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ABSTRACT

Textile pneumatic actuators were developed to provide full assistance to lift the arm of a model of an
11-year-old male beyond 120 degrees of shoulder abduction. Two fabrics and a variety of sealing tech-
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niques, methods of attachment, and actuator shapes were comparatively evaluated using textile and

functional tests. The results identified that both fabrics and one of the three sealing techniques were
effective for creating air-tight, functional actuators. Actuators were more effective when the bands
attaching them were closer to the axilla. Rectangular and wing-shaped actuators, both lifting the
model of an 11-year-old male’s arm above 120 degrees of abduction, were more effective than Y-
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shaped actuators. Multiple designs and materials may be acceptable for building textile pneumatic
actuators to lift the full weight of a child’s arm. Compared to traditional hard robots, soft assistive
robots offer key potential benefits related to comfort, aesthetics, weight, bulk, and cost.

Introduction

Rehabilitation technology can increase independence for
self-care activities, such as eating, grooming, and play, for
children with upper extremity movement impairments due
to arthrogryposis multiplex congenita, muscular dystrophy,
spinal muscular atrophy, and other diagnoses (Babik et al.,
2016; 2019; Estilow et al., 2018; Lobo & Li, 2021). There are
a variety of devices, such as robotic exoskeletons and feed-
ing devices, on the market to assist upper extremity function
for people with physical disabilities. Exoskeletons are devices
designed for wear that externally support the musculoskel-
etal system to enhance range of motion, reduce energy
expenditure, assist weight-bearing, and improve functional
performance of daily tasks (Exoskeleton Device - Mesh -
NCBI, 2016; Veneman et al., 2006).

Although traditional exoskeletons can effectively assist
limb movement, they are typically fabricated using metallic
components, making them heavy, rigid, bulky, and uncom-
fortable for users (Li et al., 2019; Majidi, 2014; Realmuto &
Sanger, 2019; Rus & Tolley, 2015). They are typically teth-
ered (i.e. not portable) and expensive devices, which are dif-
ficult for users to access and utilize outside of laboratory or
clinical environments (Babik et al, 2019; Realmuto &
Sanger, 2019). The quickly evolving field of soft robotics has
the unique potential to improve the portability, comfort,
and aesthetics of exoskeletal devices (Nesler et al., 2018; Rus
& Tolley, 2015). Soft robots are defined as systems “capable
of autonomous behaviors and that are primarily composed

of materials with moduli in the range of that of soft bio-
logical materials” (Rus & Tolley, 2015).

Actuators are devices that produce specific motions or
actions when directed via input signals (Actuators, 2011).
Pneumatic actuators are comprised of soft, air-proof materi-
als and can provide substantial forces over relatively large
areas (Li et al., 2019; Lobo et al., 2015; O’Neill et al., 2017;
Simpson et al, 2017). In a few prior studies, pneumatic
actuators have been developed as soft actuators to assist
movement at the shoulder, with placement in different loca-
tions, such as near the axilla (Li et al., 2019; Lobo et al,,
2015; O’Neill et al., 2017; Simpson et al., 2017), on the top
of the upper limb (Natividad & Yeow, 2016), or around the
upper limb (Natividad et al., 2018). There are two primary
forms of pneumatic actuators: air muscles and inflatable
bladders. Air muscles (e.g. McKibben artificial muscles) con-
sist of an inner rubber cylinder layer constrained by an
outer braided nylon layer. During inflation, the system func-
tions such that its diameter increases and its length
decreases, allowing it to “contract/shorten” like a muscle
(Tsagarakis & Caldwell, 2003). An inflatable bladder or tex-
tile actuator is a fluid-impermeable bladder which contains
a fluid-impermeable textile structure or a fluid-impermeable
structure [e.g. a thermoplastic polyurethane (TPU) bladder]
housed in the fabric pocket (Walsh et al., 2020). When actu-
ated, the inflatable bladder can offer support to the body
segment of the user.

Compared to most of the current exoskeletons that have
rigid and bulky components, soft exoskeletons with pneu-
matic actuators have the potential to offer improved
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portability, comfort, and aesthetics. They can be made to
feel soft, while being light weight, comfortable and afford-
able for users (Li et al, 2019; Manna & Dubey, 2018).
Inflatable bladder actuators have the added potential of
being sleek, as they can fold flat against the user’s body
when they are deflated, a benefit that may be appealing to
users for discretion of the exoskeleton (O’Neill et al., 2017).
There are several limitations in the existing research on soft
exoskeletons. One limitation is the challenge of identifying a
suitable method for inflation/deflation of the bladder.
Battery-powered portable air compressors have been used but
they create undesirable, high levels of noise (Simpson et al.,
2017). Recently, portable compressed gas canisters have been
applied as a solution with more promising results (Li et al.,
2019; Simpson et al, 2017). Another limitation is that the
existing research is limited in populations with disabilities,
such as those with muscular weakness, who require greater
support for their arms. Research with pneumatic exoskeletons
has primarily focused on bench testing and preliminary test-
ing with small numbers of healthy participants. Lastly, soft
exoskeleton research could be enhanced by involving experts
in textile science and apparel design who can conduct sys-
tematic evaluations to answer questions that have not yet
been answered, such as which materials and methods are
feasible and effective for fabricating soft exoskeletons.

The purpose of this study was to address the need for
actuators that provide full arm support. The current
research developed and comparatively evaluated soft pneu-
matic actuators made from sealed textile materials for future
incorporation in a pediatric robotic device aimed at fully
assisting shoulder abduction against gravity. The interdiscip-
linary team systematically evaluated the impact of textile
characteristics, sealing technique, actuator shape, and
method of attachment on functional performance of the
actuator. We aimed to develop a textile pneumatic actuator
to lift the full weight of the arm of a model of an 11-year-
old boy into at least 120 degrees of shoulder abduction, a
level sufficient for most functional upper extremity tasks.

Previous research has demonstrated that soft pneumatic
bladders can be used to create a soft robotic limb that acts
as an additional limb to support function (Nguyen et al,
2019). It has also shown that soft actuators comprised of
plastic bladders housed in fabric casings can deliver partial
assistance to reduce the muscle activity required to lift the
arm for healthy adults (O’Neill et al., 2017; Simpson et al,,
2017). Work from the corresponding author’s group has
demonstrated that actuators made from textiles can provide
the full support, rather than just assistance, required to lift
the arm of a model of an 11-year-old male (Li et al., 2019).
Soft robotics work is in its early stages and there remains
much to learn about how to optimally fabricate textile blad-
ders, especially ones with the capacity to lift the full weight
of the user’s arm, a necessity when designing for individuals
with more severe physical disabilities. The current study
expands upon earlier work by systematically evaluating the
functionality of textile pneumatic actuators fabricated to
provide full support to pediatric users. Unlike earlier work,
this research offers novel findings from textile testing,

systematic evaluation of a variety of materials and fabrica-
tion methods, and a solution with the potential for do-it-
yourself fabrication by community members. This novel tex-
tile and fabrication information is important to guide the
development of improved soft exoskeletons. The do-it-your-
self potential of the solution is important to increase the
accessibility of the product for end users with physical dis-
abilities (Hall & Lobo, 2018).

Materials and methods

Textile and functional testing were performed to identify
the optimal sealing method for pneumatic actuator con-
struction and to evaluate the functional performance of
actuators varying in fabric properties, shapes, and method
of attachment.

Textile characteristic

Two fabrics (Seattle Fabric, USA) with air proof coatings,
making them heat sealable, were implemented in this study.
They were: (1) 58" Heat Sealable Coated Oxford (Oxford);
and (2) 60” Heat Sealable Coated Nylon Taffeta (Taffeta).
The Oxford fabric count was 230 Ends Per Inch (EPI) and
180 Picks Per Inch (PPI). The Taffeta fabric count was 130
EPI and 115 PPI. The coating material for both the Oxford
and Taffeta was TPU.

Textile testing was performed using the American Society
for Testing and Materials (ASTM) International standards.
Prior to testing, the samples were conditioned in an envir-
onmental chamber (Lunaire, Model No. CEO910-4, Thermal
Product Solutions, New Columbia, PA, USA) at a tempera-
ture of 21°C and relative humidity of 65% in accordance
with ASTM D1776 (Standard Practice for Conditioning and
Testing Textiles).

The fabric thickness was measured using a portable gauge
(SDL Atlas Inc., Rock Hill, SC, Model: J100) and stiffness
using a Handle-o-Meter (Thwing-Albert, West Berlin, NJ).
The thickness was measured according to ASTM D1777-96
(2019) Standard Testing Methods for Thickness of Textile
Materials. There were ten replications for each test. The
stiffness was measured according to ASTM D1388-18
Standard Testing Method for Stiffness of Fabrics. There
were five replications for each test.

Sealing method evaluation

To comparatively evaluate potential sealing methods for cre-
ating air-tight actuators, the researchers evaluated three
sealing techniques. The actuators were sized to fit an 11-
year-old male, with the length matching the measurement
from waist to elbow. Six rectangular pneumatic actuators
were created using the Oxford and Taffeta fabrics by sealing
two 15.25 x 39.37 cm (6 x 15.5 inches) pieces of fabric using
three sealing methods: 1) an impulse sealer (AIE-500,
American INT'NL Electric); 2) a hand wheel sealer (ME-
802HW, ABC Office); and 3) a flat iron (cs4wvd, CONAIR).
The impulse sealer produced a 2mm seal width using
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Figure 1. Volumetric measurement of the actuators, showing the three hook
and loop straps holding the bladder at the bottom of the water bath.

temperatures between 190 and 205 °C; the hand wheel sealer
produced a 5mm seal width with an adjustable temperature
range from 65 to 148°C; and the flat iron produced a
19mm seal width using temperatures up to 180.9°C. The
hand wheel sealer did not melt the coating on the air-proof
fabrics, so this method was not a feasible sealing method.
The researchers inflated the pneumatic actuators from the
other two sealing methods and immersed them in a
water bath.

Pressure was applied on each pneumatic actuator as
shown in Figure 1 and visual observation was conducted
(i.e. visual inspection for air bubbles in the water bath) to
determine whether the seams were intact or allowed for air
leakage. Leakage at the seams was observed for all of the
pneumatic actuators created using the impulse sealer, while
leakage was not observed for any of the pneumatic actuators
constructed using the flat iron. Consequently, the flat iron
method was used for sealing the fabrics for all of the follow-
ing experiments. Temperature of the flat iron was measured
by a Laser temperature gun (Lasergrip 774, Etekcity). The
temperature was measured five times for each heat level; the
results are shown in Table 1. The flat iron could reach a
maximum of 180.92°C and had twenty-five tempera-
ture options.

To determine the heat setting and duration associated
with the strongest seal, the researchers used a Tinius Olsen
(Horsham, PA, USA) HK5T benchtop tester and a modifica-
tion of the ASTM D5034 Standard Test Method for
Breaking Strength and Elongation of Textile Fabrics. The
sealing method associated with the highest breaking strength
would be most optimal for the fabrication of pneumatic
actuators of high quality and durability. Fabric samples with
the size of 7.62 x 20.32cm (3 x 8 inches) were created by
sealing two pieces of 7.62 x 11.43 cm (3 X 4.5 inches) fabric
with a 1.27cm (0.5inch) seam line. The 8-inch length was
in accordance with the ASTM D5034 standard method. The
3-inch width is shorter than the 4-inch sample width in the
ASTM D5034 standard method. The reason to use the 3-
inch width is that the length of the flat iron heating surface
is 3 inches. Two sealing cycles would be required to seal a
4-inch length and the overlapping area might be sealed
twice, which could affect the testing results.

Each fabric was tested in the warp and weft directions,
evaluating the breaking strength of the seamline created via
three different temperatures (levels 15, 20, and 25 on the
flat iron) and three different heating durations (10, 30, and
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Table 1. Average temperatures [Mean (standard deviation)] of the flat iron
settings tested.

Level Off 15 20 25
Temperature 23.96 (.15) 140.08 (1.06) 155.78 (3.49) 180.92 (3.00)
(Unit: °C)

60s). Breaking strength was measured five times for each
condition and descriptive results are reported (Table 2).

To evaluate the effect of temperature (heat level) and
duration (time) of heat sealing on the breaking strength of
the seamline, two-way analysis of variance (ANOVA) was
conducted separately across four fabric conditions: Oxford
warp, Oxford weft, Taffeta warp, and Taffeta weft.

Actuator construction process

Three pneumatic actuators of each shape were fabricated by
first creating paper patterns. The patterns were then traced
on the Oxford and Taffeta fabrics. Two plastic barbed tube
fitting valves (5463K594, McMaster-Carr) were then inserted
into one of the pieces of fabric; both of the valves were
placed in the midline of the pneumatic actuator. One valve
was to connect to the air source and was placed 7.62cm (3
inches) from the bottom of the pneumatic actuator
(Figure 2). To connect the valve to the fabric, the
researcher: (1) cut one small circular hole the size of the
valve on one of the pneumatic actuator fabric pieces; (2)
placed the valve in the circular holes, (3) secured the valves
to the fabric using Super Glue (Gorilla Glue Company,
7805001-2), allowing the glue to fully dry; (4) applied hot
glue around the circumference of the valve to secure it in
place, ensuring the adhesive did not infiltrate the valve and
block air flow and allowing the adhesive to fully dry; and
(5) attached the silicone tubing to the outside opening of
the valve. Once the valves had been placed, the two fabric
pieces were sealed together using the parameters determined
optimal from the earlier heat-sealing evaluation.

Functional testing

Three different actuator shapes were evaluated functionally
with each fabric (Oxford and Taffeta). The shapes were a
rectangle, wing, and Y shape (Figure 2). To characterize the
size of the inflated actuators, the researchers evaluated their
volume by inflating the actuators, immersing each actuator
in a water bath, strapping it at the base, and recording the
change in water level (as in Figure 1). This method also
provided additional evidence that the seals were air-tight as
no air was observed escaping from any of the actuators.
Actuator volume (Table 3) after inflation is important
because end users prefer exoskeletons to be as sleek
as possible.

A 1-degree of freedom apparatus was constructed to
simulate shoulder abduction (Figure 3). The weight of the
arm matched that of an 1l-year old male (2.70kg). The
length of the arm is 58.42cm, and the weight is placed at
the center of mass of the simulated arm. To evaluate the
actuator using the testing apparatus, the researchers secured
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Table 2. Results for the breaking strength testing [Mean (standard deviation)].

Breaking strength (N)

Taffeta Oxford
Heating level Heating time Warp Weft Warp Weft
15 10 35.06 (16.37) 18.83 (4.55) 13.00 (3.36) 16.86 (5.25)
30 68.12 (16.68) 42.61 (30.80) 18.70 (2.65) 31.87 (8.99)
60 57.84 (10.65) 56.94 (7.88) 34.37 (8.59) 33.94 (9.75)
20 10 146.36 (61.21) 177.55 (65.63) 125.23 (47.12) 115.96 (14.08)
30 344.84 (98.70) 387.79 (82.72) 308.39 (22.94) 242.32 (63.24)
60 461.04 (100.13) 436.71 (82.08) 403.72 (12.02) 380.26 (52.11)
25 10 528.20 (12.03) 507.25 (29.62) 381.96 (23.06) 338.72 (36.32)
30 533.80 (38.43) 529.20 (29.46) 365.12 (7.08) 340.24 (18.09)
60 645.60 (23.63) 569.65 (82.21) 383.91 (25.31) 393.32 (18.50)
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Il \I
: 254 |
— e i g
v
10.16 ' ]
' L] L
] L} L
_____ P L] L]
1 L] L]
: P 19.69
1 L] L]
1 1 L]
1 L] L}
L} L] L
] L} L}
) L] L}
] 1 L}
: Lasd o,
: 1 L} 1
1 L] L]
] 1 L]
D ' ' 7.62
[ L L}
] { L}
Valves ' ' ' A
duwwe e mmymdmend o TS o o e o o o o o - - g = ----
L} L
L} L
l<—>l
15.24 15.24 15.24
(A) (B) (€)

Figure 2. The actuator shapes tested: (A) Y, (B) Wing, (C) Rectangular shape (unit of measure is cm). A valve to allow for bladder inflation can be seen on

each actuator.

Table 3. Maximum actuator volume, shoulder abduction angle achieved, and air pressure in the actuator for each fabric and shape [Mean (standard deviation)].

Coated Oxford

Nylon Taffeta

Rectangular-shaped Wing-shaped Y-shaped Rectangular-shaped Wing-shaped Y-shaped
Volume (cm?) 1963.99 (189.94) 2509.51 (189.94) 1527.44 (189.94) 2291.24 (189.94) 2662.24 (113.40) 2072.96 (327.41)
Angle (degrees) 148.28 (1.94) 142.09 (2.42) 120.04 (2.56) 149.08 (0.18) 145.64 (4.23) 113.2 (0.86)
Pressure (PSI) 4.95 (0.1) 6.32 (1.26) 5.45 (0.22) 5.06 (0.01) 4.99 (0.23) 5.28 (0.06)

each actuator in the axilla of the testing apparatus using
5.08cm wide heavy-duty hook and loop fasteners (Velcro)
and 5.08cm wide elastic belts (iCraft; Figure 3). The actu-
ator was inflated to achieve its maximum shoulder abduc-
tion angle across three consecutive trials using an air
compressor (Hitachi EC28M).

Air pressure within the pneumatic actuator was recorded
continuously using a pressure sensor (Adafruit MPRLS
Ported Pressure Sensor). Two instruments, that is, a com-
mercial motion capture system (TrakSTAR, Ascension
Technology Corporation) and a 3-axis accelerometer
(ADXL335, Adafruit Industries), were used to simultan-
eously measure the maximum shoulder abduction angle.
The TrakStar motion capture system has been used in

several published robotics studies (Field et al., 2011;
Polygerinos et al., 2015; Song et al., 2015; Tausch et al,
2012); and using accelerometers to measure movement read
through an Arduino is becoming increasingly common. To
validate the accelerometer sensor for measuring maximum
shoulder abduction angle, the researchers conducted a
paired sample t-test to assess the difference between the
data collected with the accelerometer sensor and the
TrakStar sensor.

To evaluate the placement of the elastic bands attaching
the bladder to the model, this functional testing protocol
was performed with both belts as close to the model’s joint
(0cm) as possible or with each belt 7.62cm from the joint
in each direction. Testing was repeated with rectangular



pneumatic actuators made with the Oxford and Taffeta fab-
rics. To analyze the effect of the two fabric types and two
attachment methods on the maximum abduction angle, a
two-way ANOVA was conducted.

To evaluate the impact of the fabric type and actuator
shape on functional performance, six pneumatic actuators,
one rectangular, one wing, and one Y-shaped pneumatic
actuator in each fabric type (Oxford and Taffeta), were

Weight

/ Angle of
/ "\ Abduction

Elastic Belts

I Velcro

Figure 3. The functional testing apparatus allowing for abduction movement
at the shoulder and weighted to match the arm of an 11-year-old male. The
pneumatic actuator is attached under the model’s axilla by securing it to hook
and loop fabric and then encompassing it with elastic belts.
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fabricated and tested using the functional testing protocol.
A two-way ANOVA was conducted to analyze the results.

Results
Fabric thickness and stiffness

The Taffeta fabric was thinner and less stiff than the Oxford
fabric. The thickness of the Oxford fabric was .263 mm
(S.D. = .003), and the thickness of the Taffeta fabric was
177mm (S.D. = .002). The stiffness of the Oxford fabric
was greater than 100g (out of the test range of 100g) and
the stiffness of the Taffeta fabric was 47.915g (S.D.
= 2.508).

Sealing method evaluation

When the Oxford fabric was sealed in the warp or the weft
direction, there was a statistically significant interaction
between the effects of heat level and duration of heating on
the seamline breaking strength [warp: F (4, 36) = 10.877, p
< .01; weft: F (4, 36) = 20.381, p < .01]. As shown in
Figure 4A and B, the breaking strength of seamlines gener-
ated with the flat iron at level 25 was the highest across all
of the durations of heating for both the warp and
weft directions.

When the Taffeta fabric was sealed in the warp or weft
direction, there was a statistically significant interaction
between the effects of heat level and duration of heating on

500
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400

£ 350 [
=
& 300
=}
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5 250
=14)
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=
3 150
m

100 h
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0 —— i ﬁ
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60
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(b) Heat m15

20 m25
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300
200 :[
100
R . =
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60

Breaking Strength (N)

Heating Time (Seconds)

(d) Heat 15 m20 25

Figure 4. (A) The estimated marginal means of breaking strength for the Oxford fabric sealed with the flat iron in the warp direction (error bars represent standard
deviation); (B) The estimated marginal means of breaking strength for the Oxford fabric sealed with the flat iron in the weft direction (error bars represent standard
deviation); (C) The estimated marginal means of breaking strength for the Taffeta fabric sealed in the warp direction (error bars represent standard deviation); and
(D) The estimated marginal means of breaking strength for the Taffeta fabric sealed in the weft direction (error bars represent standard deviation).
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Figure 5. Maximum shoulder abduction angles reached during functional testing comparing the two different locations for the elastic belts attaching the Oxford

and Taffeta pneumatic actuators (error bars represent standard deviation).

the seamline breaking strength [warp: F (4, 36) = 20.381, p
< .01; weft: F (4, 36) = 22.366, p< .01). As shown in
Figure 4C and D the breaking strength of seamlines gener-
ated with the flat iron at level 25 was the highest for the 10-
and 30-second durations of heating. The breaking strength
of seamlines generated with the flat iron at levels 20 and 25
were higher than that generated by level 15 for the 60-
second duration of heating for both conditions.

These results suggested that strong seamlines could be
obtained with both fabrics, although the Oxford produced
stronger results (p < .01; breaking strength for the Oxford
fabric: M =303.85N, S.D. = 220.87, Taffeta: M=219.42N,
S.D. = 162.06). They also suggested fabric direction should
be considered when fabricating pneumatic actuators as
seamlines along the warp direction were stronger (p < .000;
breaking strength in the warp direction: M=270.94N, S.D.
= 207.31, weft direction: M =252.33 N, S.D. = 188.42).

Furthermore, using the flat iron at heat level 25
(180.92°C) for 10s could produce strong seams while allow-
ing for greater efficiency in fabrication. These heat-sealing
parameters were used to create the soft actuators for the
remainder of the functional testing.

Functional testing

There was no significant difference in the maximum shoul-
der abduction angle measured by the accelerometer or the
TrakSTAR system, t (53) = .286, p = .776, supporting the
accuracy of the accelerometer sensor data. Accelerometer
sensor data are presented throughout the results below since
they were accurate while offering the benefit of ease of syn-
chronization with the accelerometer pressure sensor data.
Functional testing results are shown in Figure 5. There
was no significant interaction between the fabric type and
attachment method (F (1, 8) = 7.141, p = .028). There was
no difference in maximum abduction angle in relation to
fabric type (p = .502). There was a difference in maximum
abduction angle in relation to method of attachment.

The findings suggest that both fabrics can be used to cre-
ate functional pneumatic actuators. In addition, both inte-
gration methods can result in shoulder abduction angles
greater than 120 degrees. However, greater angles of abduc-
tion can be achieved when bands are placed at the axilla. It
should be noted that while band placement at the axilla can
lead to greater abduction angles on the model, it may be a
challenging method to implement on human participants
depending on the amount of compression it places on the
axilla, an area that houses nerves and blood vessels that
should not be constricted.

There was no significant interaction between the fabric
type and shape on the maximum abduction angle, [F (2, 30)
= .310, p = .736; Table 3]. There was no significant differ-
ence in function (shoulder abduction angle) between the
two fabric types (p = .673). However, as shown in Table 3,
the maximum shoulder abduction angle obtained was
greater for the rectangular pneumatic  actuators
(M =148.68°, S.D. = 1.32), and the wing-shaped pneumatic
actuators (M =145.63°, S.D=4.23.) than the Y-shaped
pneumatic actuators (M =116.62°, S.D. = 4.12).

These results suggest the rectangular and wing-shaped
actuators made using either the Oxford or Taffeta were
effective at reaching shoulder abduction angles greater than
120°. As shown in Table 3, the maximum air pressure read-
ings within the pneumatic actuators during the functional
testing were at levels that would be safe for human wear
(4.95 £ .1 to 6.32+1.26 psi) (Guiochet et al., 2003)

Discussion

Both fabrics evaluated could be used to create functional
actuators. However, only one of the three sealing tools
tested, heating with a flat iron (cs4wvd, CONAIR), could
successfully be used to create air-tight seams with the fab-
rics. In thermal bonding of textiles, softened or melted
adhesive enters the irregular and porous textile surface to
provide mechanical interlocking, thus temperature, pressure,



and pressing time are important parameters to determine
the bonding strength (Jakubcioniené & Masteikaite, 2010).
Using TPU as an adhesive to bond textiles, Jakubcioniené
and Masteikaite (2010) found that 180°C was the optimal
temperature, while Daukantiené et al. (2021) found that
150°C was the optimal temperature associated with the
highest bonding strength. Compared to research that kept
pressing time constant, e.g. 20s (Daukantiené et al., 2021)
or 30s (Jakublioniené & Masteikaite, 2010), and only
changed temperature, this research tested both temperature
and pressing time and verified that there existed a signifi-
cant interaction effect between temperature and pressing
time on the bonding strength. It was identified that the
optimal heat setting and duration of heating with the flat
iron to maximize the breaking strength of the seam were
Level 25 (180.92°C) and 10s. Using a short sealing time of
10s could minimize fabrication time.

Implementation of fabric bands to attach the actuator
enabled greater shoulder abduction angles when placed at
the axilla rather than more distal to the joint. However, user
comfort and integrity of the nerves and blood vessels in the
axilla will need to be considered when translating this solu-
tion into practice with human participants. Rectangular and
wing-shaped actuators raised the model arm to the highest
levels of shoulder abduction, while Y-shaped actuators fell
at or just below the target of 120 degrees of shoulder abduc-
tion. Air pressure in all of the pneumatic actuators
remained within safe ranges.

Prior to this study, the research team created the prelim-
inary design of a soft pneumatic exoskeleton that could lift
a human 11-year-old child’s arm greater than 90 degrees (Li
et al,, 2019). The current study extended this work by sys-
tematically evaluating the methods involved in actuator
design in order to create an actuator that could lift the arm
more effectively. The result was the identification of materi-
als and techniques that can be used to create actuators that
successfully lift a model arm with the weight of an 11-year-
old male to more than 120 degrees of shoulder abduction.
Future directions for this research are to test the actuators
on a model with more than one degree of shoulder motion,
to integrate the actuators within garments that can be worn,
and to test the soft exoskeleton on children with upper limb
movement disabilities, assessing its usability and function.

This study provides evidence that a variety of fabrics and
designs may be used to develop functional pneumatic actua-
tors. Those alternatives can provide users a greater number
of options for solutions to best match their comfort and aes-
thetic needs. The results of this study serve as a reference to
guide future studies involving soft actuator fabrication and
integration processes. Compared to traditional robotic exo-
skeletons, soft designs have the potential to be more com-
fortable, affordable, and aesthetically appealing (Li et al.,
2019; Majidi, 2014; Rus & Tolley, 2015). The potential use
for this design is not limited to children with disabilities; it
may also be helpful in assisting geriatric populations or for
performance enhancement and energy savings in healthy
adults (Kim et al,, 2019; O’Neill et al., 2017; Simpson et
al.,, 2017).
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Conclusion

This study has demonstrated that soft, pneumatic actuators
made entirely of fabric can provide the full level of assist-
ance necessary to successfully raise the arm of a model sim-
ulating the weight of an 11-year-old male to greater than
120 degrees of shoulder abduction. In addition, this study
indicated that the textile properties, actuators shapes, and
method of attachment, are crucial factors for the functional
performance of the actuator.
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