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Abstract—This paper presents the design of a new soft
pneumatic actuator whose direction and magnitude of bend-
ing may be precisely controlled via activation of different
shape memory alloy (SMA) springs within the actuator, in
conjunction with pneumatic actuation. This design is inspired
by examples seen in nature such as the human tongue, where
the combination of hydrostatic pressure and contraction of
intrinsic muscle groups enables precise maneuverability and
morphing capabilities. Here, SMA springs are embedded in
the walls of the actuator, serving as intrinsic muscles that may
be selectively activated to constrain the device. The pneumatic
SMA (PneuSMA) actuator demonstrates remarkable spatial
controllability evidenced by testing under different pressures
and SMA activation combinations. A baseline finite element
model is also developed to predict the actuator deformation
under different pressure and activation conditions.

I. INTRODUCTION

Previously, the use of robots has been limited primarily
to isolated environments for assembly, industrial fabrication,
bomb diffusal, or other repetitive tasks. With the recent ex-
plosion of research in the field of soft robotics, this paradigm
has shifted, enabling the use of soft robots for wearable
medical devices, non-invasive biomedical equipment, helper
robots, and other applications that require interaction with
fragile objects or beings [1]. These applications demand the
design of functional robots without heavy, rigid ceinponénts
that could harm the subject [2], [3].

Whereas traditional robot grippers andend effectors typi-
cally consist of rigid links with motors and ¢able systems
to control motion about prismatic or revolute joints, soft
robotics applications require the elimination of heavy, rigid
parts that raise safety concerns. Thus, new strategies for
actuation, structural integrity, and §trength eapabilities must
be explored within the realm of soft matesials [3], [4]. Main-
taining the functionality and nianeuverabilityyof traditional
robots while using soft materials‘ts a ¢hallenging task as it
complicates modeling/control s¢chema and often requires the
ability to control stiffness of the materials [5], [6].

Soft pneumatic actuators use compressed air as a driving
force and are a popular @ppreach to soft robotics as they
contain no rigid parts. Fhese actuators typically consist of
a rubber chamber that is"preSsurized to cause expansion or
motion in a direction determined by geometric or external
constraints [7], [8]. Several different constraint strategies
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have been employed to cause different types of motions [9],
[10].

One of the most well-known eonstraint types is seen in
the McKibben PneumatiesArtificial Muscles (PAM’s). These
actuators are encased.in a wovefl sleeve that transmits radial
expansion into lofigitudinal contraction [11]. These PAM’s
offer a high strength-t@-weight ratio with contractile behavior
similar to human and anindal muscles [12], [13], [14], [15].

In other pneumatic actuators, expansion is directed by
means_of geometric constraints imposed by the rubber itself
[16]4[17].In these examples, the shape of the actuator causes
mgere resistance to stretching in certain directions, resulting
in nenuniform expansion. Often this is achieved with a thick
wall on one side of the actuator that resists expansion more
than the othefywalls, causing a bending motion [18].

Some pneumatic actuators utilize separate parallel chan-
nels or tubes within a single actuator [19], [20], [21].
Thesénchannels can then be selectively activated to cause
bending in different directions. Dividing the channels into
individually-controlled segments further improves controlla-
bility, although stiffness is still a concern.

Other researchers incorporate fibers as strain-limiting com-
ponents, where different fiber arrangements cause different
types of motions such as torsion, bending, and extension
[22], [23]. Particularly relevant to this work is the Pneu-
FLEX actuator by Deimel et al. [24], where fibers wrapped
radially around the actuator constrain radial expansion, and
additional fibers or inextensible fabric along one side of the
actuator cause substantial bending upon inflation [25]. While
these actuators offer desirable deformation capabilities, their
motion is limited by the arrangement of the fibers within the
actuator. Fiber-reinforced bending actuators are only capable
of bending in one direction, predetermined by the placement
of the fibers [22]. These actuators serve well as grippers,
where only one direction of motion is required, but they
lack more diverse posture variability [24], [26].

The pneumatic SMA (PneuSMA) actuator proposed in this
is work is capable of multi-directional bending. Here shape
memory alloy (SMA) coils are embedded along different
sides of the actuator to act as “smart fibers.” These coils
are constraints that may be selectively activated by localized
heating. The combination of radially-wrapped fibers and
selective activation of the SMA coils enables bending with
controllable magnitude and direction. This controllability
drastically expands the workspace compared to simple pneu-
matic bending actuators.

Actuators similar to the proposed work include SMA-
driven soft actuators by Taniguchi and Alcaide et al. [27],



[28]. These actuators offer similar directional bending control
via selective activation of different SMA coils. However, they
incorporate air supply for the purpose of peristaltic motion
or as a cooling mechanism rather than using the pneumatic
pressure as a bending agonist with the SMA’s as in the case
of the PneuSMA actuator proposed here.

Others have employed similar dual actuation strategies, us-
ing tendons to control the bending direction of pneumatic ac-
tuators with activation of antagonistic groups enabling a high
stiffness state [29], [30]. While these designs offer similar
spatial controllability and stiffness control, they incorporate
separate tendons for each independently-controlled segment
of the actuator, whereas the PneuSMA actuator includes only
one SMA spring along each bending direction and does not
suffer friction and undesirable force transmission from distal
tendons. Different segments of a single SMA coil may be
activated in the PneuSMA actuator to control bending in
any segment of the actuator independently. In tendon-driven
actuators, proximal segments are adversely affected when
distal tendons are pulled.

II. MATERIALS AND METHODS
A. Actuator Design

The design of the PneuSMA Actuator shown in Fig. 1 is
inspired by the PneuNet and PneuFLEX continuous actuators
which are capable of bending tightly upon pressurization.
While the PneuNet and PneuFLEX actuators use only fibers
as geometric constraints, the PneuSMA actuator incorporates
both fibers and SMA coils which serve as constraints that
may be selectively activated to offer precise spatial control.

b. C.

Fig. 1. Controlled deformation)capabilities of PneuSMA actuator. (a)-(c)
show the bending of a PneuSMA dctuator with 2 side-by-side SMA coils
embedded along the right side, with iincreasing internal pressure from left
to right. (d) and (e) show selective activation of coil segments along both
the left and right sides of the actuator.

The design of this actuator exploits the principle of
anisotropic elasticity. Fibers wrapped helically along the
length of the actuator prevent radial expansion, thus forcing
longitudinal elongation. The SMA coils along the sides

hinder elongation of one side of the actuator when activated
by a heat stimulus. Due to the shape memory effect, the
pre-stretched SMA coils exert a shortening force along one
side of the actuator when heated via electrical current. Mean-
while, the rest of the actuator extends longitudinally due to
the internal pressure and radial constraint. The combination
of internal pressure and SMA spring force causes substantial
bending of the actuator. As shown'in Fig. 1, the actuator may
be controlled by heating differentSegments of the coils.

B. Actuator Fabrication

Fabrication of the ac¢tuator#€quires minimal supplies and
equipment. Dragon SkinZ#"" 20 Silicone was used for the
main body of the actuator. /The other assembly materials
include polyester thread, 4mm x 6mm PVC tubing, 0.25mm
x 0.9mm Nitinol imicré spring (tight pitch), 3D printed ABS
mold and core,, Sil-Poxy silicone glue, and a small cable tie.

a. b. (o

Fig. 2.
silicone tube, (b) placement of pre-stretched Nitinol coils, (c) wrapping
of the radial fibers around SMA springs, (d) thin coating of silicone over
fibers, and (e) completed actuator.

PneuSMA Actuator fabrication steps including (a) casting of

To assemble the actuator, the plastic mold pieces are
sprayed with Mold-Release spray to prevent adhesion of the
silicone to the mold. The liquid silicone parts A and B are
mixed together in equal parts by mass then degassed in a
vaccuum chamber. As shown in Fig. 2 (a), the outer mold
pieces are then clamped together and filled with the prepared
liquid silicone before the plastic core is inserted. The outer
mold pieces are removed once the silicone has cured for
at least 4 hours. Next, the Nitinol coils are pre-stretched
to 4 times their original length. This 300% spring strain
corresponds to about 6% strain of the Nitinol material. The
coils are then positioned along the sides of the silicone and
temporarily secured with tape. As shown in Fig. 2 (c), the
thread fiber is wrapped in a double helix pattern around the
actuator with one thread passing between each coil of the
Nitinol. The thread is wrapped spirally starting from the tip,
skipping every other coil. Then once wrapped all the way to
the base, the wrapping continues spirally outward, back to
the tip, passing through each of the skipped coils. The two
ends of the threads are then tied together and trimmed. To
secure the fibers in place, a second layer of liquid silicone is
spread thinly over the fibers and coils as seen in Fig. 2 (d).
Once cured, the plastic core is removed, and the PVC tubing
is inserted in the opening. A small amount of silicone glue
and a cable tie seal the opening around the supply tube.



C. Test Setup and Procedure

In this work, testing of the actuators is designed for the
following objectives:

« Demonstrate spatial controllability enabled by selective
activation of different coil segments.

o Assess effectiveness of multiple SMA coils in increas-
ing actuator curvature.

o Compare bending behavior of SMA-driven PneuSMA
actuator with that of purely fiber-reinforced actuator.

e Compare static FEA model with experimentally-
measured actuator curvatures.

To assess these objectives, five different actuators were
constructed as shown in Fig. 3. Actuators (a) and (b) re-
spectively have 1 and 2 side-by-side coils along one side
of the actuator. Actuator (c) has no SMA coils but instead
has a Nylon fiber embedded along one side of the actuator
to serve as an inextensible constraint. Actuator (d) has one
coil along each side of the actuator with conductive wires
attached at different locations along the coils for selective
heating. Actuators (a) - (d) have an outer diameter of 10
mm. Actuator (e) has one SMA spring along one side and
has a smaller overall diameter than the others (6mm). The
test setup is shown in Fig. 3 (f) with the actuator clamped in a
vice with the supply tube attached to a large syringe. A force
cell attached to a Mark10 test stand is lowered to compress
the plunger in the syringe and pressurize the actuator.

During testing, the force cell is lowered continuously on
the syringe, gradually pressurizing the actuator. Sidesview
photos are captured to record the deformed shape of ‘he
actuator as the pressure increases. These photos are analyzed
afterwards to determine the bend radius of the actuator, and
the corresponding force on the syringe is used to calculate
the internal pressure based on the area of the plufiger.

sy

Fig. 3. Fabricated samples and bend test setup. Actuators (a) and (b) contain
1 and 2 side-by-side coils along onesside; actuator (c) contains a nylon fiber
along one side; actuator (d)'contains one coil along each side; and actuator
(e) contains a single coil on oné,side‘and has a smaller diameter.

D. Finite Element Modeling

The bending of the PneuSMA actuator is described using
a simplified modeling approached based on the stiffness of
the silicone rubber and finite element analysis of parallel
springs along the length of the actuator as shown in Figs.
4 and 5. In modeling the bending of a PneuSMA actuator

Fig. 4. PneaSMA actuator dimensions and modeling steps.

with SMA/coils along one side only, we begin by accounting
for the,léngthening of the actuator due to the pressure on
the inside 'walls of the actuator. This elongation and the
related dimmensions are shown in Fig. 4. The outside walls
of the actuator are assumed to be fixed at a constant diameter
sinee, the close-packed helical fibers prevent significant radial
expansion. The silicone rubber has a Poisson’s ratio of 0.47 -
0.49 reported in the literature, indicating that the material is
neatly incompressible. Thus, it is reasonable to assume that
any compression of the inner walls results in elongation of
the actuator if we impose a constant volume constraint on
the silicone material. The change in thickness of the actuator
walls At can be expressed using the nonlinear stiffness of
the silicone material to describe the compression:

Edin ny o At 57 (1)
E

where A;, is the surface area of the inner walls of the
actuator, F is the secant modulus of the silicone, and P
is the internal pressure. The resulting length of the actuator
can then be calculated as a function of pressure by imposing
the silicone constant volume constraint:

a &2 — &2 .
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where Ajpitiar and A fiy,q; refer to the annular cross-sectional
area of the actuator before and after pressurization. The force
on the walls of the actuator due to the internal pressure is
thus transmitted to the longitudinal direction. This longitu-
dinal force responsible for the actuator elongation can be
calculated by
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The force on the end cap of the actuator due to internal
pressure is simply
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Fig. 5.

The total external force acting in the longitudinal direction
is simply the sum of the elongation force and the force on
the end of the actuator:

Femt:Fel+Fend (5)

Now to account for the actuator bending, we discretize
the actuator to model the bending stiffness of the silicone
and the tensile force of the Nitinol as a system of springs
as shown in Fig. 5. The actuator is divided into m segments
along its length and p segments along its width, resulting in
m * p total springs representing the silicone, in addition to
m springs along the right side to model the Nitinol spring
force. A zero displacement boundary condition exists at the
base of the actuator where it is clamped in the vice, and the
external force F,; acts on the last segment of the actuator
due to the internal pressure acting on the end of the actuator.

The nonlinear stiffness of each silicone spring element
depends on the silicone secant modulus F, the rest length of
the spring ¢y, and the effective area of each spring A;:

ks, = E—AZ (6)
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As seen in Fig. 5, the rest lengths of all silicone spring

elements are identical, but the effective af€a varies along

the width of the actuator due to the annular cross)section.

Thus, all springs in series have the,same stiffness, but parallel

springs have different stiffness values./Fhe restlength of each
of the silicone springs is simply

s

b, = =, (7

where m is the number of spfing segments in series. The
Nitinol nonlinear spring stiffness wasymeasured experimen-
tally in the Austenite/phasesfer. incorporation in the model.
Note that the rest length of the/Nitinol spring elements is not
the same as the rest length) of the silicone spring elements.
Becuase the Nitinol coils ‘were prestretched before being
attached to the actuator, they have a much shorter rest length.

Assuming that each set of parallel springs stretches or
compresses to some new length ¢; on the left side of the
actuator and {5 on the right side, the tensile force in each
Nitinol spring element can be expressed as

Fy = kn(l2 — Loy), ®)

Schematic discretization of PneuSMA actuator for finite element analysis where forces acting on the end of the actuator are shown on the right.

where {,, is the/rest léngth of each Nitinol spring element.
The tensile force in each silicone spring element can then be
expressed as

Fy, = ks, (6 — Lo,), )

whefe /; is the lengthvof the i*" spring element, determined
by linear interpolation between ¢; and ¢» shown in Fig. 5.
Heréa negative force indicates compression.

The “resulting shape of the actuator is determined by
varying the elément stretch lengths /; and ¢ until a static
force and moment balance is achieved, including the external
force Fe;:. The radius of curvature r from Fig. 4 is defined
using the sum of the element side lengths:

I Li/Le—1 >0/ e —1

K= -

r d, d,
III. RESULTS AND DISCUSSION

(10)

A. Precise Spatial Maneuverability

The PneuSMA actuator demonstrated overall precise spa-
tial maneuverability enabled by the selective actuation of
different coil segments. Fig. 1 (a) through (c) show the
bending of actuator (b) which contains two side-by-side
SMA coils along the right side. Here the bend radius is
controlled by the pressure applied to the actuator supply,
and an increase in pressure causes tighter bending as seen
in Fig. 1 (c). Fig. 1 (d) and (e) show the deformation of
actuator (d) which contains one SMA coil along each side.
In Fig. 1 (d), the top section only of the right coil is heated
while the left coil and the bottom of the right coil remain at
room temperature. This causes localized bending to the right
precisely at the tip of the actuator. In Fig. 1 (e), the entire
length of the left side coils are heated as well as the upper
half of the right side coils. The bottom half of the right side
coils remain at room temperature, allowing bending to the
left precisely at the base of the actuator.

Fig. 6 shows the maneuverability of the narrow actuator
(e) which can achieve a tight bend radius, even wrapping
around an 8mm pen. Its narrow body enables tight curvature
and proves that these actuators can be scaled down for use in
space-constrained medical applications. In Fig. 6 (b) and (c),
different segments of the SMA spring is activated to cause
precise control of distal and proximal bending, respectively.



Fig. 6. Demonstrated spatial maneuverability and tight curvature with
narrow PneuSMA actuator.

B. Tighter Bending with Multiple Side-By-Side Coils

Actuators (a), (b), and (c) were tested at a variety of
pressures while the coils were fully activated to assess the
effectiveness of additional coils to increase the curvature
at any given pressure. The data points in Fig. 7 show the
curvature measured for each of the three actuators at different
pressures. The bend data shows higher curvature4in the
PneuSMA actuators with more coils for any given pressure:
Thus, additional coils enable tighter bending of the actuator.

The green data points in Fig. 7 show the measured curva-
ture of the fibers-only actuator, actuator (c). The blue/purple
data series shows measured curvatures from the/PneuSMA
actuator (a) with one Nitinol spring along the entire/length
of one side of the actuator. The pink/red/orange data,seri€s
shows measured curvatures from the PneuSMA, actuator
(b) with two side-by-side coils along thesentire length of
one side of the actuator. Overall, the PneuSMA actuators
exhibit significantly higher curvatures than the PneuFLEX
actuator (c). At low pressures, the' SMA-drivengaCtuator (a)
outperforms the fiber-only actuatory but atpressures above
about 140 kPa, the opposite is true. This makes sense since
the SMA coils are not inextensible; they éan offer some
compression at low pressures but also suffer some elongation
at high pressures. Thus, the PneuSMA actuators should be
designed for use at mederate pressuresjpybelow the curvature
plateau around 120 KPa.

C. Modeling Results

The static finite element model was tested against exper-
imental data from the 3 different actuators. A comparison
of the measured curvatures and model-predicted curvatures
is shown in Fig. 7. The curvatures predicted by the fi-
nite element model are shown by the solid curves. The
model-predicted curvatures generally match the trends of
the experimental data, but evidence some discrepancy. A
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Fig. 7. Comparison of FEA niodel with measured bending behavior.

Nitinol Effectiveness Factor (NEF) has been included in
the modelito account for assumed restraints on the Nitinol
coils that prevent compression of the springs and reduce the
oyerall shortening force exerted by the springs. This factor
is essentially a curve-fitting parameter. The NEF should hold
consistent. between both the 1-coil and 2-coil PneuSMA
actuators unless the errors are attributed to fabrication in-
consistencies. From Fig. 7, it can be seen that the NEF’s
required to fit the experimental data are not the same between
the 1-coil and 2-coil actuator. The model fits the data best
with an NEF of 0.68 and 1.36 for the 1-coil and 2-coil data,
respectively. This suggests possible inconsistencies in the
samples tested or a physical principle not accounted for in
the model.

At low pressures (below about 45 kPa), the PneuSMA
actuators buckle when the SMA coils are activated because
the low internal pressure is insufficient to prevent the actuator
from collapsing on itself under the compressive force from
the coils. The FEA model does not account for buckling,
so this unstable behavior is not matched by the model. This
buckling behavior explains the deviation between the model
and data at low pressures in Fig. 7. Although it complicates
modeling, the silicone buckling introduced by the SMA
contraction is actually beneficial as it enables much tighter
bending than is possible with the simple PneuFLEX actuator
which does not facilitate any buckling. When the silicone
material buckles, it does not exert as much force as the thick
silicone compression test samples, so a different modeling
approach will be required for this type of behavior. Modeling
the silicone force in buckling may involve estimated constant
force modeling or incorporation of experimentally measured
force exerted by a buckled actuator in compression.

Additional testing should also be conducted on a
PneuSMA actuator with discrete segments of the SMA coils
activated. This will produce unique configurations that no
longer classify as constant curvature. The proposed finite
element model should then be compared with these results
to ensure that the model holds true for more advanced
manipulations.



IV. CONCLUSION

We presented the novel design of a pneumatic soft actuator
with embedded SMA coils that serve as intrinsic muscle
fibers to direct the deformation. Different segments along

the

actuator may be independently controlled by heating

select SMA spring segments, eliminating the need to lengthy
tendon routes. The actuator demonstrated highly dexterous
capabilities that make it well-suited for soft end effectors that
operate in fragile environments requiring precise maneuver-
ability. The actuators can be made as thin as 6mm, bending
with a radius of curvature down to 4mm. The actuator is
entirely biocompatible and may lend itself well to biomedical
devices such as catheters or colonoscopes. Adapting the
design for these types of applications will require making

the

actuator thinner than the current 10 mm and 6 mm

designs and embedding the SMA springs internally where the
heat activation would be shielded from surrounding tissue. A
pneumatic venting system could then dissipate heat from the
internal SMA coils. The actuator may be further improved by
including more intrinsic muscles to enable even finer control.
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