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ABSTRACT

Upper limb mobility impairments affect individuals at all life
stages. Exoskeletons can assist in rehabilitation as well as
performing Activities of Daily Living (ADL). Most commercial
assistive devices still rely on rigid robotics with constrained
biomechanical degrees of freedom that may even increase user
exertion. Therefore, this paper discusses the iterative design
and development of a novel hybrid pneumatic actuation and
Shape Memory Alloy (SMA) based wearable soft exoskeleton to
assist in shoulder abduction and horizontal flexion/extension
movements, with integrated soft strain sensing to track
shoulder joint motion. The garment development was done in
two stages which involved creating (1) SMA actuators
integrated with soft sensing, and (2) integrating pneumatic
actuation. The final soft exoskeleton design was developed
based on the insights gained from two prior prototypes in
terms of wearability, usability, comfort, and functional
specifications (i.e., placement and number) of the sensors and
actuators. The final exoskeleton is a modular, multilayer
garment which uses a hybrid and customizable actuation
strategy (SMA and inflatable pneumatic bladder).
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1 Introduction

Interventions allowing for upper limb mobility are especially
important for children that may need assistance for performing
activities of daily living (ADLs) [16]. It is estimated that nearly
5.6 million children under 18 years old have physical
impairments that affect ADLs [9]. While the state of the art in
assistive devices emphasizes rigid robotics and may even
increase user exertion [2], there is a persistent need for
assistive systems with more soft, flexible, lightweight, and
unobtrusive form factors. The emerging discipline of soft
robotics, which uses mechanically responsive soft materials to
replace traditional hardware, offers promise for better
wearability.

Soft actuators including pneumatic bladders and SMAs have
widely been used in previous soft exoskeleton designs
individually, owing to their ability in generating sizable linear
forces/displacements [1,3,4,13]. Each of these actuation
mechanisms have advantages and limitations. One way to
overcome these limitations is to use them in a hybrid scheme.
However, such hybrid actuation schemes require detailed
design and engineering consideration to ensure the robotic
systems complement one another appropriately.

In this paper, we present our mobility-assistive wearable
prototype that combines different types of textile-friendly soft
sensors and actuators. To generate assistive forces for upper
limb motions, we designed a system which combines both
pneumatic and SMA actuation to achieve shoulder
abduction/adduction and horizontal flexion/extension. To
accurately measure the resulting movements, textile strain
sensors were used. The final soft exoskeleton design was
developed through a 2-step iterative prototyping process: (1)
integration of the SMA actuators and soft sensors, and (2)
integration of the pneumatic actuators, SMA actuators, and
sensing garment.
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2  System Components

2.1 Soft Sensing

Bottom-thread coverstitched strain sensors have been shown
to be capable of capturing joint motion in previous studies [5],
and were used in both generations of the garment to capture
shoulder motions. This sensor is made of Shieldex 235/340z
silver-coated nylon thread, directly sewn onto the base
garment as the bottom thread in a coverstitch. The resistance
of the sensor decreases as strain increases, due to the change
in connectivity of the conductive threads that are sewn in a
looped configuration [5]. Previous studies have shown that the
response of the sensor changes linearly with respect to the
strain amount (correlation coefficient r2>95%) [8].

2.2 Hybrid Soft Actuation

Broadly, wearable soft robotic systems have to overcome
several physical/mechanical challenges to effectively support
or manipulate a targeted body part: (1) the system should
produce and transmit adequate force/torque to move a
targeted body segment or limb, (2) it should be well-anchored
to the body for leverage that is required during actuation, and
(3) it should be able to apply a force vector without inhibiting
mobility. The designed system also should also be in a form
factor that is comfortable, unobtrusive, and suited for long-
term use. With those requirements in mind, we focus our
efforts toward two core technologies that present promise in
this  application: (§8) SMAs to create linear
forces/displacements to articulate the arm in the horizontal
plane (i.e.assist shoulder horizontal flexion/extension), and
(2) pneumatic bladders that inflate to cause a change in shape
and/or volume, to lift the arm (i.e., assist shoulder abduction).
Therefore, the hybrid system approach offloads the weight of
the arm to the pneumatic bladder system while leveraging the
benefits of SMAs to drive horizontal limb movement.

2.2.1 SMA Actuators

SMAs are a type of material capable of transforming into a pre-
trained shape when heated, the most commonly used being
nickel-titanium (NiTi). In wire form, SMAs can only generate a
displacement of 6-8%; in comparison, when in coiled form,
SMAs afford large (>100%) active displacements maintaining
significant forces [6,7]. In this system, SMA wires (Flexinol®
wire, Dynalloy Inc., diameter 0.304 mm, nominal activating
temperature 70°C) are formed into springs of 1.219 mm outer
diameter, and heat treated at 450°C for 10 minutes to set their
shape. SMAs have an inherent limitation since they only have a
one-way shape memory effect, whereby they can only contract
when actuated and must be manually reset. To circumvent this,
the SMAs are housed in fabric braids which function as an
antagonistic elastic force for the SMA actuation and allow for
faster relaxation of the SMA when it is not powered. The SMAs
were actuated through resistive/joule heating using an
external power supply.

Golgouneh et al.

2.2.2 Pneumatic Bladder

Pneumatic bladders offer the benefit of providing variable
levels of support to a body segment when inflated, and can be
soft, lightweight, comfortable, and affordable for users
[11,12,15]. Previous studies have shown that a wing-shaped
pneumatic bladder made with heat-sealable fabric can provide
the full assistance required to lift the arm of an 11-year old
male [10,11]. In this study, the bladder design in Figure 1
provided vertical shoulder abduction/adduction.
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Figure 1. The sketch (left) and the photograph (right) of the
fabricated inflatable pneumatic bladder, showing the dimensions
(cm) of the bladder and locations of the inflation valve and kink

These bladders were made with Heat Sealable 70 Denier Nylon
Taffeta (6606-108, Rockywoods Fabric) and fabricated using a
SeamMaster High Profile Ultrasonic Sewing Machine
(Sonobond Inc.) with a R1044 pattern wheel for combining
Taffeta fabrics together. Figure 1 shows the valve that allows
for bladder inflation and the kink design (1.27x2.54 cm) that
was provided to decrease resistance for horizontal
flexion/extension. A soft, perforated tube (5234K44,
McMASTER) was incorporated into the bladder to address
bladder crimping during actuation.

3 Garment Generations

3.1 Generation 1: Sensing and SMA-Actuation
Garment

The first generation of the exoskeleton garment was designed
to evaluate the capability of the soft strain sensors placed
around the shoulder joint for capturing the wearer’s joint
rotations. In total, 18 sensors were sewn on the garment, 9 on
each side (left and right), as shown in Figure 3. In order to
localize the extension induced by body movements to the
sensing area, the garment was designed in 3 parts, consisting of
a non-stretchable fabric (100% cotton plain weave, center
back/front and sleeves) separated by stretchable knit fabric in
the sensing region (around the shoulder, 82% nylon, 18%
spandex). The garment was made to fit tightly to maximize
translation of body movements to the garment. Sensors lengths
varied between 11.4 cm-15.2 cm. Sensors were evaluated
through a series of movements, including single rotational,
multi-rotational, and random, and compared to motion data
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Figure 3. Generation 1: Sensing and SMA-Actuation Garment

simultaneously collected by a Vicon motion capture system.
The results showed that the sensors were able to capture the
three shoulder rotations (flexion/ extension,
adduction/abduction, and internal/external rotation) with
Root Mean Square Error (RMSE) of 3.4 degrees [14].

In this prototype, five SMA actuators, covered with 3.18 mm
(1/8”) diameter braids (Techflex Flexo PET) were integrated
into the garment. While the braids were effective in
electrothermally insulating the actuators, they generated
significant counter-forces against the actuation direction. The
SMA actuators were attached using 9.5 mm (3/8") metallic
snaps and placed 2.54cm apart to allow for quick swapping of
actuator/braid types while also allowing design
explorations/assessment. The actuators were connected to an
external power supply in a parallel circuit configuration,
allowing each SMA to be controlled separately, therefore
generating variable force amounts if needed. However, this
requires separate, controllable power sources for each actuator
channel. When a set of parallel SMAs are all powered from the
same source, overheating or underheating the actuators can
occur due variability in the resistance of each actuator.

a) Front View

Back View b)
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3.2 Generation 3: Fully-Integrated Soft
Sensor-Actuator System

Using the experiences gained from the first generation, we
developed a final hybrid soft exoskeleton design, integrating
the soft strain sensors and the two types of soft actuators (SMA
and pneumatic bladder). The second prototype was fabricated
modularly, consisting of a sensing shirt, SMA actuator harness,
and the bladder housing unit. The sensing and actuation
components were developed with a focus on both wearability
and functionality. The sensing shirt has 14 strain sensors
distributed around the shoulder joint. A piece of stretchable
elastic fabric was sewn on top of each strain sensor for
electrical insulation (Figure 4 (a)).

A magnetic fast closing plastic zipper (ANKHGEAR MagZip) was
provided in the middle of the garment to enable ease of
donning/doffing for users with immobility issues. Unlike the
sensing shirt, the actuation layer was made from a non-
stretchable fabric (100% polyester plain weave). 10 metallic
snaps, spaced 2 cm apart, were placed on each side of the
garment in a two-column formation with 4 cm between
columns (Figure 2, and Figure 4 (b)). The two-column
configuration enables having multiple SMAs in a compact space.
An adjustable armband was also designed to anchor the lateral
ends of the SMA actuators. To accommodate user
anthropometric variability, the armband was designed such
that it could be placed on the desired location on the arm and
fastened using hook-and-loop fasteners.

To resolve the previously-discussed issue of counter forces, in
the second generation of the garment, the PET braids were
replaced by softer, more flexible fabric braids. However, the
thermal insulation of the fabric braids was lower than the PET
braids. The SMA actuators had a length of 24.13 cm (9.5”), and
were connected in series in order to heat each of the actuators
evenly. Another significant improvement in this design was the
integration of the pneumatic actuator (air bladder) for vertical
adduction/abduction of the arm. As discussed earlier, the
bladder was placed under the armpit to support the arm while
SMAs were used to horizontally flex/extend the arm. One side
of the pneumatic actuator was fixed on the arm using a non-
stretchable strap while the other side was attached to the

Figure 2. Technical sketches showing (a) the front and back view of the soft exoskeleton system (v2), (b) adjustable arm
bands with snapping SMA distal endpoint connections, and (c) pneumatic bladder and housing unit
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Figure 4. Generation 2: (a) Sensing layer and (b) and the actual Hybrid SMA-Pneumatic Garment

Figure 5. Actuation steps: (from left to right) (1) fully deactivated actuators, (2) partial bladder actuation, (3) partial bladder and SMA

actuation, and (4) partial bladder and full SMA actuation

actuation jacket. As demonstrated in Figure 5 the final hybrid
exoskeleton prototype system was tested on a mannequin with
a biomechanical arm. The arm weighed 1.2 kg and had a length
of 62 cm, with the mass center located at 39 cm from the
wrist.The designed soft exoskeleton is capable of moving the
shoulder in order to follow the desired trajectory by means of
hybrid actuation on this biomechanical mannequin.

4  Conclusion

In this paper we discussed the iterative design and
development of a novel soft exoskeleton to assist in shoulder
abduction/abduction and horizontal flexion/ extension
movements, with embedded soft strain sensing to track
shoulder joint motion. Two generations of this exoskeleton
garment were developed. There remain limitations with the
last generation of the prototype that can be improved in further
generations of the soft exoskeleton. For instance, the final
design still accommodates the weight and bulk of the
pneumatic inflatable bladders. Also, as previously discussed,
compared to the PET braids, the thermal insulation of the fabric
braids is not good enough to protect the skin against the SMA
temperature when it is fully activated. Future work will aim to
address these challenges and further improve wearability and

functionality of the exoskeleton garment. In addition, further
experiments are required to fully evaluate the system
performance.
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