compared with
experimental data „actuator 5A…

Fig. 21 Free contraction of force balance models compared

with experimental data „actuator 5A…
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F + ��R − t�2P = �zArubber + T sin � �31�

iving the inner radius in the force balance equations. Addition-
lly, the �c term in Eq. �28� is changed to consider the cross-
ectional center of the bladder as

�c =
R − t/2

R0 − t0/2
�32�

ote that � and �z have not changed from their form in Eq. �28�.
ombining the modified equations �30�–�32� gives the final equa-

ion

F =
P

4N2�
�3L2 − B2� + P
Vb

L
−

tL2

2�RN2� + ERVb
 1

L0
−

1

L
�

+
ERL

2�RN2 �tL − t0L0� �33�

here it should be noted that a new term has appeared in com-
arison to Eq. �29�.

Inclusion of this thickness correction considerably improves the
odel prediction, surpassing the best prediction of the elastic en-

rgy models. These predictions are shown by the lines marked I
thickness. For smaller actuators, the error in both FB and �LF
ecreases significantly. In the case of larger actuators, FB is af-
ected much more than �LF. The simulated blocked force de-
reases by 40% at 10 psi �70 kPa� to over 70% at 60 psi �415 kPa�
or actuator 5a. Note that the I+thickness line is difficult to see in
ig. 20 because the I+thickness+T line overlays it. This predicted
B is within 10% of the experimental measurements, which shows

emarkable improvement in modeling the static response of McK-
bben actuators. However, free contraction �Fig. 21� does not
hange much for actuators of this size.

3.2.2 Effect of Noncylindrical Tips on Force Model. This is
odeled similarly to the elastic energy case. That is, the actuator

ength was reduced according to Eq. �24�, in conjunction with Eq.
33�. With this final improvement, the error in prediction of the
ree contraction decreases to within 10% of the experimental data.
his is evident in Fig. 21 by the lines corresponding to I
thickness+T. Similar to the energy model, inclusion of noncy-

indrical tip shape has no impact on the blocked force prediction
ere, as the I+thickness+T line completely overlaps the I
thickness line in Fig. 20.

3.3 Modeling Summary. It should be noted that the effect of
ach of the improvements mentioned above vary according to
ctuator size and geometry. For example, thickness or elastic en-
rgy corrections are more influential for larger t /D, and braid
lasticity terms are more effective for larger �. In general, all of
he above notions improve the model to different degrees for dif-
erent actuators.

Based upon the preceding improvements to the energy and
orce balance model derivations and the data collected, it was
hown that the force balance approach more accurately predicts
xperimental measurements. Therefore, it is suggested that the
odel in Eq. �33� be used with some form of accounting for tip

ffects, such as Eq. �24�, to accurately predict the static perfor-
ance of a McKibben actuator since this model provides a simple

nalytical expression. Additionally, the force balance model only
equires knowledge of actuator dimensions and bladder stiffness,
hich are more readily available parameters than those of the

nergy balance model, such as the Mooney–Rivlin coefficients.
his brings up another point, in that the two approaches here use
ifferent elastic models, which makes a direct comparison more
ifficult. That is, the force balance approach is linear elastic,
hereas the energy balance is nonlinear elastic.
To summarize the modeling section, predictions of the im-

roved force balance model will now be presented with experi-
ental data from other actuator sizes to highlight its scalability
ver the range of parameters examined in the experimental study.

ournal of Mechanical Design

aded 20 Aug 2009 to 128.83.63.21. Redistribution subject to ASME
This characterization showed that the blocked force increased
with diameter. This is shown in Fig. 22, where it can be seen that
the model performs well in comparison to the measured data for
the three diameters tested, all at the shortest length �actuators Xa�.
There is a slight tendency for the model to overpredict, but the
simulated values are only above the measured data by a small
fraction at each of the diameters. The experimental characteriza-
tion also showed that free contraction �maximum stroke� increases
with actuator length. This is reflected again in Fig. 23, which
shows model predictions from the largest diameter actuator at
each of the three lengths tested �actuators 5x�. With the accuracy
exhibited in this figure and in previous in Fig. 22, validation of the
improved model form is now complete.

4 Summary and Conclusions
A comprehensive set of experimental data has been presented

that highlighted the static trends of McKibben actuator behavior
for various geometrical changes. The general design guidelines
shown state that blocked force increases with actuator diameter
and is independent of length, stroke increases with length, and
percent contraction is independent of length for a fixed set of
actuator parameters. Regarding the initial braid angle, it was
shown that actuators with larger angles can generate more force

Fig. 22 Blocked force predictions using force balance model
„actuator Xa…

Fig. 23 Free contraction predictions using force balance

model „actuator 5x…
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nd stroke, but this comes with a larger increase in diameter dur-
ng normal operation and an increased stiffness. Another trend
xamined was the effect of thickness on the actuator performance
etrics, which along with other experimental observations, such

s noncylindrical tips, led to various improvements to existing
athematical model formulations based on energy balance and

orce balance derivations. Through these modifications, the im-
roved model was validated against measured data, where it was
hown to more accurately predict the static response of McKibben
ctuators in both free contraction and blocked force as a function
f applied pressure. It was also shown that the improved force
alance model performed better than the improved energy balance
odel. To extend the model to dynamic cases, relaxation in rub-

er, compressibility of the air or other working fluid, friction, and
amping in the system would need to be incorporated.
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omenclature
A � cross-sectional area
� � fiber angle �radial�
B � fiber length

Cij � Mooney–Rivlin coefficient
� � length reduction factor
E � elastic modulus
� � strain
F � force
L � actuator length
� � contraction ratio
N � number of fiber turns
n � number of fiber threads
P � pressure
R � bladder radius
� � stress
T � tension in fiber thread
t � bladder thickness

V � volume
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