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Abstract

Pneumatic artiﬁcial muscles (PAMs) have gained wide use in the ﬁeld of robotics due to their
ability to generate linear forces and motions with a simple mechanism, while remaining
lightweight and compact. However, PAMs are limited by their traditional cylindrical form
factors, which must increase radially to improve contraction force generation. Additionally, this
form factor results in overly complicated fabrication processes when embedded ﬁbers and sensor
elements are required to provide efﬁcient actuation and control of the PAMs while minimizing
the bulkiness of the overall robotic system. In order to overcome these limitations, a ﬂat twodimensional PAM capable of being fabricated using a simple layered manufacturing process was
created. Furthermore, a theoretical model was developed using Von Karman’s formulation for
large deformations and the energy methods. Experimental characterizations of two different
types of PAMs, a single-cell unit and a multi-cell unit, were performed to measure the maximum
contraction lengths and forces at input pressures ranging from 0 to 150 kPa. Experimental data
were then used to verify the ﬁdelity of the theoretical model.
Keywords: pneumatic artiﬁcial muscle (PAM), soft robotics, design and manufacturing,
embedded ﬁbers, stress–strain test, actuators
(Some ﬁgures may appear in colour only in the online journal)
[1]. The McKibben actuator, which makes use of a braided
mesh and cylindrical bladder to provide linear force and contraction when stimulated with pressurized air, was originally
designed for use in an orthotic device to aid polio patients
[1, 3, 10]. In later years, as pneumatic technology improved,
companies such as Bridgestone Co. and Festo AG, modiﬁed
and commercialized the McKibben design for use in robotic
systems [1, 3, 10]. The success of the McKibben-type actuators
resulted in further innovation and implementation of PAMs.
One such innovation was the Baldwin-type actuator ﬁrst
proposed in 1969, which later served as inspiration to
actuators developed by Park et al [7]. This PAM design was
composed of a thin cylindrical substrate with embedded glass
ﬁlaments (ﬁbers) that generally resulted in mechanical performances with reduced hysteresis when compared to that of
McKibben-type actuators [3]. However, radial expansion
limited the maximum input pressures to 100 kPa [3]. Another
notable design, conceptualized and produced by Daerden and
Lefeber in 2001, was the pleated pneumatic artiﬁcial muscle
(PPAM) [10]. This design was created as a more robust PAM

1. Introduction
Pneumatic artiﬁcial muscles (PAMs) have been widely used
in the ﬁeld of robotics, especially for soft robotic applications,
due to their ability to produce linear forces and displacements
with a simple mechanism [1–3]. In most cases, these actuators
are composed of elastomeric cylindrical bladders geometrically constrained by ﬂexible yet inextensible mechanisms
such as meshes [1, 2, 4], nets [5], and embedded ﬁbers [6, 7].
These systems work in unison producing compact, lightweight, and compliant actuators capable of high force generation to weight ratios [1–3]. In addition, due to the use of
compressed air for actuation, soft robotic systems with PAMs
have almost no danger when compared with ones that use
combustion or ﬁre as a power source [8, 9]. These qualities
have made PAMs a growing topic of interest among
researchers and industry alike.
Modern research into the design and utilization of PAMs
began with a McKibben-type actuator, which was ﬁrst proposed
by atomic physicist Joseph Laws McKibben in the late 1950’s
0964-1726/17/035009+10$33.00
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capable of addressing the energy loss and hysteresis typically
found in McKibben-type actuators. The PPAM is composed
of a high-tensile-modulus cylindrical membrane that is folded
in on itself (pleated) like the bellows of an accordion [10].
During operation, instead of wasting energy to radially
deform, the PPAM’s membrane simply unfurls, allowing the
actuator to bulge out radially but shorten axially.
In addition to the aforementioned PAMs, polylobe and
prolated designs, such as Robotic Muscle Actuators [3] and
Yarlett-type actuators [3], respectively, have been created to
produce linear motions. However, these actuators are
uncommon in real world applications due to their complex
designs. The McKibben-type actuator, Baldwin actuator, and
PPAM, on the other hand, have traditionally seen wider use in
both research and industry. However, their effectiveness,
particularly relating to their use in wearable devices, is limited
by their cylindrical form factors, as shown in a soft ankle
orthotic device that used McKibben PAMs for actuation [11].
More speciﬁcally, due to the scaling of force generation with
the radius of traditional PAMs, actuators become increasingly
less compact when larger forces are desired. This prevents the
design of streamlined wearable devices, which may limit the
range of motion of the wearer.
Moreover, the nonlinear response of PAMs to input stimulation (i.e. air pressure) is a critical issue that must be
addressed by designers during controlled device operation. In
order to ensure effective real-time control of the actuators,
while preserving the compactness and compliance of the system, researchers have attempted to integrate sensors directly in
the PAMs during fabrication either by embedding conductive
elements in the elastomeric air chamber for resistive sensing
[7, 12, 13] or by adding braided conductive wires to the outer
mesh structure for inductive sensing [14, 15]. However, due to
the cylindrical form factor of the PAMs, the fabrication process
becomes overly complicated. This complexity increases the
difﬁculty of embedding multiple sensor elements for multimodal detection (e.g. position and force), which are necessary
to effectively control the system.
In order to address the shortcomings of traditional
cylindrical PAMs, a two-dimensional (2D) ﬂat pneumatic
artiﬁcial muscle (FPAM) is proposed. This study focuses on
the design and theoretical modeling of the FPAMs. Furthermore, the proposed ﬂat muscle design was realized through a
simple layered fabrication method, and the theoretical model
was experimentally veriﬁed. The remainder of the study is
organized as follows: section 2 details the design and fabrication of the FPAM; section 3 discusses development of a
theoretical model for the FPAM, section 4 details the experimental setup; section 5 provides analysis of experimental
results, and section 6 discusses the conclusion.

Figure 1. Illustration of actuator at rest (left) and sectional views of
actuator at rest and inﬂated (right). Kevlar Fibers are shown in dark
orange. Red circles indicate high stress concentrations.

2. Design and fabrication

Figure 2. Prototypes of single cell unit at rest and contracted (top)

and multi-cell unit (3×1 series) at rest and contracted (bottom).
Prototypes experienced maximum thickness (out of plane) changes
of 8 mm during contraction.

A 2D FPAM, shown in ﬁgures 1 and 2, was designed to remain
compact and easily predisposed to the addition of multiple
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embedded sensor layers, which is very difﬁcult to achieve when
employing the cylindrical shape of traditional PAMs. This
unusual form factor allows for the introduction of a concept
described as the ‘zero-volume air chamber’ or ZAC [16], which
manifests itself as a very thin (0.1 mm) rectangular air volume
encased by two ﬂat elastomeric sheets. This design effectively
reduces the overall thickness of the actuator by removing the
necessity of having a designated air void in the center of the
relaxed actuator as seen in typical PAMs. Furthermore, the ﬂat
conﬁguration of the actuator makes it possible to easily resize
and reconﬁgure each individual muscle array [16], which can be
seen in ﬁgure 2. These features of the proposed 2D form factor
will make it particularly easy to hide and/or incorporate the ﬂat
muscle into clothing-like wearable devices. In these applications, the 2D form factor becomes increasingly more important,
particularly when larger forces are required despite the need to
maintain the compactness of the system. Whereas for traditional
cylindrical PAMs, in which the radius must be increased to
generate larger forces (volumetric increase), the FPAM must
only be designed with a wider air volume (area increase), which
is tantamount to adding actuators in parallel. Therefore
in situations in which covering a wider surface area is allowable, the FPAM offers minimal volumetric change while providing desired forces. These features will ultimately allow for
wearables that look like elastic suits which are capable of
naturally deforming with the human body while providing
active assistance to body motions.
The FPAM proposed in this study is made of a silicone
substrate that contains embedded Kevlar ﬁbers. The stretchability of the substrate and the ﬂexible yet inextensible nature
of the ﬁbers work in unison to produce axial contraction when
the FPAM is pressurized and radially inﬂated, as shown in
ﬁgure 1. However, the inﬂated actuator is subject to high
stress concentrations along the sides of the bladder, which
previously resulted in a prominent delamination failure mode
along the edges [16]. To overcome this issue, a new fabrication process was proposed.
Illustrated in ﬁgures 3 and 4, the fabrication process makes
use of uncured liquid silicone (Dragon Skin10, Smooth-On) and
3D printed molds to create two thin silicone sheets and a core
(central substrate containing the ZAC) with an embedded watersoluble mask made of a water-soluble fabric stabilizer (Paper
Solvy, Sulky). After curing, the silicone layers are stacked and
adhered together to form the base actuator in the following
order: bottom layer, aligned Kevlar ﬁbers, core, aligned Kevlar
ﬁbers, and top layer. Finally, the mask is removed by water and
tube ﬁttings and securements for the Kevlar ﬁbers are added to
complete the actuator. Prototypes of the single cell unit (SCU)
as well as a 3×1 multi-cell unit (MCU) are shown in ﬁgure 2.
The SCU is 20 mm×20 mm×4 mm thick, while the MCU is
60 mm×20 mm×4 mm thick. Both actuators have ZAC
dimensions of 14 mm×14 mm×0.1 mm thick.

Figure 3. Fabrication process of FPAM using water-soluble mask:

(a) prepare bottom core mold, (b) pour liquid elastomer for bottom
half of core, (c) place water-soluble mask, (d) place top mold, (e)
pour liquid elastomer for top half of core, (f) remove core after
curing, (g) prepare thin layer molds, (h) pour liquid elastomer to
create thin outer layers, (i) remove thin outer layers after curing, (j)
align Kevlar, outer layers, and core, (k) bond using liquid elastomer,
and (l) remove mask using water.

Figure 4. Photos of actual fabrication steps for 3×1 multi-cell

FPAM: (a) bottom core mold (ﬁgure 3(a)), (b) liquid silicone in
bottom core mold (ﬁgure 3(b)), (c) water-soluble mask on liquid
silicone (ﬁgure 3(c)), (d) top mold added (ﬁgure 3(d)), (e) liquid
silicone on mask (ﬁgure 3(e)), (f) cured core (ﬁgure 3(f)), (g) Kevlar
ﬁbers on cured bottom outer layer (ﬁgures 3(i) and (j)), and (h) core
bonded to Kevlar ﬁbers and bottom outer layer (ﬁgures 3(j) and (k)).
(g) and (h) are repeated to complete prototype with top outer layer
and Kevlar ﬁbers.

composed of two ﬂat rectangular composite sheets that are
simply supported along the edges. Through this convention,
modeling techniques for the large deformation of membranes
(thickness small in comparison to length and width) [17–19]
could be utilized.

3. Theory
A theoretical model was developed to approximate the
properties of the proposed FPAM by assuming the actuator is
3
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Once solved, these formulations determined solutions for the
x-axis and y-axis displacements u(x, y) and v(x, y). However,
due to the nature of the membrane as an anisotropic composite, the directional dependence of the material properties
had to be incorporated into the formulations. This is achieved
through a reformulation of equation (1). Initially, the stress–
strain relationship of the membrane was examined using
Hooke’s Law. This elastic (linear) relationship further simpliﬁes these complex equations, while providing a powerful
means for the development of solutions in both the plastic and
hyperelastic (nonlinear) regime of deformations through the
use of Ilyushin’s iterative elastic solutions method [19], which
is further expanded later in this section. Through this formulation, with the applied assumptions, the stress–strain
relationships were deﬁned as the following:

Figure 5. Approximation of top half of actuator as ﬂat sheet under
external force F and pressure P.

Figure 5 depicts the top half of the actuator with
dimensions of 2a and 2b, which are equal to the length and
width of the air volume respectively. The membranes are
subjected to an axial force F (required force to counteract
contractive force of FPAM) in the x-coordinate direction at
the loaded edges x = a and a uniformly applied lateral
pressure P in the z-coordinate direction. In addition, the following assumptions are made regarding the deformation of
the membranes:

1
(sx - nxy sy) ,
Ex
1
ey =
(sy - nyx sx ) ,
Ey
ex =

1. Stress in the z-axis direction is considered negligible in
comparison to x- and y- axes (sx , sy only).
2. The normal to midplane is normal after deformation
(gxy only).
3. Deformation occurs in elastic range (Hooke’s Law).
4. Bending strains are negligible in elastic range.
5. There is no delamination between ﬁbers and elastic
substrate, and
py
px
6. z-axis deﬂection is w (x, y) = w0 cos 2a cos 2b as
postulated by Timoshenko [17, 18].

gxy =

h ⎡P
d 2f d 2w
d 2f d 2w
4w =
⎢ + 2 2 + 2
D ⎣h
dy dx
dx dy
2
2
⎤
d f d w
-2
⎥,
dxdy dxdy ⎦

4

d4
dx 4

d4
2 dx 2dy 2

(1 )

(2 )

where
h is the thickness of the
=
+
+
membrane, E is the Young’s modulus, D is the structural
rigidity, and Φ is the stress function deﬁned by:
d 2f
,
dy 2

(a )

sx =

d 2f
,
dy 2

(b )

txy = -

d 2f
.
dy 2

(3 c )

Ex = Vf E f + Vs Es,
E f Es
Ey =
,
Vs E f + vf Es
G f Gs
Gxy =
,
Vs G f + Vf Gs

(d )

nxy = Vf n f + Vs ns ,

(g )

nyx = nxy

d4
,
dy 4

sx =

(3 b )

where εx, εy, and γxy are the normal strains and the shear strain,
respectively, σx, σy, and τxy are the normal stresses and the
shear stress, respectively, Ex and Ey are the elastic moduli in
the x- and y-axis directions, respectively, Gxy is the shear
modulus, νxy is the Poisson’s ratio representing the effects of yaxis stress on the x-axis deformation, and νyx is the Poisson’s
ratio representing the effects of x-axis stress on the y-axis
deformation. Approximations for the aforementioned material
properties were deﬁned by [20, 21] through the use of isostress and iso-strain formulations for the characterization of
ﬁber reinforced composites. The resulting formulations are:

These assumptions were then applied to Von Karman’s
formulation for large deformations, provided in equations (1)
and (2) as follows:
⎡ ⎛ d 2w ⎞2
d 2w d 2w ⎤⎥
,
4f = E ⎢ ⎜
⎟ ⎢⎣ ⎝ dxdy ⎠
dx 2 dy 2 ⎥⎦

1
txy,
Gxy

(3 a )

Ey
Ex

,

(e )
(f)

(h )

where Vf, Ef, Gf, and νf are the volumetric fraction, elastic
modulus, shear modulus, and Poisson’s ratio of the embedded
ﬁbers, respectively, and Vs, Es, Gs, and νs represent the same
quantities for the elastic substrate. It is important to note that
these approximations represent upper or lower bounds and
should be experimentally veriﬁed when possible [20, 21].
In addition to knowledge of equations (3a)–(3c) and
equations (d)–(h), formulation of the strain–displacement
relationship must be established. Through examination of the
elongation of a small element of the displaced membrane, as
seen in ﬁgure 6 (top), the strain of the system in the x
direction, and similarly in the y direction, due to lateral loads
can be deﬁned. Furthermore, by taking two linear elements as

(c )

Due to the difﬁculty in analytically solving equation (2),
application of the energy methods [17–19], which will be
detailed later, was used to solve for the unknown quantity w0.

4
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⎡ ⎛ d 2w ⎞2
d 2w d 2w ⎤⎥
⎢⎜
⎟ ⎢⎣ ⎝ dxdy ⎠
dx 2 dy 2 ⎥⎦
= -

⎛ py ⎞ ⎤
p 4w02 ⎡ ⎛ px ⎞
⎢cos ⎝⎜ ⎠⎟ + cos ⎝⎜ ⎠⎟ ⎥ .
2
2
⎣
32a b
a
b ⎦

( i)

With the establishment of equation (6), the PDE can then be
solved as a boundary value problem in order to determine the
stress function Φ(x, y). The boundary conditions, deﬁned by
the condition of simply supported edges on rollers, were
speciﬁed as the following:
1. u (a , y) =  12 u 0 ,

2. v (x, b ) =  12 v0,
3. txy (a , y) = 0, and
4. tyx (x, b ) = 0,
where u0 and v0 are the maximum displacements in the x and
y directions, respectively. Due to the constant boundary
conditions of (1) and (2), as well as the relationship between
the shear stress and the derivatives dduy and ddvy as seen in
equation (4c), the boundary conditions (3) and (4) result in the
following two equivalent conditions as speciﬁed in [17]:
dv
(a , y) = 0,
dx
du
(x,
dy

b ) = 0.
In order to solve for the stress function Φ(x, y), particular
and homogenous equations are solved for by assuming the
following forms:

Figure 6. Depiction of axial strain εx due to displacement (top) and

depiction of shear strain γxy due to displacement (bottom) (recreated
from Timoshenko et al [17]).

seen in ﬁgure 6 (bottom), the shear strain can additionally be
deﬁned as follows:

x =

y =

gxy =

du
1 ⎛ dw ⎞2
+ ⎜ ⎟ ,
dx
2 ⎝ dx ⎠

(4 a )

2
1 ⎛ dw ⎞
dv
+ ⎜ ⎟ ,
2 ⎝ dy ⎠
dy

(4 b )

du
dv
dw dw
+
+
.
dy
dx
dx dy

(4 c )

f h (x , y) = c3 x 2 + c4 y 2 .

(k )

c1 = -

E y a2w02
32b2

c2 = -

Ex b2w02
.
32a2

( l)

The particular solution is then used to solve for the homogenous solution through the application of the boundary
conditions. Using equations (3a)–(4c) and (a)–(c). The deridu
vatives dx and ddvy can be expressed in terms of the stress
function:

(5 )

Substitution of equations (3a)–(3c) and equations (a)–(c) into
equation (5) then yields the reformulated Von Karman’s
equation (1) for a ﬁber reinforced composite material as:
⎛ 1
nxy
nyx ⎞ d 4f
1 d 4f
1 d 4f
⎟
+
+⎜
4
4
E y dx
Ex dy
Ex
E y ⎠ dx 4
⎝ Gxy
⎡ ⎛ d 2w ⎞2
d 2w d 2w ⎤⎥
,
= ⎢⎜
⎟ ⎢⎣ ⎝ dxdy ⎠
dx 2 dy 2 ⎥⎦

( j)

The particular solution, Φp(x, y), is solved for by substitution
of equation (j) into equation (6) and solving for the unknown
coefﬁcients c1 and c2. This yields:

Equations (4a)–(4c) can then be used to deﬁne the compatibility condition:
⎛ d 2w ⎞
d 2ey
d 2gxy
d 2ex
d 2w d 2w
.
+
=⎜
⎟2
2
⎝ dxdy ⎠
dy
dx
dxdy
dx 2 dy 2

⎛ px ⎞
⎛ py ⎞
fp (x , y) = c1 cos ⎜ ⎟ + c2 cos ⎜ ⎟ ,
⎝a ⎠
⎝ b ⎠

1 ⎛ d 2f
1 ⎛ dw ⎞2
du
d 2f ⎞
=
⎜ 2 - nxy 2 ⎟ - ⎜ ⎟ ,
Ex ⎝ dy
2 ⎝ dx ⎠
dx
dx ⎠

(7 a )

1 ⎛ d 2f
1 ⎛ dw ⎞
dv
d 2f ⎞
=
⎜ 2 - nyx 2 ⎟ - ⎜ ⎟ .
Ey ⎝ dx
2 ⎝ dy ⎠
dy
dy ⎠

(7 b )

2

Integration of equations (7a) and (7b), with respect to x and y,
respectively, and subsequent differentiation, with respect to y
and x, respectively, allows for the application of the boundary
conditions. Additionally, through the use of the particular
solution, the unknown coefﬁcients c3 and c4 are solved as:

(6 )

where the right-hand-side of the equation is:
5
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-1
[E y (p 2a2w02 + 16v0 a2b)
64a2b2 (nxy nyx - 1)

WP =

+ Ex (p 2b2w02 + 16u 0 ab2)] .

where once again, integration is taken over the dimensions of
a single sheet. Lastly, the work done by the applied force at
the loaded edges x = a is:

(m)

WF =

The complete stress function can then be formulated as:

+ x2
+ y2

(
(

px
a

( )+

py
Ex b 2 w02
cos b
32a 2

( )

E y (p 2a 2w02 + 16v0 a 2b) + Ex n yx (p 2b 2 w02 + 16u 0 ab 2 )
64a 2b 2 (nxy n yx - 1)
E y nxy (p 2a 2w02 + 16v0 a 2b) + Ex (p 2b 2 w02 + 16u 0 ab 2 )
64a 2b 2 (nxy n yx - 1)

⎡

∭ [sF  x ] dxdydz = F ⎢⎣ p32wa0

)
)

⎤
⎥⎦ .
(8 )

u (x , y )
nxy E y a2 ⎤ ⎛ px ⎞
⎛ py ⎞
pw02 ⎡
u0 x
+
⎥ sin ⎜ ⎟ ,
⎢1 + cos ⎜ ⎟ +
⎝ b ⎠
2a
32a ⎣
Ex b2 ⎦ ⎝ a ⎠

(9 )

nyx Ex b2 ⎤ ⎛ py ⎞
⎛ px ⎞
pw02 ⎡
v0 y
⎥ sin ⎜ ⎟ ,
⎢1 + cos ⎜ ⎟ +
+
⎝a ⎠
2b
32b ⎣
Ey a2 ⎦ ⎝ b ⎠

(10)

forming the complete formulation of the membrane deformation with displacement w(x, y):
px
py
w (x , y) = w0 cos
cos
.
2a
2b

(11)

1
2

∭ [sx  x + sy  y + txy gxy ] dxdydz,

Fu 0 ⎤
⎥
2 ⎦

(p )

(q )

dP
= 0,
dv0

(r)

dP
= 0.
dw0

(s)

a
u0.
b

( t)

However, in actuality the actuator expands in the y-axis
direction when pressurized. In order to account for this, the
opposite of the relationship established in equation (t)
a
v0 = - b u 0 . was substituted into equation (12) resulting in a
potential energy formulation with only the unknowns w0 and
u0. The corrected energy formulation is then minimized with
respect to w0 and u0 to establish a relationship between the
input pressure P, the contraction u0, and the force generated
by the actuator F. In the elastic range, an analytic formula can
be found to relate the input pressure, force, and contraction of
the actuator. However, this is impossible to achieve in the
nonlinear regime. Therefore, as previously mentioned, the
elastic solutions method is used to determine the performance
of the actuator. This is accomplished through the use of
numerical software to approximate the maximum force and
contraction of the actuator at various inputs pressures through
an iterative process. The differential potential energy
equations (q), (s) in the elastic range are used as a ﬁrst
approximation. Subsequently, a nonlinear model, Ex(εx) for
the Young’s Modulus in the x-axis direction is substituted for
Ex. Utilizing the average strain in the x-axis direction as the
input to the nonlinear model, an iterative approximation of the
maximum actuator contraction and force generation of the
FPAM is found.

(

(12)

The strain energy of the system is deﬁned as,
V=

+

dP
= 0,
du 0

v0 =

With the establishment of the x-axis and y-axis displacements,
the minimization of the mechanical potential energy within
the membrane, also known as the energy methods [17, 18], is
used to determine the overall deformation of the FPAM. The
energy of the membrane is composed of three components.
These components are the work done by the applied pressure
WP, the work done by the applied force at the edges of the
membrane WF, and the change in strain energy V of the
membrane due to the application of this pressure. Taking into
account that the actuator is composed of two ﬂat sheets, the
potential energy of the system can then be written as:
P = 2 [V - Wp - WF] .

2

Equations (q)–(s) could then be solved to deﬁne the input
pressure P as a function of contraction u0 and force generation
F. However, an adjustment had to be made in order to reﬂect
the real world deformation of the actuator. The energy method
predicts contraction in both the x- and y-axis directions due to
input pressure, establishing the following relationship when
the actuator has reached equilibrium (zero force generation),

v (x , y )
=

2

where σF is the stress caused by the force F at the loaded
edges.
Utilizing the energy components deﬁned in (n)–(p) and
equation (12), the potential energy can then be minimized
with respect to the unknowns w0, u0 and v0 as follows.

The displacement functions u(x, y) and v(x, y) are then
determined from the stress function as:

=

⎤

(o )

+ Ex nyx (p 2b2w02 + 16u 0 ab2)] ,
-1
[E y nxy (p 2a2w02 + 16v0 a2b)
c4 =
2
2
64a b (nxy nyx - 1)

⎡ Ey a2w02
cos
fp (x , y) = - ⎢ 32
⎣ b2

⎡

∬ [Pw (x, y)] dxdy∬ ⎢⎣P w0 cos 2pax cos 2pby ⎥⎦ dxdy,

(n )

where the stresses σx, σy, and τxy are calculated by substitution equation (8) into equations (a)–(c), the strains εx, εy, and
γxy are calculated by substitution of equations (9)–(11) into
equations (4a)–(4c), and the integration is taken over the
dimensions of a single sheet. The work done by the pressure
is deﬁned as:
6

)
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Figure 7. Diagram of experimental apparatus used to conduct force

and contraction experiments.

Figure 8. Experimental stress–strain relationship of FPAM up to
20% strain.

4. Experimental validation

In the second procedure, ﬁgure 10, the FPAMs were
pressurized at no load (applied force=0), and allowed to
freely contract while the air chamber was pressurized from
151 to 0 kPa in increments 6.89 kPa. At the start of the procedure the FPAMs were placed on the Mark-10. The LabVIEW data collection program and Mark-10 were then
zeroed. Subsequently, the Mark-10 was lowered to allow the
actuators space to contract. Pressurization was then systematically applied in the aforementioned increments. At each
increment, the test stand was raised until the LabVIEW program showed a minor increase in the force reading generated
by the actuator. At this point, the Mark-10’s displacement was
recorded to provide values for the contraction of the actuators.
In addition, calipers were used to provide secondary veriﬁcation of the contraction readings. This process was then
repeated to collect additional data points at each input pressure. In this manner, the maximum contraction of the FPAMs
due solely to pressurization could be properly recorded.
In the ﬁnal procedure, ﬁgure 9, the FPAMs were pressurized at their rest lengths (contraction=0) then manually
contracted to no load conditions (applied force=0). At the
start of this procedure, the FPAMs were preloaded to 0.5 N by
the Mark 10. The LabVIEW program and the Mark-10 were
then zeroed. Subsequently the FPAMs were pressurized and
allowed to reach steady state values (5–10 s after pressurization) prior to being contracted at a speed of 10 mm min−1.
This procedure was conducted at pressures ranging from 0 to
151 kPa (FPAMs failed at 151 kPa) in increments of 17 kPa,
in order to provide an example of the traditional unloading
curve (force versus contraction at various pressure) for
pneumatic actuators.
These three experimental procedures were conducted, in
order to provide an accurate measure of the characteristic
force generation and the maximum contraction within the
pressure range. In addition, tensile tests were conducted to
determine the effective tensile modulus Ex in the x-axis
direction (ﬁgure 8). At the start of this test, the actuators were
pretensioned to 0.5 N to minimize slack. The LabVIEW

An experimental apparatus was created to measure the
mechanical performance of the FPAM (SCU & MCU). As
seen in ﬁgure 7, the experimental setup is composed of a
motorized test stand (ESM301, Mark-10) capable of providing single-axis distance measures, a single-axis load cell
(STL-50, AmCells), a pressure gauge and regulator, a data
acquisition unit (USB-6000, National Instruments), and a
LabVIEW program designed to collect force and time data.
Prior to experimentation, the FPAMs were cyclically
loaded, ﬁgure 12, to ‘train’ the actuators. The training consisted of each FPAM being pretensioned to 0.5 N (chosen to
minimize slack in embedded ﬁbers, while also reducing
effects on actuator performance), pressurized to 103 kPa
(chosen to avoid failure), and then manually contracted and
extended over the FPAM’s max displacement (14.3%) at
103 kPa using the Mark-10 at a speed of 30 mm min−1. This
procedure was to ensure repeatable behavior by overcoming
initial adhesive forces between the substrates and ﬁbers
(leftover from fabrication) in addition to providing some level
of constant plastic deformation to the substrates and ﬁbers.
Subsequently, the experimental setup was used to conduct
three separate procedures.
In the ﬁrst procedure, ﬁgure 11, the FPAMs were held
ﬁxed at their rest length (contraction=0), while the air
chamber was pressurized from 0 to 151 kPa in increments of
6.89 kPa. At the start of this procedure the FPAMs were
manually pretensioned to 0.5 N by the Mark-10. The LabVIEW data collection program and Mark-10 were then zeroed. Pressurization was then systematically applied in the
aforementioned increments, allowing for the generated force
of the actuators to reach a steady state value (5–10 s after
pressurization) before the data was recorded. This process
was then repeated to collect additional data points at each
input pressure. In this manner, the maximum force generation
of the actuator due solely to pressurization could be properly
recorded.
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Figure 10. Maximum % contraction of FPAMs at pressures in the

Figure 9. FPAM force–contraction relationship at pressures ranging
from 0 to 138 kPa.

range of 0–157 kPa.

program and Mark-10 were zeroed. Subsequently the actuator
was stretched at a rate of 10 mm min−1 from its initial pretensioned conditions. The tensile modulus was found to be
linear up to about 5% strain, at which point the modulus
increases until failure. The measured tensile modulus was
found to be around 340 kPa, which is much lower than the
1.71 GPa calculated using the rule of mixtures found in
equation (d). We believe this is due to how the ﬁbers are
oriented in the completed actuator. The Kevlar ﬁbers were
clamped at a single point at each end, which unevenly distributed stress along the ﬁber direction, and resulted in the
occurrence of some slack. In addition, slippage between the
Kevlar ﬁbers and the silicone substrate during actuation also
contributed to the smaller modulus. As such, the experimental
tensile modulus was used to approximate the values for Ey,
Gxy, νxy, and νyx, which were substituted into the model.
Figure 11. Maximum force of FPAM at pressures in the range of

0–157 kPa.

5. Results and discussion
Characterization of the FPAM’s mechanical performance can
be found in ﬁgure 9, which provides an example of the
resulting force–contraction relationship of the SCU PAM up
to 138 kPa (chosen to ensure actuators were not pushed to
failure). Ultimately, through experimentation the SCU and
MCU, the FPAMs were observed to fail at pressures around
150 kPa and 138 kPa, respectively. However, the failure
mechanism that occurs is due to crack propagation, at high
pressures, as the Kevlar ﬁbers shear through the substrate, as
opposed to delamination failure modes along the edges,
which occurred more often and erratically in the previous
design [16]. This is an improvement, as the observed failure
mode can be accounted for in design and operation by setting
a safety margin for input pressures. It is important to note that
both the SCU and MCU have similar mechanical performances although the MCU failed more quickly than the SCU,
as shown in ﬁgures 10 and 11. Additionally, an example of
the repeatability of the results can be found in ﬁgure 12,

Figure 12. Cyclic loading of SCU at 103 kPa over a distance

of 2 mm.
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where the PAM reached a near constant force generation after
3–4 cycles at 103 kPa.
The SCU generated a maximum force of 35.7 ±1 N and
a maximum contraction of 20.5%±0.1% (2.87 ±0.09 mm),
while the MCU generated a maximum force of 38.1 ±1 N
and a maximum contraction of 22.4%±0.3% (9.42
±0.13 mm). The MCU, which is equivalent to three SCUs in
series, was within 6.7% of the maximum force generation of
the SCU and within 9.4% of thrice the maximum contraction
of the SCU. The results are close to what would be expected
in the ideal case despite the absence of inlet tubing between
the three air volumes of the MCU design. This variation
essentially adds an additional 12 mm to the deformable air
volume, which may have affected the overall mechanical
performance of the MCU. In addition, the larger form factor
also affects the modulus of the MCU, when compared to that
of the SCU, due to the increased interaction (contact forces)
of the ﬁbers and substrate between the ﬁxed ends of the
actuator. These issues, which will be addressed in future work
through improved fabrication techniques, could be incorporated into the theoretical model for improved accuracy. This
can be achieved by providing a new experimental modulus, as
well as incorporating the additional 12 mm of deformable area
as two additional air volumes of even size.
These experimental results were then compared to the
theoretical model developed in this study. Both a linear and a
nonlinear elastic moduli were utilized to numerically evaluate
the theoretical model, due to our insight into the nature of the
experimental procedures. During the contractile experiments,
the deformation of the actuator remained in the elastic range
as it was allowed to reach an equilibrium position, which
resulted in near zero x-directional strain. However, during the
force experiments, despite the fact that the actuator length was
held ﬁxed, the PAM still deformed in the y- and z-axis
directions as a result of input pressure. These deformations
resulted in x-directional strains, which incited a strain-hardening effect within the PAM. Ultimately, the strain-hardening
effect lead to an increase in the force generated by the PAM.
In order to incorporate this behavior into the model, an 8th
order Ogden model (hyperplastic material model) was ﬁt to
the data in ﬁgure 8, and substituted into the model.
As can be seen in ﬁgure 10, both the linear and nonlinear
modulus approximations performed admirably in predicting
the contraction of the SCU to within ±0.67% and ±2.55%
contraction, respectively. Both modulus approximations
accurately capture the trajectory of the contraction response to
pressure. Although the linear model seems to predict the
behavior of the SCU slightly better in this case, it is due to the
underperformance of the SCU caused by the rigid components, such as the inlet and the plug, which contributed to the
prevention of full muscle contraction more in the SCU than in
the MCU. In regards to the force response to pressure, shown
in ﬁgure 11, only the nonlinear modulus was able to accurately predict both numerical values and trajectory of the
experimental results. The theoretical model developed with
the nonlinear modulus approximated the force generation of
the SCU to within ±3.5 N, while the linear modulus predicted
to within ±13.3 N. This error with the linear approximation

was associated with the nonlinear behavior seen in the stress–
strain relationship of the FPAM (ﬁgure 8). Overall, the
development of the theoretical model with a nonlinear
hyperelastic tensile modulus demonstrated high ﬁdelity in
approximating the performance of the actuators.
Further considerations for future work include the
improvement of the mechanical performance of the presented
actuator. The FPAM’s maximum performance values, which
are similar to that of other PAMs designed with embedded
ﬁbers [7, 16], are lower than those of traditional McKibben
actuators [1, 2, 4, 5, 22] in general. However, this actuator is
able to reach over 20% contraction with pressure inputs of
151 kPa, which is 2.5–5 times lower than the pressure inputs
seen in the aforementioned McKibben actuators. As such, the
FPAM is ideal for low pressure and low force applications,
and will need to be customized through material selection for
desired user tasks. For example, an increase in the x-directional modulus of the composite material will serve to
increase the maximum force generated at the tested pressure
ranges, while decreasing overall contraction and vice versa.
Furthermore, the choice of base substrate can be chosen to
reduce or increase the required pressure input for actuator
deformation. Additionally, the slack within the ﬁbers due to
being clamped at a single point on both ends would need to be
addressed. This design ﬂaw served to reduce the overall force
generated by the actuator within this study’s experimental
pressure range due to uneven stress distribution along the
ﬁber strands. However, the ﬁbers should be oriented and
clamped in such a way as to evenly distribute the stress,
reducing the ability of the ﬁbers to slip through the substrate
and allowing the material properties of the ﬁbers and substrate
to drive the FPAM’s mechanical performance. In this manner,
the ﬁbers can be chosen with either higher or lower elastic
moduli which would result in higher max forces and lower
max contractions or lower max forces and higher max contractions in the applied pressure range respectively. Ultimately, the FPAM will be optimized for increased maximum
contraction and force generation at similar pressure ranges
used within this study.
In addition, the FPAM will be redesigned to incorporate
embedded sensors. Due to the layered manufacturing process
described, sensing capabilities can be easily added by altering
the mold design to incorporate microchannels to be ﬁlled with
a liquid conductor, such as eutectic gallium–indium (EGaIn)
[23, 24], or by embedding a conductive soft polymer in an
additional layer [13]. Subsequent experimentation with various microﬂuidic sensing designs such as those in [25–28]
will need to be conducted in order to optimize actuator performance and sensing capability. However, the added
advantage of embedded multi-modal sensing in the proposed
2D form factor will improve the FPAM’s controllability, and
thus the overall effectiveness of the FPAM. In addition,
system identiﬁcation to determine damping and spring coefﬁcients at various pressures will need to be conducted. This
will provide important information to improve the control of
the FPAM, which is essential if it is to be used in a wearable
orthotic or prosthetic device.
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6. Conclusion
[10]

A simple fabrication technique was developed and employed
to produce a 2D ﬂat PAM. A theoretical model was developed to numerically predict the overall contraction and force
generation of the actuator through the use of Von Karman’s
formulation for large deformations and the energy methods.
Additionally, experimental analysis of the maximum force
generation and contraction at various input pressures was
used to characterize the mechanical performance of the ﬂat
PAM and to verify the ﬁdelity of the theoretical model.
Additionally, a theoretical model was developed and
demonstrated accurate approximation of the mechanical
properties of the PAMs to within 2.55% contraction and
±3.5 N force.
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