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Abstract

Soft pneumatic actuators (SPAs) are versatile robotic components enabling diverse and complex soft robot
hardware design. However, due to inherent material characteristics exhibited by their primary constitutive
material, silicone rubber, they often lack robustness and repeatability in performance. In this article, we present
a novel SPA-based bending module design with shell reinforcement. The bidirectional soft actuator presented
here is enveloped in a Yoshimura patterned origami shell, which acts as an additional protection layer covering
the SPA while providing specific bending resilience throughout the actuator’s range of motion. Mechanical tests
are performed to characterize several shell folding patterns and their effect on the actuator performance. Details
on design decisions and experimental results using the SPA with origami shell modules and performance
analysis are presented; the performance of the bending module is significantly enhanced when reinforcement is
provided by the shell. With the aid of the shell, the bending module is capable of sustaining higher inflation
pressures, delivering larger blocked torques, and generating the targeted motion trajectory.
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Introduction

SOFT ROBOTS ARE CHARACTERIZED by their light weight,
compliance, flexible design choices!™ and embeddability
within the structure of a robot.>™® A commonly used actuator
in soft robotics is the soft pneumatic actuator (SPA), which is
actuated by the use of compressed air.””'® In particular,
bending SPAs derive their deflection from a straight to
bent configuration due to the air pressure built within their
chambers. This bending motion is suitable for a diverse set of
applications such as gripping and manipulating fragile ob-
jects,”!” adaptable locomotion on unstructured terrains and
autonomous navigation,'*>® operating surgical tools,>' and
biomedical rehabilitation.”>*> The elastomeric materials
used to fabricate SPAs typically present high resilience and
robustness to different contact environments.'’ However,
once inflated with pressurized air, SPAs suffer from some
inherent disadvantages such as the lack of precision in
movement and vulnerability to rupture in their walls. Once
activated, SPAs inflate their internal chambers, leading to an
overall reduction in the thickness of their walls. If these in-
flated thin soft wall layers come into contact with any rough
particles or surfaces present in the working environment, they

are likely to be perforated, damaging the entire actuator.
Thus, despite the resilience in material used,g’1213 robots
fabricated with soft materials are highly susceptible to punc-
tures and other mechanical failures when inflated under harsh
conditions,'® or when subjected to large deformations. Con-
sequently, an important requirement for the design of a soft
bending module is a protective layer to cover the SPA while
allowing for adequate mobility within the actuation range.
To circumvent these issues faced by SPAs upon inflation,
some solutions have been proposed to constrain the radial
expansion of the SPAs and guide their motion along a pre-
defined desired trajectory. Deriving inspiration from the
classical McKibben-style actuator designs,”**> where the air
chamber of the actuator is covered with fiber winding. Fiber
reinforcements have also been introduced in more recent
soft actuator prototypes,”®2° where a high-strength fiber
material is manually wound on the circumference of the ac-
tuator. In some such prototypes, grooves created on the outer
surface of the actuator during the fabrication process>® guide
the placement of outer fiber reinforcement in a predefined
pattern, allowing for repeatability in manufacturing. Other
methods to constrain the expansion of SPAs involve having a
thin outer casing shell of a higher stiffness material attached
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onto the actuator surface, with evenly spaced openings in the
shell to allow restricted inflation of the contained actuator.?’

This work presents a new type of soft bending module in an
effort to circumvent some of the above-mentioned drawbacks
faced by conventional SPAs and to enable more robust and
enhanced performance characteristics. The bending module
presented here comprises a bending SPA core, to provide
the necessary actuation motion, and a light-weight origami
shell structure that guides the motion of the actuator within
the desired range of application. The origami shell serves
multiple purposes targeted toward achievement of desired
displacement and force requirements, by enhancing the me-
chanical performance obtained with the SPA alone. The use
of an origami shell attachment helps combat the inherent
issues of a soft actuator such as vulnerability in the SPA walls
and incapability to withstand high levels of pressure without
damage to the actuator. It provides mechanical guidance for
actuation motion and constrains the maximum displacement
as well as inflation limits for the SPA. With assistance from
the shell, the bending module is also able to deliver higher
forces and torques desirable in several applications such as
gripping, for instance. Furthermore, the origami shells pro-
posed here are made from light-weight, low-cost, and easily
available materials such as paper and have predefined peri-
odic patterns fabricated on them for guided motion assis-
tance, in an effort to make the entire fabrication process more
manufacturable and repeatable. The origami pattern used for
the paper shell dictates the mechanical properties of the entire
structure, such as the stiffness and the resilience. By changing
the pattern of the origami shell, it is possible to tune the me-
chanical behavior of the entire bending module and achieve
greater stability as well as flexibility in actuation motion. Thus,
the soft bending module presented here holds the capability to
configure more sophisticated and complex soft actuator-based
systems in the future, than those built using soft actuators alone.

Origami, the Japanese art of paper folding, is a technique
that allows the generation of rigid folding structures by using
a sheet of paper or more recently using thicker materials.*!
Recent work has shown that origami tubes made from thin
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sheets can be used to create a wide variety of deployable,
reconfigurable, and mechanistically unique three dimen-
sional structures.’® Some examples of robotic structures de-
riving origami inspiration can be found in Onal ef al., Lee
et al., Peraza-Hernandez et al., and Paez et al 33736 Taking
into account the structural stability, some common crease
patterns in origami are Miura-Ori pattern, Yoshimura pattern,
and diagonal pattern.”’ In this work, the Yoshimura pattern is
chosen to create the shell for the bending module as it sup-
ports the translational motion desired. The diagonal pattern
supports rotary motion while the Miura-Ori gattern supports
contraction and expansion in all directions,3 not desired for
the demonstration here. When the origami structure is ca-
pable of delivering motion itself through embedded mecha-
nisms, it is known as active origami.33 3% In the present work,
the shell structure made with origami techniques does not
provide motion by itself; the motion is derived from the SPA.
Schematic diagrams of the proposed bending module before
and during operation are shown in Figure 1a, b, respectively.
The procedure for the attachment of the soft actuator to the
origami shell to assemble the complete bending module is
shown in Figure lc. An image of the fabricated module is
shown in Figure 1d.

In the following sections, analysis related to the choice of
best design for the shell as well as the SPA is described.
Subsequently, analysis and testing for the integrated mod-
ule comprising both the shell and the actuator are shown
in context of the performance achieved, describing sev-
eral characteristic curves extracted by rigorous experimental
analysis. Finally, a discussion of the results is provided.

Performance Requirements for Bending Module

The design requirements of the soft bending module
proposed here are based on the servomotor-powered rigid
bending modules. This approach opens the possibility to
use the proposed module to replicate, on lower load (<10 N)
and speed (<5 Hz) scales, the applications performed with
conventional rigid rotational actuators while offering the

FIG. 1. The soft bending [a
module comprises an origami-
based folded paper shell to
guide the motion of the soft
pneumatic actuator (SPA) con-

— = Soft
Pneumatic

tained inside that provides the
actual motion. The use of a shell
surrounding the actuator pre-
vents the actuator walls from
rupture and also constrains the
inflation limits of the actuator.
Schematic diagrams of the soft
bending module before and
during operation are shown in c
(a, b), respectively. A sche-
matic diagram of the procedure
for attachment of the soft actu-
ator to the origami shell to as- g
semble the complete module is
shown in (c). An actual image
of the module is seen in (d).
Color images available online
at www.liebertpub.com/soro
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FIG. 2. Comparison of bending characteristics obtained
with soft bending modules and rigid bending modules. Ra-
tios of central axis arc length, A, to the total module length
are plotted as a function of the bending angle for the soft
bending module, and the corresponding ratios of the seg-
ment length, B (distance between the module endpoints), to
the total module length are plotted for a rigid module. The
difference between the bending characteristics obtained with
two modules increases with the increase in the bending angle.
Color images available online at www .liebertpub.com/soro

inherent advantages of working with soft actuators with their
design versatility.

Soft and rigid modules exhibit different bending charac-
teristics. While soft bending modules ascribe an arc shape in
the bent configuration, their rigid counterparts, composed of a
servomotor and a pair of links, ascribe straight lines. To prove
that both rigid and soft modules match the bending expec-
tations with negligible difference, the comparison in Figure 2
shows that there is low difference in the ratios between the
central axis arc length to the total module length for a soft
module and segment length (distance between the module
endpoints) to the total module length for a corresponding
rigid module. A maximum discrepancy of 7.8% is observed
between the ratios at the maximum bending angle of 90°,
confirming that within the bending range considered, a bending
module can closely match a rigid one in terms of kinematics.

At some operating points in the actuation range, the SPAs
undergo unconstrained inflation even at constant pressure.'!#°
This is undesirable if the purpose of the bending module is to
bend only a finite angle and maintain adequate strength. In this
scenario, the folded paper shell serves as a retainer that provides
a restrictive force to the bending actuator. Once all forces (i.e.,
internal by SPA and external by shell compliance) are bal-
anced, it is expected that the bending module maintains a
stable bending condition (i.e., bending angle). This analysis is
shown later in the Complete SPA-Origami Module Assembly
and Experimental Results section.

Design and Fabrication of Origami Shell

The foldable origami shell allows for the bending of the
SPA internal actuator while simultaneously providing a re-
storing force that limits the actuator bending to a desirable

value. To assemble the module, both ends of the origami shell
are designed to have an opening matching the outer diameter
of the SPA to be contained. The SPA, along with the tubing
attachments for input air supply, is inserted into the origami
shell through the opening in the shell designated for the air
inlet. Two rigid end attachment plates are then used to clamp
the actuator and the shell components of the bending module
together in place with the help of screws. Fixtures connected
to the inlet end plate are then used to mount and secure the
tubing for airflow in place. The proposed origami creates a
closed shell that supports translational motion. The use of
origami allows for the creation of supporting shells in a va-
riety of geometric patterns, the effect of which on the bending
motion can then be characterized. In the following sections, a
systematic analysis of the desired structures is presented,
leading to the design of the most appropriate fold pattern,
along with size requirements and the paper thickness choices.

Origami folding pattern design

Two Yoshimura patterns were tested as a part of the design
process. The major constraint for the design is that the shape
of the shell must remain symmetric on the bending plane and
along the axis perpendicular to the bending plane. Together,
these requirements lead to the design seen in Figure 3. The
shell shown in Figure 3b uses twice the folding tip length than
that used in the shell shown in Figure 3a.

As mentioned in the design requirements, there are two
functional design criteria that enable selection of the optimal
shell pattern. One is the internal volume of the shell, which
needs to be large enough to allow the actuator to inflate, but
not as to allow the actuator to over inflate. The second cri-
terion is regarding the stiffness of the overall construction.
The shell should be stiff enough to restrict any unconstrained
overinflation of the actuator, but not too stiff to overconstrain
the SPA. To study the effect of both of these design factors on
the bending performance, two different configurations for the
shell offering different internal volumes and stiffness are
studied and characterized, as shown in Figure 3. The pattern
in Figure 3b uses twice of the length at each folded tip than
the pattern in Figure 3a; therefore, it features a smaller inner
volume and more compliance. Both of these shell patterns
were analyzed to measure their resistance to deflection or
elongation, including the force needed to achieve a constant
deflection in both patterns, and the compliance measured in
the resulting shapes.

Deflection characteristic. Approximating the origami-
folded shell structure edges shown in Figure 3 as a wide
beam,*' the schematic drawings in Figure 4 illustrate the
folded shell edges in Figure 3 subjected to loading. Figure 4a
shows a schematic representation of the shell edge for the
pattern shown in Figure 3a, and Figure 4b shows a schematic
representation of the shell edge for the pattern shown in
Figure 3b. The deflection of the tip of the shell edge can then
be expressed by the relation:

_4F (Length)®
~ E (Width) x (Height)®’

(D

where F is the bending force and E is the paper’s Young’s
modulus. Furthermore, F, is the force applied to bend the
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FIG. 3. Two different origami shells

made with Yoshimura patterns. Both

shells have similar external volume,
with the same maximum height, maxi-
mum width, and total length. The two
shells differ in the size of the folded tip;
the shell shown in (b) uses twice the
folded tip length compared to the one
shown in (a). Color images available
online at www.liebertpub.com/soro

folded edge structure shown in Figure 4a and F), is the cor-
responding force applied to bend the folded edge structure
shown in Figure 4b. Assuming the same net deflection for the
structures with different edge lengths, / and L, in Figure 4a, b,
respectively (L>1), and the same width b and height & for the
two cases considered, the following relation is obtained:

a b b >y

< 6>Ah

FIG. 4. Schematic to approximate the mechanical be-
havior of the paper folded vertex in the origami shell. The
same width b and thickness # is used in both cases. A small
length [ is used in (a) and a larger length L is used in (b). It
is concluded that the shell pattern with smaller fold tips, as
shown in (a), produces a higher stiffness in bending direc-
tion, compared to the pattern shown in (b). Color images
available online at www .liebertpub.com/soro

_4F, P 4F, L
~ E bh3 E b3’

2

From Equation (2), the expression for the force F, is ex-
pressed in terms of the force F, as follows:

L3
F.=F, 1_3 . (3)
This relation indicates that the paper shell pattern with
smaller fold tips, as shown in Figure 3a, produces a higher
stiffness in bending direction.

Compliance analysis. Figure 5 shows the net force nee-
ded to compress the shells in the plane xz in direction —x at
different elongations. Besides a near-linear compliant be-
havior, the results show that the pattern that uses smaller fold
paper tips, as seen in Figure 3a, presents a high stiffness.
Based on the analysis above, the shell pattern shown in
Figure 3b was selected to carry out further analysis. The
pattern is defined in terms of the parameter C, which corre-
sponds to the length of the folded paper tip, as shown in
Figure 3. The number of folds selected for the final shell
was set to five folds (corresponding to a total shell length of
10x C), as it allows the complete range of 0°-90° for bending.

Origami cut pattern design

The pattern of laser cut lines contributes largely to the per-
formance of the final shell and is discussed below. The carbon
dioxide laser machined folding lines provide repeatability
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FIG. 5. Compressing force versus shell’s length, for ori-
gami shell patterns shown previously in Figure 3. The paper
thickness used for these tests corresponds to 300 g/m?2 area
density. It is seen from the graph that the shell pattern that
uses smaller folded paper tips (pattern C/2), as seen in
Figure 3a, presents a high stiffness compared to the shell
pattern that uses twice as much folded tip length (pattern C).
Color images available online at www.liebertpub.com/soro

across the folding process. Compliance and resilience test
analysis for the different patterns produced on the shell is
done to characterize its mechanical behavior and to select
the most suitable pattern to be used in the final bending
SPA module.

Compliance analysis. To determine the effect of the laser
cut pattern on performance, sample papers with different cut
patterns were tested. A paper with thickness corresponding to
area density of 120 g/m? was used, and patterns with dashed
dot and dashed lines were analyzed. Figure 6 shows four cut
patterns assessed and the resulting net force needed to com-
press the sample. Each sample consisted of a rectangle,
80 mm in length and 30 mm in width. Every 20 mm of length
was cut with the pattern, making a total of three lines across
the sample. Once the sample is folded, it has the shape of a
capital case sigma character X. The concave angle produced
in the center fold versus the vertical compressing force is
shown in Figure 6. As seen from the graph, the pattern with
dashed dot and small gap is stiffer than the pattern with da-
shed line and long gap.

Resilience test. To ensure adequate compliance for the
bending of the enclosed SPA, the dashed line pattern was
selected for testing. Two different laser patterns were pro-
posed as shown in Figure 7. The first pattern, shown in
Figure 7a, does not include the convergence center of the
paper folding, while the second pattern, shown in Figure 7b,
includes the convergence center; the second pattern allows
simplification of the folding of the shell structure and adds
accuracy. To compare the strength of shell created using
these two different patterns, a resilience test, consisting of
compressing/decompressing the shell several times, was
carried out with these patterns. The results show that the
paper strength in the convergence centers of the paper folding
was diminished proportionately with the number of times
the shell was manipulated. The more accurately cut pattern,

1 - - -
LS Dash=0.3 Gap=1
s — Dash=0.3 Gap=3
0.8F ~ ——-Dash=2  Gap=2 {
Dash=6  Gap=6

Force (N)

Angle (°)

FIG. 6. Compressing force versus bending angle for
samples with different shell cut patterns, to determine the
effect of the laser cut pattern on module performance. The
dashed cut and gap length values are in mm. The paper
thickness used corresponds to 120 g/m” area density. It is
seen from the graph that the patterns with smaller dashes
(dashed dots) and smaller gaps are stiffer than the patterns
with longer dashes (dashed lines) and longer gaps. Color
images available online at www.liebertpub.com/soro

including the convergence centers of the folds, as shown in
Figure 7b, breaks after around 200 compression cycles, while
the pattern without including the convergence centers of the
folds (shown in Fig. 7a) proved to be more resilient to
compression and manipulation. For this pattern, after around
1000 compressions, the paper strength was diminished but
the shell still remains intact without holes.

Selection of paper thickness

Commercial laser printer paper was used here to test the
effect of paper thickness, with area density ranging from 80 to
160 g/m?. They correspond to thickness between 7=0.10 and
0.34 mm, respectively. Several A4 papers with area densities
of 80, 90, 100, 120, and 160 g/m2 were tested to investigate
the folding edge compliance.

Deflection characteristic. As with the analysis carried out
in the previous section to study the effect of different folded
paper edge lengths on the resulting stiffness of the shell, a
similar analysis is done to study the effect of varying paper
thickness, using Equation (1). Figure 8 shows schematic di-
agrams illustrating the folded paper edges of the shell with
two different paper thicknesses. As shown previously in
Figure 4, F, is the force applied to bend the folded edge
structure shown in Figure 8a and F), is the corresponding
force applied to bend the folded edge structure shown in
Figure 8b. Assuming the same net deflection for the struc-
tures with different thickness # and H in Figure 8a, b, re-
spectively (H > h), and the same width b and length L for the
two cases considered, the following relation is obtained:

P 4F, L*  4F, L’

“E o E b5 “)
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FIG. 7. Origami shell pat-
terns created with carbon diox-
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ide laser cutter using 160 g/m? =

area density commercial inkjet |l & »
paper. In the pattern shown in .
(a) the convergence center of
folds is omitted. The pattern in P
(b) has the convergence center -
included in the cut. A zoomed-
in view of the origami pattern
near the vertex region is shown
below both the laser patterns
after 1000 compressions in (a)
and after 200 compressions in
(b). The pattern shown in (b)
tears up at the convergence
centers, while the pattern in (a)
remains intact and exhibits
higher mechanical strength.

Color images available online at
www.liebertpub.com/soro

From the above equation, the expression for Fj is ex-
pressed in terms of F, as follows:

H3

Fb:Faﬁ~

(&)

This relation implies that larger paper thickness increases
the amount of force needed for the actuator to bend the folded
paper tips and hence the entire shell, making it stiffer. The
stiffness of shell is desired to allow the guided motion of the
actuator while providing adequate robustness.

Compliance test. Longitudinally, the shell acts as a
spring. Consequently, its blocked force behavior over the
range of displacements can be measured to estimate its
compliance at different operating points. In Figure 9, the
experimental setup used for this purpose is shown. At the top,
there is a motor with an encoder. When motor is actuated, a
worm drive with an attached fixed plate is moved. At the
bottom, there is a six-axis force/torque sensor (ATI Nano17),
which obtains the contact force feedback. Fixed to the sensor,
there is another plate. The shell is located between the two
plates and is compressed while the motor is actuated and the
worm drive moves down. The measure of the shell length

a

FIG. 8. Schematic to approximate the mechanical be-
havior of the paper folded vertex. The same width b and
length L are used in both cases. The folded paper has a
smaller thickness % in (a) and a larger thickness H in (b). It
is concluded that larger paper thickness increases the
amount of force needed for the actuator to bend the folded
paper tips and hence the entire shell, making it stiffer. Color
images available online at www.liebertpub.com/soro

while it is compressed is obtained with the help of the en-
coder. The results for the shell compliance test are shown in
Figure 10. Different paper thicknesses were tested, with area
densities ranging from 80 to 160 g/m”. For large paper densities
between 120 and 160 g/m?, and corresponding paper thicknesses,
the paper shell offers a high resistance to bending.

FIG. 9. Experimental setup used to test shell’s compli-
ance. At the rop, there is a motor with an encoder. When
motor is actuated, a worm drive with an attached fixed plate
is moved. At the bottom, there is a six-axis force/torque
sensor (ATI nanol7), which obtains the contact force feed-
back. Fixed to the sensor, there is another plate. The shell is
located between the two plates and is compressed while the
motor is actuated and the worm drive moves down. Color
images available online at www.liebertpub.com/soro
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FIG. 10. Plotshowing compression force versus shell’s length
for different shell paper’s area densities, ranging between 80 and
160 g/m” and correspondingly thicknesses. For large paper
densities between 120 and 160 g/m?, and corresponding paper
thicknesses, the paper shell offers a high resistance to bending.
Color images available online at www.liebertpub.com/soro

SPA Design

The core actuating member in the bending module pro-
posed here is the bending SPA.''*® The SPA is fabricated
using Ecoflex® 00-30 silicone rubber (from Smooth-On,
Inc., with elastic modulus, E=69 kPa). To encase the SPA
with dimensions as listed in Table 1, the shell with dimen-
sions (length/width/height) of 70 mm was chosen for further
analysis. This SPA geometry was adapted from the SPA
design used in Sun ef al.'' and improvised for achieving the
required motion profile in the present work. To achieve bi-
directional bending, it is necessary to use two bending SPAs
attached to each other, as shown in Figure 11. Despite the
need for two air inlets, the use of a fabric as a common base
for two silicone rubber modules results in a single SPA

TABLE 1. BENDING SOFT PNEUMATIC
ACTUATOR DESIGN PARAMETERS

Parameter Value
Air chamber size (width x height), mm 2x4
Air chamber length, mm 8
Number of chambers per side 12
Wall thickness, mm 3
Actuator height, one side, mm 6.9
Actuator height combining 14
two sides, including fabric, mm
Actuator width, mm 14
Actuator length, mm 71.6
Material Ecoflex® 00-30,
E=69 kPa
Tube diameter, mm 2
Tube length, mm 40
Number of tube inlets 2
Limit pressure, kPa 47
Weight, g 16.07

SPA=<,
A / (

SPA‘_Jl
B

Unstretchable
fabric

FIG. 11. Agonist/Antagonist structure of the bidirectional
bending SPA. It consists of two bending SPAs made with
silicone rubber, jointed at a common base made of un-
stretchable fabric. The piece of fabric in the middle of the
construction constrains the length of the bidirectional actu-
ator such that if one of the chambered sides inflates, a
bending motion toward the opposite side is produced.

bending actuator unit with an agonist/antagonist behavior.
The unstretchable fabric in the middle of the construction
constrains the length of the bidirectional actuator such that if
one of the chambered sides inflates, a bending motion toward
the opposite side is produced. An example of the bidirectional
SPA bending capabilities achieved with this unit is shown in
Figure 12. The motion of the SPA without the shell is shown
in Figure 12a, b, while that with the shell is shown in
Figure 12c, d, at a similar level of bending motion. It is seen
that symmetry is achieved in both the directions of bending,
with as well as without the shell, when the same amount of
pressure is applied through the primary air inlet while
opening up the other air inlet to atmospheric pressure. At
moderate to high values of input pressure, the shell does not
over restrict the motion of the contained SPA and enables
achievement of the desired motion profile similar to that of
the actuator alone. In addition, by constraining excessive
inflation of the contained SPA, the shell also allows for
guided motion of the SPA at higher values of input pressure.
A compendium of the design parameters used to create the
bidirectional bending SPA is reported in Table 1. The inte-
grated bidirectional bending module is shown in Figure 1 and
has a total weight of W =45.33 g, including the air tubes.

Complete SPA-Origami Shell Module Assembly
and Experimental Results

Once the module with the shell and SPA actuator is as-
sembled, several experiments are carried out to test its me-
chanical performance. These tests are aimed at characterizing
the relationship between the input pressure and the resulting
bending angle and the total torque exerted for the combined
bending module.

Bending angle

To characterize the variation in bending angle with respect
to the variation in input pressure, five actuators were used and
each one was tested in both directions of motion. A step
signal at different values of pressure was applied to each
module. Video recordings of the sequences were taken until
the module achieved a stable bending condition and the final
bending angles were obtained from these. The average values
of the resulting bending angles obtained as a function of
applied pressure are plotted in Figure 13, for both the cases of
the module with and without the shell, and in two directions



FIG. 12. Bidirectional motion of the
SPA without the shell, seen in (a, b),
and with the shell, seen in (¢, d), at
a similar level of bending motion.
Symmetry is achieved in both the di-
rections of bending, when the same
amount of pressure is applied through
the primary air inlet, while opening
up the other air inlet to atmospheric
pressure. Color images available on-
line at www.liebertpub.com/soro
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FIG. 13. The average values of the bending angles ob-
tained as a function of applied pressure, for the bending
module with and without the shell and in two different di-
rections of motion governed by selective actuation of the
soft actuators A and B. It is observed that although higher
pressures are required to move the additional weight of the
bending module with shell compared to the module without
shell, the module with SPA alone can operate well only until
lower pressures of around 30kPa before incurring me-
chanical damage. The bending module is capable of sus-
taining larger inflation pressures when the shell is attached.
Color images available online at www.liebertpub.com/soro

of motion. It is observed from the plot, although higher
pressures are needed to move the additional weight of the
bending module with the shell compared to the module
without the shell, the module with the SPA alone can operate
well only until lower pressures of around 30 kPa. At higher
values of pressure, the module with SPA alone incurs damage
and eventually mechanical rupture due to unconstrained ex-
cessive inflation. The bending module is capable of sustain-
ing larger inflation pressures when the shell is attached, since
the shell constrains the lateral motion of the actuator and
provides guidance for actuator motion along the prescribed
trajectory.

Bending torque

The experimental setup for measuring the torque with
varying input pressure at a constant bending angle is shown in
Figure 14. The setup consists of two plates that can be fixed to
achieve a specific angle between them. One of the plates is
attached to a fixed wall. The other plate is attached to a load
cell with I0N and 2 mV/V of sensitivity. The moving plate
and the load cell can change their orientation and be fixed at a
desired angle. The plate attached to the load cell is rigid with
no deflection, ensuring a perpendicular force vector at the
measuring point of the load cell. The load cell is set at a
distance of 100 mm (independent of the angle tested) from
the center of rotation to facilitate an easy reading of the tor-
que exerted by the bending module.

To implement the experiments, a signal of variable
pressure is set. The signal increments the pressure in the
regulator every 3 s and by increments of 1 kPa. Plots for the
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FIG. 14. Experimental setup for torque measurements.
The setup consists of two plates that can be fixed to achieve
a specific angle between them. One of the plates is attached
to a fixed wall, while the other plate is attached to a load
cell. The moving plate and the load cell can change their
orientation and be fixed at a desired angle. The bending
module is set up to achieve a bending angle of 60°. Color
images available online at www.liebertpub.com/soro
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FIG. 15. Measurement of torque versus input pressure
recorded at constant bending angles. The measurement is
obtained for three different angles. The module was tested at
each angle three times in different arrangements. The first
and the second rounds of tests involve testing the SPA with
the origami shell, using shells with dashed line cut pattern
(2mm dash, 2 mm gap) and dotted line cut pattern (0.3 mm
dot, 3mm gap), respectively. The third measurement re-
cords the performance of the SPA under the same conditions
without any shell reinforcement. The output torque for the
bending module increases as the pressure increases. Larger
torque values are obtained for lower bending angles. For
each bending angle studied, the actuators encased within the
origami shell deliver a significantly larger torque than the
actuators without the shell, thereby enhancing the perfor-
mance of the SPA considerably, especially at higher values
of input pressure. Color images available online at www
Jiebertpub.com/soro

measured torque versus pressure are shown for the actuator
in Figure 15, at angles of 30°, 60,° and 90°, for the cases of
the actuator without the origami shell, the actuator with the
shell with the dashed line cut pattern, and for the actuator
with the shell with the dotted line cut pattern. The maximum
pressure used is limited to 30 kPa for these measurements.
The output torque for the bending module increases as the
pressure increases. Larger torque values are obtained for
smaller bending angles.

For each bending angle studied, the actuators encased
within the origami shell deliver a significantly larger torque
than the actuators without the shell. This gap between the
actuator performance with the origami shell reinforcement
and without the shell increases with increase in input air
pressure, leading to a largely improved mechanical perfor-
mance obtained with the combined bending module at higher
input operation pressures. In general, commonly encountered
mechanical failure issues in SPAs occur at higher values of
input pressure, since the actuator undergoes unconstrained
large deformation in these situations. Thus, the progressively
increasing improvement in SPA performance with increasing
input pressure, obtained with the aid of the origami shell, is a
highly desirable characteristic for such systems. This trend
establishes the critical role played by the shell in enhanced
performance obtained with the combined bending module, as
opposed to the performance obtained with bending SPA
alone. It is also observed that while at lower pressures, the
dashed and dotted line cut patterns exhibit similar perfor-
mance at higher pressures, the performance delivered with
the dotted cut line pattern origami shell is superior to that
obtained with the dashed cut line pattern, in terms of the
maximum torque delivered. This is with the exception of the
90° bending angle where the overlap is much less between the
two designs. This is explained by the larger stiffness of the
dotted cut pattern origami shell resulting from larger surface
area coverage of the contained actuator in this case compared
to the dashed line cut pattern origami shell.

Conclusions

The design and analysis of a novel soft bending mod-
ule composed of a paper origami shell and a bidirectional
bending SPA core, and the module’s mechanical perfor-
mance is presented in this work. The use of a shell
surrounding the actuator helps to counteract inherent disad-
vantages suffered by the SPAs, such as limited control and
precision in movement and vulnerability to rupture in their
walls. Together with the shell and the SPA, the combined
bending module is able to successfully achieve the desired
motion and force profile. From the design perspective, an
extensive and rigorous experimental and theoretical search is
performed to determine the best design parameters. The ef-
fects of paper size, paper thickness, and cut patterns on the
performance of the shell are studied. The bending module is
tested for performance characteristics, in terms of the bend-
ing angle and the blocked torque, as a function of the applied
input pressure. It is demonstrated that bending angles of upto
90° and sufficiently large values of blocked torque are easily
achievable within the working pressure range. It is also
established that significantly higher (up to 233% increase at
the maximum values of input pressure considered) values
of blocked torque are delivered by the combined bending
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module comprising both the origami shell and the soft
actuator, compared to the torque obtained with the actuator
alone, demonstrating the capability of the module to deliver
the desired performance not achievable with conventional
SPAs alone.
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