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Abstract— Soft pneumatic artificial muscles (SPAMs) are a
type of pneumatic actuator that provide customizable motion
trajectories in three dimensional space without the need for
rigid links or a transmission mechanism. This paper presents a
novel design for producing SPAMs, named wrapped SPAMs
(WSPAMs). Unlike previous SPAM designs, the production
process of WSPAM is highly repeatable, while the motion
trajectory can be easily modified. A model for predicting
the steady-state angular displacement of a WSPAM actuator
based on its geometrical parameters and the elasticity of the
materials used in its production is presented and experimentally
validated.

I. I NTRODUCTION
In recent years there has been a significant interest in a
type of pneumatic actuator called soft pneumatic artificial
muscle (SPAM). These actuators evolved from older pneumatic artificial muscle (PAM) designs such as the McKibben
pneumatic muscles [1]. Conventionally, PAM designs [2]
provide linear motion trajectories with high power to weight
ratios, inherent stability, high motion speed, and inherent
compliance. Unlike PAMs, SPAMs do not contain rigid links
or transmission mechanisms; the body of the muscle chamber
is used as the end-effector. SPAMs extend the benefits of
PAM actuators by providing the potential for non-linear
motion trajectories, such as curl or twist motions. These
benefits make SPAMs suitable for a variety of applications,
such as exoskeletons and rehabilitation assistance [3], [4];
handling and grasping objects with complex geometry, or
delicate objects such as food [5]–[10]; and multi-DOF,
multi-actuator, robotic mechanisms capable of performing
sophisticated motions such as gait or swimming [11]–[13].
The earliest designs for SPAMs were presented as flexible
microactuators (FMA) by Suzumori et al. in [14]. In the
design of the FMA, 3 separate chambers are present in a
rubber tube. Differential pressurization of these chambers
causes the rubber tube to exhibit a bending motion. Fibers
are also included in the outer surface of the rubber tube
to prevent overstretching the outer surface and bloating.
Bloating occurs when the elastic material of the SPAM
stretches out from the unpressurized shape of the SPAM
similar to a balloon.
Since the introduction of the FMA, numerous SPAM designs have also been presented that use differential stiffness
to implement bending motions. In PneuNets [12], the hollow
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elastic core of the actuator is partially molded over with a
lower-elasticity material, generating bending motion when
pressurized due to of the difference in the elasticity of the
two materials. In designs such as PneuFlex [10] or soft
pneumatic actuator (SPA) [15], the hollow elastic core of
the actuator is partially covered with a much thinner and
lighter material such as a silk mesh that is non-elastic but
flexible. This design provides a larger difference between
the elasticities of the vertical surfaces which results in more
bending deformation. In [10], fiber threading around the
hollow core is also introduced. While the introduction of the
fiber threads might reduce the amount of bending, similar
to the fiber in the FMA, it prevents bloating behaviours that
are present in [12], [15]. Since, bloating behaviours can be
undesirable for many applications, a balance between the the
amount of bending and the bloating behaviour of the SPAM
is necessary in their design.
The production methods for SPAMs such as PneuNets
[12] and SPA [15] require relatively complex molds for
the elastic hollow core of the actuator. The bend trajectory
of these actuators is mainly determined by the relative
elasticity of the component materials and the mold design.
This allows for a repeatable production method for these
actuators. However, because elements such as the fiber in
the FMA or the threading in the PneuFlex are not present,
there is visible bloating and overstretching during bending.
This behaviour can be both visually unappealing and can
also degrade the mechanical integrity of the actuator at a
faster rate. Modifications to the motion trajectory of these
actuators can also be relatively cumbersome and complex
as they require modifications to the mold of the elastic
material. FMA [14] and PneuFlex [10] designs do not suffer
from bloating behaviours, however the threading or inclusion
of fiber makes the production method very complex and
acceptable reproducibility in manufacturing is difficult to
achieve.
In this work a novel design for SPAMs called wrapped
SPAM (WSPAM) is introduced. The WSPAM design produces SPAMs with minimal bloating behaviour, a highly
repeatable manufacturing process, and an easily modifiable
displacement profile. The WSPAM design consists of a
simple silicone hollow core and a customizable silk mesh
wrapping. We develop a model for relating the steady-state
angular displacement of the WSPAM to the cutting pattern on
the silk mesh wrapping. The model is based on the geometry
of the cutting pattern and the elastic properties of the
silicone material. A procedure for extracting the parameters
of the model is presented. Using the extracted parameters,
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the proposed model is validated through experiments on
WSPAM prototypes, and shown to accurately predict the
WSPAM angular displacement in steady-state.
The rest of the paper is organized as follows: In Section II,
we describe the WSPAM production process. Sections III and
IV present the derivation of the model for the steady-state
angular displacement of the WSPAM. Section V presents
the experimental analysis conducted for parameter estimation
and model verification. Section VI concludes the paper and
outlines directions for future work.
II. WSPAM P RODUCTION P ROCESS
In this section, we introduce the WSPAM design and
describe its production process. A WSPAM prototype is
shown in figure 1.

room for the expansion of the silicone during degasification
when the mold is under vacuum. The intake negative leaves
a narrow hole at the bottom of the core for the intake
tube. Lastly, the negative for the hollow cuboid core creates
the hollow chamber that is expanded due to pressurization.
Figure 2-1 shows the mold for the silicone core and its
sections.
As shown in figure 2-2, the mold is laid horizontally on a
flat surface and silicone is poured into the mold. The silicone
used for the WSPAM production is the two part EcoFlex slow
10 silicone. After pouring the silicone, the plexiglass cover
is attached to the mold using 1/8” bolt and screws. Next, the
silicone filled mold is placed vertically in a vacuum chamber
for de-gassing. The de-gassing process is depicted in figure
2-3.

θb
Degas Section

Intake Tube Negative
Hollow Cuboid
Core Negative

θtip

Fig. 1. Cuboid WSPAM in the unpressurised and pressurized state. The
silicone gap (white) and mesh cover (grey) pair block is shown on the left.

WSPAMs achieve bending motion trajectories similarly to
PneuFlex [10] and SPA [15] by utilizing a flexible non-elastic
element such as a silk mesh to partially cover its outer surface
and cause bending. The novelty in the design of WSPAMs
is to wrap the entire outer surface of the hollow elastic core
with a purpose-cut silk mesh. The cut patterns are made
such that different sections of the resulting WSPAM will
acquire different elasticities. This difference in the elasticities
will result in different motion trajectories in 3D space. For
example, in the case of the cuboid WSPAMs illustrated in
figure 1, one of the four vertical surfaces and the surface
of the tip are entirely covered with silk mesh. The three
remaining vertical surfaces are covered by horizontal stripes
of silk mesh. The vertical surface entirely covered with silk
mesh will cause the actuator to bend and the silk mesh stripes
on the other three vertical surfaces will prevent bloating.
The geometric parameters of the stripe pattern determine
the motion profile of the cuboid WSPAM. Using equipment
such as laser cutters, the cut pattern with specific geometric
parameters can conveniently and consistently be achieved on
the wrapping mesh. This makes it easy to modify the motion
profile of the actuator and achieve repeatable production.
From this point on, WSPAM will refer to cuboid WSPAMs
with horizontal stripe patterns similar to the WSPAM depicted in figure 1.
The mold for producing the hollow cuboid core of the
WSPAM is implemented using LEGO pieces and plexiglass
(see figure 2). The mold consists of three main sections: the
degasification section, the intake tube negative and the hollow cuboid core negative. The degasification section provides

Fig. 2. Pictures of the silicone molding procedure 1: Hollow silicone core
mold 2: Pouring the silicone into the mold 3: De-gassing of the silicone

Figure 3 demonstrates the process of cutting the silk mesh
with a custom built laser cutter and aligning and fixating the
mesh to the silicone core. As shown in image 1 of the figure,
the laser cutter cuts the desired WSPAM pattern on the mesh.
A sample cut pattern is illustrated in figure 4.

Fig. 3. Pictures of laser-cutting the mesh and aligning the silicone core
1: Laser cutting the silk mesh 2: Pouring adhesive silicone for fixing the
silicone core 3: Aligning and affixing the silicone core to the laser-cut mesh
4: Removing the affixed silicone core

After the pattern is cut, adhesive silicone is then poured on
top of the mesh. The alignment LEGO pieces are placed on
the mesh in order to make sure the silicone core is precisely
placed in the middle of the cut mesh, illustrated with dashed
green lines in figure 4. When the adhesive is cured, the silk
mesh, which is attached to the silicone core, can be pulled
off the cutting board as shown in image 4 of figure 3.
Using the jig in figure 5-1, the silk mesh is completely
wrapped around the silicone core. Notice the uncut part of the
mesh sticking out of the jig which is the motion restricting
side of the WSPAM that causes it to perform bending motion.
This part also includes the mesh cover for the tip of the
WSPAM. Adhesive silicone is poured on the three naked
vertical faces of the silicone core. After the mesh and the
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with a blue dotted rectangle, is depicted in the left panel in
figure 1.
The angular displacement of the tip of the WSPAM as
shown in figure 1 can be defined by,

Silk Mesh

W
Hb

Hg

θtip = ∑ θbi ,

(1)

i

L/2<LO<L

3L

L/2<LO<L

Fig. 4. Sample laser cut pattern for WSPAM. Red lines demonstrate the
lines the laser cutter needs to cut. W is the width of silicone wall at the tip.
Hg is the height of the gap section. Hc is the height of the cover section. L is
the width of the cuboid silicone core of the WSPAM. LO is the overlapped
portion of the uncut mesh which will become the motion restricting portion
of wrapping that causes bending. These parameters will be further discussed
in the modeling section.

core are placed in the jig, the remaining parts of the mesh,
which cover the tip and the bending face of the core, are
tucked into place and as shown in figure 5-2, a cover is
clamped over them to keep everything in place while the
silicone cures. Figure 5-3 shows the cured SPAM still in the
wrapping apparatus.

with θbi being the angular displacement of the ith block.
Therefore, in order to model the angular displacements of
the tip of the WSPAMs, the angular displacement of the gap
and cover blocks needs to be modelled.
The gap and cover block of the WSPAMs is a hollow
cuboid piece of silicone partially covered with silk mesh.
Figure 6 illustrates the cross-section of the WSPAM, with
wall width W and wall length L. Figure 7 illustrates the
side views of an unpressurised and pressurized block. The
block is divided into two stacked sections. The top section is
covered by silk mesh on all four vertical sides and has height
Hc . The gap section is covered by silk mesh on one vertical
side and has height Hg . The height of the block is therefore
Hb = Hg + Hc . On the right side of figure 7, the pressurized
state of the block is illustrated, depicting the forces that the
block experiences and their resulting net torque and angular
displacement.
L
dk3

W

F3

dk1

W
F2
dk2

F1
dk4

L

F4

+r
Fig. 6. Parameters of the gap and cover block from top view. W is the
thickness of the silicone wall, L is the width of the WSPAM with a square
cross section.
Fig. 5. Pictures of the procedure for precisely wrapping the mesh around
the core 1: Applying adhesive silicone and wrapping the laser-cut mesh
around the core 2: Clamped curing process of the silicone core and mesh
3: Cured WSPAM still in the wrapping apparatus

L
W

After the adhesive silicone on the wrapping cures, the
WSPAM is ready to be pressurized and perform the motion
unique to the laser-cut pattern of the mesh.

θ2

Fr

W

Hc

Cover
dk

III. S TEADY- STATE MODELLING
In this section, a model is developed for the steadystate deformation of the WSPAM during pressurization. This
model estimates the angular displacement of the tip of
the WSPAM when it reaches the equilibrium point after
pressurization, but does not model the dynamics of the
motion trajectory. A pressurized WSPAM is depicted in the
right most panel of figure 1. The middle panel shows an
unpressurised WSPAM. It can be seen from this image that
the WSPAM consists of a series of silicone gap and mesh
cover pair blocks. An image of one of these blocks, outlined

Δh2

FP

Eeff

dk

Hg
+r
Fig. 7.

dr

Hb

Δh1
θ1

τnet
Gap

Hg
dFr

The physical parameters of the gap and cover block

The total angular displacement of the block is defined as
θb = θ1 + θ2 . θ1 is the angular extension of the block below
the cover section and θ2 is the angular extension of the block
above it. The net torque that the block experiences is, τnet =
τP − τr with τP being the pressurization torque caused by Fp

1720

and τr being the reaction torque caused by the reaction force
Fr . Both Fp and Fr are illustrated in figure 7. When the block
is fully pressurized and stops its motion,
τP = τr .

Z W

L − 2W 2
r dr
Hb
Z
L − 2W W 2
= Ee f f θb
r dr
Hb
0
Ee f f θb (L − 2W ) 3 W
=
r
3Hb
0
Ee f f θb (L − 2W )W 3
=
3Hb

τ1 =

(2)

The force FP , illustrated in figure 7, is exerted by the
internal pressure of the WSPAM on its tip. The area of the
tip that experiences that pressure is (L − 2W )2 . Thus,
Fp = (L − 2W )2 P.

(3)

dk1 = dk2 = Ee f f

(5)

W
dr
Hb

(6)

The infinitessimal force exerted by each of the spring
blocks can be defined as dFi = ∆h dki , where ∆h = ∆h1 + ∆h2
is the total amount of extension of the block, as illustrated
in figure 7. The extension at any point along the r axis is,
∆h = rθ1 + rθ2 = rθb .

(7)

The force Fi , as shown in figure 6, exerted by each wall is
thus the integration of dFi along the r axis. Since the moment
arm along the r axis is perpendicular to these forces, the
resulting infinitessimal torque is,
dτi = r × dFi = r × ∆hdki = r2 θb dki .
Thus the resulting torques from each wall are,

(9)

Ee f f θb (L − 2W ) 3 L
r
3Hb
L−W
(10)
Ee f f θb (L − 2W )(L3 − (L −W )3 )
=
3Hb
and for τ3 and τ4 the dks from equation 6 result in,
Ee f f W θb 3 L
r
3Hb
0
(11)
Ee f f θbW L3
=
3Hb
Therefore, the total amount of torque τr exerted by the
silicone is,
τ3 = τ4 =

τr = τ1 + τ2 + τ3 + τ4
Ee f f θb
(2W L3 + (L − 2W )(W 3 + (L3 − (L −W )3 )))
=
3Hb
Ee f f θb
f (L,W )
=
Hb
(12)
Thus, at equilibrium, using equations 4 and 12 results in,
E θ
= eHf f b f (L,W ). Isolating θb ,

L
2
2 (L − 2W ) P

b

PHb
g(L,W ) where,
Ee f f
L(L − 2W )2
.
g(L,W ) =
2 f (L,W )
θb =

L − 2W
dr
Hb

dk3 = dk4 = Ee f f

Ee f f θb

τ2 =

Note that in this model the forces contributed by the
bloated gap sections are not considered. The moment arm of
this force is L2 . Therefore, the torque exerted by the internal
pressure P is,
L
(4)
τ p = (L − 2W )2 P.
2
In order to determine τr , the reaction torque of the block
at equilibrium, the gap and cover block is considered as
a parallel combination of infinitessimal linear springs with
spring constant dk. An effective Young’s modulus Ee f f is
assigned to the gap and cover block in order to define dk
in terms of the geometrical parameters of the block. Ee f f is
assumed to be uniform along the cross sectional area of the
block. The infinitessimal spring constant dk is determined
by multiplying Ee f f by its infinitessimal cross sectional area
and dividing by its constant height Hb . Note that Ee f f of the
block is different from the Young’s modulus of the silicone
alone because the cover mesh has a considerable effect on
the elasticity of the silicone. The effects of the mesh cover
on the elasticity of the hollow silicone core will be discussed
in section IV.
As illustrated in figure 6, the dk in each wall of the
WSPAM is defined separately. Equations 5 and 6 define these
spring constants along the r axis, illustrated in figure 6.

0

(8)

(13)

Equation 13 shows that the amount of motion provided by
the gap and cover block is dependent on five parameters:
the effective Young’s modulus of the block Ee f f , internal
pressure P, and the geometrical parameters, L ,W , and Hb .
P is the independent variable and will be the control signal
for the position control of WSPAM actuators. Geometrical
parameters L and W are determined by the mold that is
used for constructing the hollow silicone core and their
modification requires changes to the silicone mold. Ee f f and
Hb are determined by the design of the wrapping fabric
which can be modified much more easily than the silicone
mold. It should be noted that Ee f f depends on both the
wrapping and the Young’s modulus of the silicone used. To
simplify the analysis of the effect of Ee f f and Hb on the
angular displacement of the block, the L and W parameters
are assumed constant and are substituted into function g to
give C = g(Lo ,Wo ). Thus, equation 13 simplifies to,
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θb = C

PHb
.
Ee f f

(14)

IV. M ODELLING THE E FFECTIVE YOUNG ’ S M ODULUS
In the development above, an effective Young’s modulus
Ee f f was defined for the entire gap and cover block. In this
section, we derive the characteristics of Ee f f in more detail.
The formulation in Section III allowed for the definition of
the spring constant dk in terms of the geometrical parameters
of the infinitessimal linear spring. The infinitessimal spring
itself can be represented by a series combination of two linear
springs, similar to the spring system depicted in figure 8-1.
One spring represents the cover section and one represents
the gap section of the block. The associated Young’s moduli
of the springs of the cover and gap sections are represented
by Ec and Eg respectively. This results in respective spring
constants,
Kc =

Ec Ao
Hc

(15)

Kg =

Eg Ao
.
Hg

(16)

Where A0 is the cross sectional area of the spring system.
While A0 varies depending on the specific wall geometry, it
is constant in each of equations 15 and 16, and in Figure
8-1, for a given wall of the WSPAM.

1

2
Ec

Silk
Mesh
Silk
Mesh

EC

Ec’

Hc

Eeff
Hb

Hb
Silicone

Eg

HS/2

Em

Hc

Ec

Eeff

HS/2

Hg

Silicone

Eg

Hg

Fig. 8. Image 1: The left-hand drawing shows the side view of one
cover-gap block when pressurized and the right-hand drawing shows the
equivalent spring model. Image 2: Similarly, shows the pressurized block
and its spring model when the the cover section of the block is saturated.
Bending of the block was not depicted for illustration purposes

Ke f f =

Ec Eg Ao
.
Ec Hg + Eg Hc

(19)

Equating equation 17 with equation 19 and isolating for
Ee f f results in,
Ee f f =

Ec Eg Hb
.
Ec Hg + Eg Hc

(20)

Substituting equation 20 into equation 14 results in,
θb = CP

Hg
Hc
+CP .
Eg
Ec

(21)

Intuitively, the covered section is not as elastic as the
gap section, therefore Eg < Ec . Physical experiments were
performed next to determine if this model is a good representation of the WSPAM spring block and also to estimate
values for Ec and Eg .
During the initial stage of the experimental verification of
the model for the WSPAM spring system, it was discovered
that as Hc is increased, there is a critical height Hs beyond
which the Young’s modulus of the cover section switches to
a higher value. Figure 8-2 depicts the case when Hc > Hs .
This figure illustrates that when Hc > Hs , the middle part of
the silicone behind the cover mesh, which is depicted in light
blue in the figure, does not contribute to the elasticity of the
cover section as much as the end sections of the silicone,
depicted in red. This behaviour of the cover section can
be modelled using the system of springs depicted on the
right side of figure 8-2. The middle section of silicone can
be modelled as a parallel spring system of the mesh and
silicone with Young’s moduli Em and Ec0 respectively. The
silk mesh is non-elastic meaning its Young’s modulus Em
is large i.e., Em >> Ec0 . Thus the Young’s modulus of the
middle section is, Em + Ec0 ≈ Em . The spring representing the
middle section is in series with two springs at both ends
that represent the end sections of the covered silicone. Thus,
when Hc < Hs , there is no middle-section silicone and the
Young’s modulus stays at Ec . However when the rest height
reaches Hc > Hs, the cover section switches to a series spring
system. This means for Hc > Hs the block consists of a
series configuration of three types of springs. In other words,
equation 21 can be extended to,
θb = CP

The effective spring constant of the block can be defined
as

Hg
Hs
Hc − Hs
+CP +CP
f or Hc > Hs.
Eg
Ec
Em

(22)

V. E XPERIMENTAL A NALYSIS
Ke f f

Ee f f Ao
=
.
Hb

(17)

Since the springs representing the cover and gap sections
are in series, the effective spring constant of the block can
also be defined as,
Ke f f =

Kg Kc
.
Kg + Kc

Substituting 16 and 15 into equation 18 results in,

(18)

In order to examine the prediction accuracy of the models
discussed in the previous section, two different experimental
procedures were designed and carried out. The first procedure, which was designed to estimate the parameters in
the model, involved the production of gradient WSPAMs,
with gradually increasing gap or cover section heights. These
WSPAMs provided the ability to test multiple cover or gap
heights in one WSPAM. Figure 9 shows the two gradient
WSPAMs that were designed for this experiment.
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θc

θg

Fig. 9. Gradient Hc (on the left) and Hg (on the right) WSPAMs at rest
and pressurized

There are 6 gap-cover blocks with varying cover section
heights on the WSPAM shown on the left of figure 9 and
4 gap-cover blocks with varying gap section heights on the
WSPAM shown on right of the figure. Note that the angles
of the tip gaps were not included as they include part of
the WSPAM that is solid silicone. The heights of the cover
sections and the gap sections were recorded as the number of
associated steps of the CNC laser cutter which produced the
wrapping, with each step approximately equal to 0.42mm.
The angles of the discrete gap-cover blocks are measured
from the recorded images using Adobe Illustrator. The angles
from the cover gradient WSPAM are denoted by θc and
the angles from the gap gradient WSPAM are denoted by
θg . In all experiments, the geometrical parameters L and
W were kept the same between WSPAMs in order to keep
C constant. In addition, the operating pressure during each
experiment was recorded using an electronic pressure sensor.
Since there is a linear relationship between θb and P, as
shown in equation 21, the measured angular displacements
were normalized with respect to operating pressure.
The right plot in figure 10 shows the 4 data points for the
gap gradient WSPAM (see figure 9, right) at constant Hc = 8
and variable Hg = 8, 12, 16, and 20. Using equation 21 as the
model, which indicates a linear relationship between θ and
Hg , a line is fitted through the experimental data points with
Hg as the independent variable. The root mean square error
(RMSE) of the fit is 0.0541. With respect to equation 21 the
slope of the fit is CP
Eg = 0.034.
Fitted Model Unsat. Region
Fitted Model Sat. Region
Experimental θc
Hs

0.16
Angle θc (rad)

0.14
0.1
0.08
0.06
0.04

6

8
10
12
Rest Height Hc

(23)

Hs
rHb − Hs
Hb (1 − r)
+CP +CP
f or rHb > Hs .
Eg
Ec
Em
(24)
Three r values of 1/4, 2/4, and 3/4 and two Hb values of
16 and 24 were tested in the experiments. The constructed
WSPAMs are illustrated in figure 11.
θb = CP

Fig. 11. Pressurized WSPAMs at 3 different r and 2 different Hb values.
Not that WSPAMs with lower r have higher Hg and achieve greater angular
displacment but at the cost of a distended, “bloated” appearance.

0.5
0.4
0.3
0.2

0.02
4

Hb (1 − r)
rHb
+CP
f or rHb < Hs .
Eg
Ec

0.6

0.12

0

θb = CP

Fitted Model
Experimental θg

0.7

Angle θg (rad)

0.18

between Hc = 8 and Hc = 12. A line was fitted through the
first 3 data points which represent the unsaturated region
for cover height Hc . Another line was fitted through the
last 3 data points which represent the saturated region for
cover height Hc . The point where these two line meet
is the saturation height, Hs = 8.21. The fitted function is
represented in the left plot in figure 10. The RMSE of the
fit is 0.0109. With respect to equation 21, the slope of the
unsaturated region is CP
Ec = 0.0110. With respect to equation
22, the slope of the saturated region is CP
Em = 0.0053.
The second experiment investigates the angular displacement of the blocks in WSPAMs with uniform Hc and Hg
values. While analyzing these uniform WSPAMs, the block
Hc
are more intuitive to work
height Hb and block ratio r = H
b
with. Therefore, equation 21 and 22 which model θb are
rearranged and described in terms of Hb and r resulting in
equations,

14

16

18

6

8

10

12 14
16
Rest Height Hg

18

20

22

Fig. 10. Simulation and experimental data for θc in terms of rest heights
Hc (on the left plot) Simulation and experimental data for θg in terms of
rest heights Hg (on the right plot)

The left plot in figure 10 shows the 6 data points for
the cover gradient WSPAM (see figure 9, left) at constant
Hg = 2 and variable Hc = 6, 8, 10, 12, 14 and 16. Fitting
the developed model for variable Hc is more complex as
it involves the determination of the saturation height Hs .
Observing the data points collected for variable Hc heights,
it can be observed that the saturation occurs somewhere

The angular displacements of the blocks of the WSPAMs
were measured from the images using Adobe Illustrator. The
average of the measured displacement was assigned as the
angular displacement of the block with the specific Hb and
r values. The angular displacements were also normalized
with respect to the internal pressure P. The resulting angular
displacements are plotted in figure 12.
Figure 12 also includes the predicted block angular displacement from the model in equations 23 and 24. Since
C is kept constant and all the collected data points are
CP
normalized with respect to pressure, the fractions CP
Eg , Ec
CP
and Em obtained from the gradient WSPAM experiment
can be used in equations 23 and 24 to model the angular
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0.9

Angluar Displacement (rad)

parameters of the model was discussed and carried out. It
was shown that the model, using the estimated parameters, is
capable of predicting the steady-state angular displacements
with good accuracy. The model, together with physical
design constraints, can be used to design robust WSPAMs
capable of achieving a desired angular displacement.
In future work, the gap section height that causes bloating
during the trajectory and the limit on the smallest cover
section height that can withstand the working pressures of
the WSPAM need to be obtained experimentally. In addition,
the dynamic model of these actuators will be investigated.
This will allow for better understating of the velocity profile
of these actuators and the amount of force and torque they
can provide.

Hb = 16 exp.
Hb = 16 sim. w/ sw.
Hb = 16 sim. w/o sw.
Hb = 24 exp.
Hb = 24 sim. w/ sw.
Hb = 24 sim. w/o sw.

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.1

0.2

0.3

0.4
0.5
0.6
0.7
Cover to Block Height Ratio

0.8

0.9

Fig. 12. Simulated and experimental block angular displacement θtip with
respect to block height Hb and block ratio r in 2D

displacement. The total RMSE of the simulation model
versus the experimental data is 0.099. The maximum error
which occurs at r = 1/4 and Hb = 16 is 0.0679. These
results demonstrate a good fit between the model and the
experimental data, showing that the proposed model can be
used to predict the angular displacement as a function of the
cut and cover pattern. While visible bloating was present in
3 of the WSPAMs, the model suggests that good prediction
of the steady-state displacement can be obtained without
considering the forces coming from the bloated gap sections.
As the block height is increased, the angular displacement
of the block increases. For a given block height, as the ratio
between the cover section height and the block height is
increased the displacement is decreased and the decrease rate
is lowered as this ratio is increased.
The model presented in figure 12 suggests that during the
design process of WSPAM actuators, in order to maximize
the output angular displacement θb , block height Hb needs to
be maximized and block ratio r needs to be minimized. This
translates to minimizing cover height Hc while maximizing
Hg . In a physical system however, there are restrictions on
both the cover section height Hc and gap section height Hg .
If bloating is undesirable, Hg should only be increased to
heights that do not exhibit bloating at the desired working
pressures. Also, decreasing Hc too much can either cause
the cover section to tear the silicone over time or the silk
mesh at those widths might not be able to withstand the
applied pressure and can break. Thus, a robust minimum
cover height that does not cause tearing in the silicone, and a
maximum gap height that does not exhibit bloating have to be
experimentally determined at the desired working pressure.
VI. C ONCLUSION
This paper proposed a new method for SPAM production
using laser-cut silk mesh wrapping. A model for the steadystate angular displacement of the WSPAMs was presented,
which provides a relationship between the wrapping stripe
pattern and angular displacement for a given finger geometry and working pressure. A procedure for estimating the
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