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A Wearable Soft Robotic Exoskeleton
for Hip Flexion Rehabilitation

Tiana M. Miller-Jackson 2*', Rainier F. Natividad""?*, Daniel Yuan Lee Lim"?7,

Luis Hernandez-Barraza?', Jonathan W. Ambrose"?" and Raye Chen-Hua Yeow ?*

'Evolution Innovation Lab, Advanced Robotics Centre, National University of Singapore, Singapore, 2Department of Biomedical
Engineering, National University of Singapore, Singapore

Leg motion is essential to everyday tasks, yet many face a daily struggle due to leg motion
impairment. Traditional robotic solutions for lower limb rehabilitation have arisen, but they
may bare some limitations due to their cost. Soft robotics utilizes soft, pliable materials
which may afford a less costly robotic solution. This work presents a soft-pneumatic-
actuator-driven exoskeleton for hip flexion rehabilitation. An array of soft pneumatic rotary
actuators is used for torque generation. An analytical model of the actuators is validated
and used to determine actuator parameters for the target application of hip flexion. The
performance of the assembly is assessed, and it is found capable of the target torque for
hip flexion, 19.8 Nm at 30°, requiring 86 kPa to reach that torgue output. The assembly
exhibits a maximum torque of 31 Nm under the conditions tested. The full exoskeleton
assembly is then assessed with healthy human subjects as they perform a set of lower limb
motions. For one motion, the Leg Raise, a muscle signal reduction of 43.5% is observed
during device assistance, as compared to not wearing the device. This reduction in muscle
effort indicates that the device is effective in providing hip flexion assistance and suggests
that pneumatic-rotary-actuator-driven exoskeletons are a viable solution to realize more
accessible options for those who suffer from lower limb immobility.

Keywords: soft robot, exoskeleton, soft pneumatic actuator (SPA), pneumatic rotary actuator, soft exosuit, lower
limb rehabilitation, frugal innovation, rehabilitation robot.

1 INTRODUCTION

Leg motion is something many take for granted; however, the faculty for leg motion can be impaired.
This work is focused specifically on those who suffer from hip flexor weakness. The causes for hip
flexor weakness can include hip injury, stroke, and degeneration due to aging or disease. In the
United States, over 300,000 people 65 and older are hospitalized for hip fractures yearly (Centers for
Disease Control and Prevention 2016), and stroke reduces mobility in more than 50% of stroke
survivors age 65 and over (Centers for Disease Control and Prevention 2021).

Robotic exoskeletons, devices worn on the body for rehabilitation, have been developed. Lokomat
(Krishnan et al.,, 2013) and LOPES (Veneman et al,, 2007) are examples of such devices which have been
found to be highly effective for lower limb rehabilitation. HAL (Sczesny-Kaiser et al., 2019) and ReWalk
(Kwon et al., 2020) are examples of similar but more portable lower limb exoskeletons. Given the impressive
utility of lower limb rehabilitation devices, they are not as ubiquitous as would be expected. A possible factor
could be cost. According to the most recent data from The World Bank, the average health expenditure per
capita for one entire year for “Low and middle income” countries was only around 271 USD, and this group
makes up the majority of the world population (The World Bank 2022). Thus, it would be valuable to realize
a device with rehabilitative capabilities yet made from materials which are low-cost.
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FIGURE 1 | Overview of soft wearable assistant for gait (SWAG).
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Opportunely, there is an emerging subset of robotics known as
soft robotics. Soft robotic actuators are made from flexible
materials such as silicon, textiles, flexible plastics, or cables
(Ilievski et al., 2011; Kim et al., 2013; Rus and Tolley 2015;
Wang et al., 2015). They are highly compliant and can thus offer a
safer human-robot interaction. (Cianchetti et al., 2014; Low et al.,
2014; Yap et al,, 2015). They tend to be lighter than traditional
robotic actuators, which affords surprising force-to-weight ratios
(Yap et al,, 2016; Khin et al., 2017). Furthermore, due to their
fabrication materials, they can be manufactured at low costs
(Chou and Hannaford 1996; Brown et al., 2010; Hiller and
Lipson 2012; Wang et al., 2015).

There are various modes of soft robotic actuation such as
cable-pulley systems (Asbeck et al, 2015b; In et al, 2015),
dielectric elastomers (Carpi et al,, 2010; Kocis and Knoflicek
2017), and pneumatics (Low et al., 2016; Low et al., 2017; Sun
et al,, 2017; Natividad et al., 2020). Cable-pulley systems are one
of the more explored means of actuation for lower limb
exoskeletons (Ding et al., 2014; Awad et al,, 2017; Ding et al,
2017). Xiloyannis et al. point out several advantages and
limitations of this method (Xiloyannis et al, 2021). For
advantages, they are driven by electric motors, which have
well-studied control mechanisms. They also tend to use
Bowden cable sheaths which can easily be routed across the
body. As for limitations, they apply high shear forces to wearers,
and they offer low mechanical efficiency. Cable-pulley systems
can be employed in complement with other soft actuators, such as
pneumatics, as exhibited by (Meng et al, 2020). Pneumatic
actuation tends to be relatively slow, since it depends on the
pressurization of soft chambers which is often limited by air
flowrate, but cable-pulley systems can actuate quickly. Pneumatic
actuation has its own advantages. Compared to other types of soft

actuators such as dielectric elastomers and shape memory allows,
soft pneumatic actuators (SPAs) can be made more easily and at
lower cost and can be safter to operate and provide more
flexibility (Sun and Chen 2014). Pneumatic actuation is the
mechanism chosen for this work.

Some SPAs have been successfully employed in lower limb
exoskeletons. A contracting type of SPAs, pneumatic actuator
muscles (PAMs) have been used in lower limb exoskeletons to
assist ankle and/or knee motion (Sawicki and Ferris 2009; Park
etal, 2014a; Park et al., 2014b; Li et al., 2019) and some have been
proposed for walking assistance (Diteesawat et al., 2018). The
CPAM (curl pneumatic artificial muscle) is a variation of the
PAM which curls as it contracts. Wang et al. designed a CPAM-
driven lower limb device which assists hip, knee, and ankle joints
(Wang et al., 2020).

While useful, PAMs may be limited by stroke length, since
their motion depends on contraction. A larger range of motion
may be afforded by PRAs (pneumatic rotary actuators) (Sridar
et al.,, 2017; Chung et al,, 2018; Tiana M. Miller-Jackson et al.,
2019; Veale et al., 2019; Fang et al., 2020; Park et al., 2020; Sridar
et al., 2020; Veale et al., 2021), a type of SPA which produces
rotary motion. J. Chung et al. presented the PRA-driven Exoboot
for ankle motion assistance and reported a maximum torque of
39 Nm at a supply pressure of 483kPa and an ankle angle of 60°
(Chung et al, 2018). A. J. Veale et al. presented the pleated
pneumatic interference actuator for knee extension assistance for
sit-to-stand motion, which can provide an impressive 324 Nm of
torque at 320 kPa and a knee angle of 82° of flexion (Veale et al.,
2021).

Despite these promising results of PRA-driven lower-limb
exoskeletons, not many groups have reported the efficacy of their
device in assisting actual human subjects. Of the few examples, S.
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Sridar et al. presented a PRA-driven device for knee extension
assistance and reported a 7% reduction in muscle effort for
walking (Sridar et al., 2017). J. Fang et al. also presented a
knee extension device, reporting a maximum reduction of
64.21% muscle signal for the rectus femoris in the half squat
motion (Fang et al., 2020). Yang et al. presented a hip abduction
device and reported a maximum reduction of 43% for gluteus
maximus (Yang et al., 2020).

One reason for lack of human testing is the challenge of actuating
SPAs at a speed commensurate with normal human motion. J. Park
et al. have proposed a design in which some sections remain inflated
at all times (inactive sections) so that only certain sections must be
inflated for actuation (active sections) (Park et al, 2020). This
reduces actuation volume resulting in faster inflation. S. Sridar
et al. have chosen, rather, to adopt a hybrid design of both soft
and rigid components in (Sridar et al., 2020). Rigid lateral extensions
attached to a soft central pneumatic section allow this hybrid
actuator to meet the same torque output per pressure of an
equally-sized fully soft actuator, yet with a 4.5 times faster rise time.

Given the positive results described, PRAs may be viable to
produce effective lower limb exoskeletons. However, as stated,
there are not many publications which report the efficacy of PRA-
powered exoskeletons in assisting human subjects. Furthermore,
nearly no devices are targeted toward hip assistance, though
many are targeted toward knee and ankle assistance.
Therefore, it is the aim of this work to present a PRA-driven
exoskeleton for hip flexion assistance and demonstrate its efficacy
in providing assistance with real human subjects.

To avoid wearer injury, use of the device should follow certain
requirements. Firstly, the device should only be used by wearers
who are able to support their own bodyweight in a standing
position. Secondly, the device should have restrictive measures
to limit its range of motion so as not to injure the wearer. For
example, in this work, the device range of motion was limited to
approximately that of a normal human hip range of motion during
walking, namely 30° flexion and 15° extension. Additionally, torque
output of the device should be restricted to prevent discomfort or
injury to the wearer. In this work, torque output is restricted
through controlling the inlet air flow to the pneumatic actuator.

2 MATERIALS AND METHODS

2.1 The Soft Wearable Assistant for Gait
The Soft Wearable Assistant for Gait (SWAG) is a wearable
exoskeleton which assists with hip flexion. The device uses
pneumatic rotary actuators (PRAs) to transmit torque to the leg
in the direction of hip flexion. The SWAG is comprised of tubular
jammed beams (TJBs) (Tiana Miller-Jackson et al., 2019), an array
of PRAs, and strategic ergonomic attachments (Figure 1).

2.1.1 Tubular Jammed Beams

In our previous work, we have introduced tubular jamming, a
variable stiffening method for soft actuators which requires only
positive pressure (Tiana Miller-Jackson et al, 2019). Tubular
jammed beams (T]Bs) are soft beams with variable stiffness. They
are comprised of a manifold of inflatable tubules housed inside a

Soft Robotic Exoskeleton for Hip
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FIGURE 2 | Details of Torque Model and PRA architecture. (A) Diagram of
internal work and external virtual work of PRA which are set in equiliorium to determine
torque output of PRA. (B) Entire actuation assembly with a single PRA highlighted in
yellow and a view of PRA laid flat to show its dimension labels. (C) PRA volume

is approximated using geometric shapes, with dimensions labels as shown.

retaining sleeve. When unpressurized, the TJBs are highly
compliant. This feature is advantageous for use in the
exoskeleton as it enables the device to be positioned to fit each
user’s unique body shape. When pressurized, the TJBs become
stiff and fixed in their preset position. Once stiffened they become
load-bearing beams which transmit the assistive torque from the
PRAs to the user’s leg for assistance. In this work, each TJB
contained five tubules of diameter 50/m mm in sleeves of diameter
120/t mm. Two TJBs were used in each section of the device
(Figure 1). The length for the top section was 11.5 mm and the
length for the bottom section was 16.5 mm.
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2.1.2 Soft Torque Actuator for Rotation

The Soft Torque Actuator for Rotation (STAR, Figure 1) is
comprised of multiple PRAs (Khin et al., 2017) based on those
presented in our previous work (Tiana M. Miller-Jackson et al.,
2019). The STAR is tethered to a central rotation point called a
prong, which is part of the ergonomic attachments.
Pressurization of these actuators causes spatial interference
between them which generates an expansive force. Because the
actuators are tethered to a common axis, this motion is translated
into torque. This torque is then captured by the TJBs and
transferred into the body of the user in the trajectory of hip
flexion. Thus, the STAR is the driving actuation component of the
device. The STAR has an adjustable safety tether which restricts
rotation to a maximum angle. This feature keeps the device
within a safe range of motion and prevents it from applying
forces to the user in unwanted trajectories.

2.1.3 Wedges

Since the SWAG aligns with the wearer’s back and the wearer’s
thigh (see Figure 1), its actuation array must span the large
angular range from the back to the thigh (180° for neutral
standing position and even larger angular range for hip flexion
position). Through observation of the mechanical behavior of a
PRA (asin (Tiana M. Miller-Jackson et al., 2019)) it is evident that
its torque output is maximized when its angular position is
minimized, so minimal PRA angles are desirable. That is, a
large angular range is required for the actuation array, yet, it
is desirable to minimize the angular range of each individual PRA.
Thus, the Wedges are introduced. These components are inactive
sections of PRAs which remain in static angular position
throughout device operation. This minimizes the angular
positions required of the active PRAs in the STAR section,
which enables the large torque output required, even at
maximum device angular positions. Furthermore, the static
Wedges enable a smaller actuation motion for the STAR
section, which leads to faster actuation speed.

2.1.4 Ergonomic Attachments
The SWAG is attached to the user in three locations, the torso, the
hip joint, and the thigh. The torso attachment wraps around the
user’s back to provide a strong base for the device to push against
to lift the leg. This follows physiological architecture wherein the
primary muscles responsible for lifting the leg are anchored to the
back. The hip attachment aligns the axis of the device with the
axis of the user’s hip joint. The flexibility of the device allows it to
mold to the body shape of each user. This alignment is important
because misalignment of device and user hip axes could lead to
discomfort and inefficiency as forces will not be directed
appropriately. The hip attachment anchors the STAR, which
drives the exoskeleton to move. At the distal end of the device
is the thigh attachment. Here, the torque from the STAR is
transmitted through the T]Bs to the leg and aids in hip flexion.
For all three attachments, the surface area which contacts the
user was made maximally broad to distribute the force across as
large an area as possible. This decreases the normal pressure
experienced by the user, which affords a higher level of comfort
(Asbeck et al., 2013; Asbeck et al., 2015b; Karavas et al., 2017).

Soft Robotic Exoskeleton for Hip

Furthermore, care was taken to route the attachments over bony
segments wherever possible. When the skin is compressed against
bony areas of the body, its displacement is notably lower than
when compressed against other areas of muscle or fat (Asbeck
et al., 2013). Displacement of the attachments can lead to user
discomfort, device misalignment, and weakened efficacy. Thus,
adjustable straps were incorporated to better maintain
attachment positions on the user’s body. The twist-prevention
straps are crucial to efficient operation of the device, as, without
them, the actuation energy of the STAR would cause waist and
thigh attachments to rotate around the user’s body rather than
providing hip flexion assistance. Therefore, the straps are
strategically positioned antagonistically to oppose this
unwanted rotation movement so that force is pointed in the
forward direction at the waist and thigh, as is desired.

2.1.5 Control and Bandwidth

The SWAG device is controlled pneumatically using an
electropneumatic regulator (ITV 2030; SMC Corporation,
Tokyo, Japan). The device operation speed is controlled by
adjusting the regulator on and off timing. Assistive torque is
then delivered at fixed intervals based on the pre-selected, target
motion speed. Since the device actuation system is soft and
compliant, it will move with the wearer to any angular
position within range. Thus, the angular position bandwidth
of the device is governed by the angular position bandwidth of
the wearer. The pressure bandwidth of the device is dependent on
its angular position, as the increase of angular position decreases
pressure (discussed further in sections 2), making definition of
device bandwidth difficult to directly define. Based on pilot
testing, the minimum cycle time for comfortable walking is
1.5s. Thus device bandwidth is defined as 0.67 Hz.

2.2 Design Parameters

2.2.1 Device Parameters

Walking is one of the most foundational tasks of everyday living
which involves hip flexion motion, thus it is chosen to guide the
design goals of the device. In walking, the hip reaches
approximately 30° of flexion (Ramakrishnan and Kadaba
1991), thus, 30° is taken as the nominal target hip flexion
angle for the device to assist the user to reach. Additionally,
the hip reaches approximately 15° of extension during walking
(Parvataneni et al., 2009). Therefore, SWAG range of motion
should be designed such that it allows the user to reach that
extension angle.

Based on the biomechanics data set forth by winter in (Winter
2009), and assuming a nominal body mass of 62 kg (Walpole
et al,, 2012), the nominal static torque required to hold the leg at
30" hip flexion is 19.8 Nm. In order to determine necessary
dimensions for the pneumatic rotary actuators to achieve this
target torque, a physical model was developed based on the model
presented by Felt (Felt 2019).

2.2.2 Physical Model

Due to the laws of conservation, for a system in static equilibrium,
the sum of work is zero. Therefore, taking the fabric of the PRAs
to be inextensible, it holds that the sum of the work done by an
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external virtual torque (W) and the internal work done by the
change in volume of the structure (W;) should be zero
(Figure 2A):

OWr + 8W; =0 (1)

The change in external work (§Wr) and the change in internal
work (8W;) can be expressed as follows:

8WT =T. 5([)
8Wi = P,' . 8V (2)

where T is torque, 8¢ is change in angle, P; is internal pressure, and
8V is change in volume. Substituting eq. 2 into eq. 1, an expression
for torque generated by the actuator can be found, where actuator
torque (7) is equal and opposite to the external virtual torque (T).

T=-T=P;-8V/8¢ =P;-dV/de 3)

The architecture of a PRA is presented in Figure 2B. The two
sides of the PRA are denoted as arms and the point of the fold
between them is the vertex. The characteristic dimensions of a
PRA are shown, being namely angular position (¢), width (w),
and length, where L is the length of one arm. As mentioned, each
PRA is tethered to a common axis point, the prong. The distance
from each PRA vertex to this axis point is denoted as .

First, the shape of each PRA is approximated using standard
geometric shapes, as shown in Figure 2C, where: yj, y,, and y;
make up the length of the outer surface of one PRA arm; x;, x,, and
x; make up the length of the inner surface of one PRA arm; and z,
and z, are the widths, perpendicular to the y surface, at the points
shown. Segment x, is the length of the contact area between the two
arms of the PRA; this contact area produces torque.

Widths z; and z, can be expressed in terms of ry, y;, and y,:

zZ = (rO + yl) tan (‘/’/2) (4)
z = (ro +y, +y,)tan (9/2)

The length of the x surface is equated to PRA arm length (L), in
which lengths x;, X,, and x5 can be expressed in terms of y and z
parameters. This allows for y; to be expressed in terms of y;
and y,:

L:X1 +X; +X3
2 2 2 2 2 2
L= \/yl +z; + \/y2 + (z,—-77)" + \/y3+ z,

2
y3:\j(L—ﬁyf+zf— Y2+ (zz—z1)2> -z

The top-view cross section of the PRA can be approximated as
four trapezoids (Figure 2C), where h is trapezoid height, q is the
length of the larger trapezoid base, t is the length of the smaller
trapezoid base, and u is the length of the leg. The area of the
trapezoid can then be found as follows:

®)

_q+t
A= S h (6)
The sum of the trapezoid legs (u) and smaller base (t) must be
equal to the width of the PRA (w). Thus, the larger trapezoid base
(q) can be expressed in terms of h:

Soft Robotic Exoskeleton for Hip

u=-(w-t)

N = N =

h=_\(w-t7-(q-t) 7)

q=\(w—1t)’—4n’ +t

The trapezoid height, h, varies along the length of the PRA defined
by the width of the side-view cross section parameters as follows:

%1 (Y;ro)) H<y<r+y,
1
t: 2
h= yanf(gb/) o+ Y, <Y<t +y, +Y, (8)

Z_z<1_y—ro—yl—yz

2 )) L+ Y, tY, <y <ttty +y,1Y;
Ys

Since all parameters can be expressed in terms of y; and y,, it is
left only to find the values of these two variables. It is given that
the PRA fabric always moves to the resting shape which
maximizes volume to minimizes strain energy. Thus, y; and y,
can be found by determining the values of each which maximize
PRA volume, V. Recall that A is the area of one trapezoid of the
top-view cross section, therefore four trapezoids make up the
total cross-sectional area of the PRA in that plane.

To+ Y1 +Y2+Y3
V=4.

ro

A(y)dy )

Where, combining (6) and (7)

\ (w—t)* — 4h? + 2t
A(y) = 5 h (10)

The values of h and t which maximize A(y) were determined
by solving the partial derivatives of A(y) with respect to each.

4+/3
tmuzw—T\/_h (1)

A (y) = wh(y) - V3 [h(y)]’

Given this expression, parameters y; and y, which maximize
volume can be found. Consequently, the volume at each angle ¢
can be determined and, using eq. 3, the torque generated by the
PRA at each angle ¢ can be found. To validate this model, it was
applied to a set of PRAs of differing dimensions as presented in
previous work and compared with measured torque data (Tiana
M. Miller-Jackson et al., 2019). An angle range of 10°-30° was
assessed, since it is expected that only a small PRA angular
movement will be needed. Subsequently, results were used to
select PRA parameters to generate adequate torque required for
the chosen application of hip flexion assistance.

2.3 Performance Testing

2.3.1 Torque Test

Torque output is a critical performance metric of the device since
it determines how much assistance the device is able to provide to
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Top View

angle 6.

FIGURE 3 | Configuration to measure torque output of SWAG actuation system using custom torque measurement apparatus. Adjustable arm is rotated to set

the user. Due to the geometry of the device as laid out in the
model section, the torque output varies with PRA angle.
Because of the flexible nature of the device and its
attachment points, it is anticipated that there will be some
torque transmission loss from the STAR to the user. Therefore,
the fully assembled actuation system was assessed, including
the STAR, Wedges, and TJBs. An adequately-sized torque
measurement apparatus was fitted with adaptors to connect
the actuation system (Figure 3). The apparatus has one
stationary arm and one adjustable arm so that the position
of the device can be constrained at custom discrete angles.
Apparatus angle, 0, is measured as shown in Figure 3A. This
reference frame is chosen so that 6 corresponds with the hip
flexion angle of a human user. Force is detected by load cell
sensors at the adjustable arm (F; and F,) and is converted to
torque (7o) based on the distance from each sensor to the
axis of rotation (d; and d,, as shown in Figure 3A):

Fi-d; + F,-d; = Trotal (12)

The adjustable arm was set at fixed angles from 6 =0 to 6 = 30°,
in increments of 10°. For each angular position, the pressure was
varied from 20 to 100kPa, in increments of 10kPa, and the
resulting torque output was recorded.

2.3.2 Dynamic Pressure Test

Since the device is intended to be used primarily for dynamic
assistance, it is important to assess the actuation system under
dynamic conditions. The actuation system was joined with the
ergonomic attachments to form the complete SWAG device, and
a dynamic pressure tests was performed. The device was fitted on

a mannequin with movable joints to simulate its functional use
with a human wearer as closely as possible (shown in Figure 4).
Weights were added to the leg of the mannequin to achieve a
more realistic leg mass of 10 kg. In use with a human wearer, the
actuators are activated when the hip of the wearer is in an
extended position, at around 15° of extension. To simulate
this, the leg of the mannequin was pulled back into a position
of approximately 15° of hip extension, measured using a
goniometer, and held in that position using an electromagnet.
Power to the electromagnet was integrated with the pneumatic
control system such that the start of actuator pressurization and
electromagnet release were simultaneously triggered. The
pressure was recorded and the dynamic pressurization of the
device was assessed. The supply air pressure was set to 500 kPa
and an electropneumatic solenoid valve (VDW350; SMC
Corporation, Tokyo, Japan) was used to open and close the
supply pressure. The supply pressure was open at the start of
a trial and triggered to close when the actuator pressure reached
its target pressure of 86 kPa, as detected by a pressure transducer
(MPX5500DP; NXP Semiconductors, Eindhoven, Netherlands).
The measurement was performed five times and the values were
averaged.

2.3.3 Human Subject Test

After torque output and dynamic pressure evaluations were
completed, the device was assessed in use by healthy human
subjects. The aim of the study was to determine if the device is
able to successfully provide hip flexion assistance to the user. The
study was approved by the National University of Singapore
Institutional Review Board (Protocol Title: Soft Robotic Lower
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FIGURE 4 | Configuration for dynamic pressure test.

Limb Assistant Assessment; Reference Code: LH-19-019C; Latest
Version Approval Date: 13-July-2021).

Setting and Participants: The study was conducted in a gait
laboratory with a runway for walking. Study participants
comprised 4 females and 6 males of age 23 to 32 (average
26 + 3) years, weight 45 to 75 (average 58 + 10) kg, and height
155 to 180 (average 166 + 10) cm. Participant criteria included
walking with a regular gait pattern and being able to walk at least
500 m without impairment (pain, limping, etc.). For further
descriptions of participants, see Table 1.

Testing Procedure: Two inertial measurement unit (IMU)
sensors were attached to the subject’s skin, one at the torso
and one on the right thigh. Approximate sensor position is
shown in Figure 5A. Surface electromyography sensors
(Trigno Wireless, Delsys Inc., US) were adhered to the rectus
femoris of the right leg.

The subject was assessed under two conditions.

(1) Normal Baseline Measurement. The subject performed the
motion without wearing the device.

(2) Assistance Measurement. The subject performed the motion
while wearing the device, with the device powered on and
providing assistance.

In each of the above conditions, the subject was asked to do a total
of three motions: Leg Raise, Walk at 70 steps/min, and Walk at
80 steps/min. The Leg Raise motion was chosen as it is a core
element of several other leg motions such as walking, running,
kicking, and stairclimbing and can provide a baseline assessment of
the efficacy of the device to assist in hip flexion for those more

TABLE 1 | Details of study participants.

# Gender Age (years) Weight (kg) Height (cm)
SO1 M 25 75 178
S02 M 27 70 180
S03 M 24 58 158
S04 F 28 45 155
S05 M 24 62 170
S06 M 26 62 176
S07 F 23 50 159
S08 F 25 52 160
S09 M 32 58 168
S10 F 24 51 156
Avg - 26 £ 3 58 + 10 166 + 10

complex motions. Walking was chosen because it is one of the most
essential motions to everyday life. The cadences of 70 steps/min and
80 steps/min were chosen to compare the efficacy of the device
across operation speeds. These two specific cadences were selected
because, in practice, subjects reported feeling unnaturally slow when
walking slower than approximately 70 steps/min and the device
actuation speed is currently limited to around 80 steps/min.

(1) Leg Raise. The subject was asked to stand on his or her left leg
while holding the leg raise stand (shown in Figure 5C) or a
nearby stool for support, as necessary. The subject was asked to
lift his or her right leg to the front then lower back to neutral
standing position, using the horizontal bar of the leg raise stand
as a guide. Subjects were asked to avoid leaning but to stand up
straight and look forward, to the extent possible, to improve hip
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Leg Raise Stand

FIGURE 5 | Human Subject Testing: (A) Approximate IMU sensor and EMG sensor placements, (B) Front, side and back views of the subject wearing the device
(C) Example of subject performing the Leg Raise motion and (D) Walking motion, both in the assisted condition.

flexion angle measurement accuracy with the IMU. For
condition I, an audible metronome was played at 70 bpm and
the subject was asked to synchronize his or her movements to its
pace by lifting the leg in one beat and lowering the leg in two
beats. The test administrator also provided verbal instruction to
guide the subject. For condition II, the device was programmed
to provide assistance at the same pace (70 bpm, with one beat to
raise and two beats to lower), and the subject was asked to let the
device move his or her leg at that pace. Figure 5C shows a subject
performing the Leg Raise motion with assistance from the device.

(2) Walk at 70 steps/min. The subject was asked to walk at 70 steps/
min. For condition I, an audible metronome was played at
70 steps/min and the subject was asked to synchronize his or her
movements to its pace by taking one step per beat. For condition
11, the device was programmed to provide assistance at a pace of
70 steps/min and the subject was asked to synchronize his or her
movements by letting the device move the right leg and
manually moving the left leg to sustain walking at that pace.
Figure 5D shows a subject performing the walking motion with
assistance from the device.

(3) Walk at 80 steps/min. The subject was asked to walk at
80 steps/min. The procedure was the same as that of the
70 steps/min walk, except at a cadence of 80 steps/min.

Data Analysis: Several trials were recorded for each subject.
Afterward, trials were visually screened and erroneous trials were
discarded. Individual motion cycles (leg raise cycle or gait cycle)
were then segmented from successful trials based on flexion angle
peaks and troughs. The cycles themselves were then sorted by
motion criteria. For Leg Raise motion, cycles with a peak angle of
35 + 10° and a starting angle of 0 + 5° were assessed. For Walking
motion, cycles within 5 steps/min of the respective target cadence
(70 steps/min or 80 steps/min) were assessed. For assessed cycles,
the EMG signal of rectus femoris was filtered with a 20 Hz high-
pass filter (8th order Butterworth) to account for motion artifacts
and muscle firing frequency. Next, a 48-52 Hz band stop filter
(8th order Butterworth) was applied to account for power line
noise. Outliers were then detected and removed, where outliers
were defined as values more than 1.5 times the interquartile range
beyond the upper or lower quartile. Subsequently, the data was
rectified and the envelope was extracted using a 200-sample-wide
moving average window. The data was then normalized by the
maximum EMG signal obtained for the respective subject during
the respective task under investigation (Halaki and Gi 2012;
Whiteley et al, 2021). Finally mean and peak values were
tabulated for the set of cycles for each subject for each motion
(Leg Raise, Walk at 70 steps/min, and Walk at 80 steps/min) and
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under each condition (normal or assisted). The respective means
of these resulting quantities (Mean Normalized EMG and Peak
Normalized EMG) were then compared across the two conditions
(Normal and Assisted) using a paired-sample t-test. Significance
was determined as p < 0.05.

2.3.4 Dynamic Torque Assessment

The dynamic torque output of the device was assessed while being
worn by a human subject. The study was approved by the
National University of Singapore Institutional Review Board
(Protocol Title: Soft Robotic Lower Limb Assistant
Assessment; Reference Code: LH-19-019C; Latest Version
Approval Date: 13-July-2021). The subject was 75 kg in weight
and 178 cm in height. Two IMU sensors were attached to the
subject’s skin, one at the torso and one on the right thigh, as in
Figure 5A. The subject performed Leg Raise motion, Walking at
70 steps/min, and Walking at 80 steps/min (8 trials of each
motion), while his hip angle and the pressure of the actuator were
recorded. The pressure and angle were then used to assess the
estimated torque required by the subject and estimated torque
output of the device during the motions. The torque required by
the subject to perform the motion was estimated with nominal
values and the following simple model:

Treq = ML - sin (0) (13)

where m is the mass of the leg, g is the acceleration of gravity, L is
the length from the hip joint to the leg center of mass, and 7g.q is
the torque required to flex the hip to a given angle, 6. The torque
output of the device was estimated using a second order surface fit
based on the data derived from the torque test described in the
previous section:

-1.736 + 0.4764 P - 0.25820 — 0.0008806 P>
—-0.003949P - 0 + 0.005378 0° (14)

where P is the recorded pressure of the actuator, and 6 is the
recorded hip angle of the wearer, which is taken to be the angle of the
device. For this experiment, the supply pressure was set to 250 kPa
and an electropneumatic regulator (ITV 2030; SMC Corporation,
Tokyo, Japan) was used to control the supply pressure. For the Leg
Raise motion and for Walking at 70 steps/min, the supply pressure
was open for 0.86s to achieve a motion speed of 70 cycles per
minute. For Walking at 80 steps/min, the supply pressure was open
for 0.75 s to achieve 80 cycles per minute.

3 RESULTS
3.1 Physical Model

Our previous publication (Tiana M. Miller-Jackson et al., 2019)
describes five PRAs of differing dimensions (Figure 6). The
parameters of these PRAs were input into the aforementioned
physical model to predict torque output per unit pressure (torque
per pressure, or TPP) as a function of angular position. These
results were then compared with measured TPP data reported in
(Tiana M. Miller-Jackson et al., 2019).

As shown in Figure 6, the model is most accurate for D5
(mean model error 7.6%, max model error 19.2%) and least

Soft Robotic Exoskeleton for Hip
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FIGURE 6 | Model Validation: Physical model compared with measured
results of torque per unit pressure varied by angle for PRAs of five different
dimensions.

accurate for D4 (mean model error 31.5%, max model error
51.8%). Aside from specimen D2, an increase of model accuracy
with increase of aspect ratio was observed, as shown in Table 2,
where

Aspect Ratio = L/w (15)
Model error = 100 - |TPPmeasured - TPPmodel|/ TPPmeasured (16)

Thus, it was concluded that this model is best suited for
actuators with relatively large aspect ratios, It may be
reasonably hypothesized that model accuracy increases for
actuators with increasingly similar aspect ratio to those
presented by Felt in (Felt 2019), the work from which the
model presented here is derived. Leaving out specimen D2 and
fitting a linear relation to aspect ratio and mean model error, the
aspect ratio used by Felt (80/58 mm = 1.38) projects an error of
nearly zero. Thus, it was determined to adopt this aspect ratio for
the future design of PRAs in this work to optimize model accuracy.

In assessment of the efficacy of the physical model, the model
curves accurately predict the trend of the TPP values in gradually
decreasing as angle increases. (This decrease is due to the decrease
in torque-generating spatial interference between actuator
surfaces as angle increases, as mentioned previously.)
However, it is evident that the model-predicted values of TPP
decrease more rapidly than the measured values. Furthermore, all
model-predicted values are underestimates across all dimensional
variations of PRAs tested. While this does point to a shortcoming
of the model for control purposes, this does not negate its use for
design, and may prove to be a value, as actual torque produced
will be satisfactory and likely greater than required. Following
which, pressure can easily be decreased to achieve desired torque
value. However, the pressure cannot always easily be increased
due to upper pressure limits dictated by fabrication capabilities
and safety concerns.

Based on these results, the model was used to design PRA
parameters for a STAR and Wedge assembly. The chosen PRA
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TABLE 2 | Aspect ratio and model error for varying PRA specimens.

Soft Robotic Exoskeleton for Hip

Specimen Length L (mm) Width w (mm) Aspect ratio (L/W) Mean model error (%)
D2 90 110 0.82 22.3
D4 80 90 0.89 31.5
D1 90 90 1.00 19.2
D3 100 90 1.1 19.0
D5 90 70 1.29 7.6
TABLE 3 | PRA parameters.
STAR PRA Wedge PRA Modeled
L=138 L=138 oS ‘Ns

= mm = mm 30 4
w = 100 mm w = 100 mm ./ o/ o
Aspect Ratio L/'w = 1.38 Aspect Ratio L/'w = 1.38 e / ./ /1 "

- - i [S * < N
n=5 n = 2 per side = . *
min ¢ = 19° ¢ =18 = Ay o
ro =17 mm % /' < // *

s $520% 2> o
[ s / X /4 vt
. . . 104 / ./ 4?'
parameters are shown in Table 3. In view of proposed design & / 4%'
considerations from minimum PRA angle was chosen to allow for o /‘
15° of hip extension during walking. Wedge PRA parameters were ¥
S i 0 T T T T T T T T T T
chqsen based on .STAR PRA parameters; since Wedges should retain o 10 20 3 40 2 60 70 8 9 100
their angular setting and not be compressed, it is best that the Wedge Pressure (kPa)
PRA angle be less than or equal to the minimum STAR PRA angle.
. FIGURE 7 | Torque Test Results: Torque vs. Pressure of SWAG

3'2 Performance TeStlng actuation system. Horizontal dashed line indicates target torque output of
3.2.1 Torque Test 19.8 Nm.

Figure 7 shows the torque output at varying device angles (0-30°)
and pressures (20-100kPa). The measured torque output
decreases with increased angular position similar to the
model-precited values. However, the measured torque
generated by the actuation system is lower than model-
projected values. This is likely due to losses resulting from
small deflections at the attachment points to the torque
measurement apparatus and in the soft inflatable beams
(T)Bs). This theory is supported by the increase in deviation
from predicted values as pressure increases. Higher pressure
causes greater deflection, leading to larger PRA angles than
intended and, consequently, a measured torque further below
the predicted value. Even so, this condition may more accurately
represent the true use condition since the human body surface is
easily compressible and will lead to deflection at the device
attachment points.

The actuation system is successfully able to supply the target
torque output of 19.8 Nm (indicated by the horizontal dashed line
in Figure 7) at the nominal target position of 30°. This torque is
achieved at a pressure of approximately 86 kPa.

3.2.2 Dynamic Pressure Test

Figure 8 shows the step pressure input of 500 kPa and the
resulting actuator pressure response. A delay of about 60 ms is
seen before pressurization significantly starts. This is likely when
air is pressurizing the network of tubing and initially filling the
actuators which are rapidly increasing in volume. Next, a

nonlinear response can be seen due to the interaction between
the pressurization and continued volumetric expansion of the
actuators. The pressure trajectory gradually becomes linear as the
volumetric expansion slows down. Pressurization increases until
the target pressure 86kPa, which occurs at an average of 0.56 s.

3.2.3 Human Subject Test

Figure 9 shows example IMU, pressure, and EMG results for one
subject (S01). The angle trajectories for the assisted condition
appear similar, although slightly higher, than those of the normal
condition. The actuator pressure trajectory shown indicates the
soft actuator pressurization level relative to time in the motion
cycle for the assisted condition. It roughly coincides with the hip
flexion angle trajectory, as is expected. For the walking
conditions, actuator pressure displays a peak and rapidly
declines as the actuator deflates during hip extension.

For the Leg Raise motion, the EMG values are notably lower
for the assisted condition. For Walking motion, the decrease in
EMG values for the assisted condition is less prominent but still
observable.

Figure 10 shows the resulting normalized EMG values for the
three motions and two conditions assessed. For all three motions,
and for both mean muscle activation and peak muscle activation,
the averaged muscle effort was lower in the assisted condition.
The difference in muscle effort is minimal for Walking at
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FIGURE 8 | Dynamic pressure test results.

70 steps/min, slightly more prominent for Walking at 80 steps/
min, and most pronounced for the Leg Raise motion. For Leg
Raise, a 40.9% decrease for mean normalized EMG, and a
43.5% decrease for maximum normalized EMG are observed,
both of which are statistically significant results (p=<0.001 and
p=<0.001, respectively). For Walking at 70 steps/min, a 7.6%
decrease for mean normalized EMG, and an 11.3% decrease for
maximum normalized EMG are observed, although statistical
significance was not found (p = 0.54 and p = 0.49, respectively).
For Walking at 80 steps/min, a 16.4% decrease for mean
normalized EMG, and an 18.3% decrease for maximum

Soft Robotic Exoskeleton for Hip

respectively). While statistical significance was not found
for Walking results, an observable trend of decrease in
muscle activation for the assisted condition is noted.

Kinematic attributes of the trials assessed are also shown for
the three motions and two conditions. Recall from section 2.3.1.
Data Analysis that Leg Raise motion cycles with a peak angle of
35 + 10° and a starting angle of 0 + 5° were assessed, and Walking
motion cycles within 5 steps/min of the respective target cadence
(70 steps/min or 80 steps/min) were assessed.

The hip angle trajectories are similar for baseline and assisted
conditions for Leg Raise motion in the starting angle and peak angle
(p=0.21 and p = 0.08, respectively). The starting and peak hip angles
are similar for baseline and assisted conditions for Walking motion
but tend to be higher for the assisted condition (Walking 70 steps/
min: p = 0.002 and p = 0.01, respectively; Walking 80 steps/min: p =
0.007 and p = 0.01, respectively). The cadence is similar for both
normal and assisted conditions for Walking motion (Walking
70 steps/min: p = 0.81, Walking 80 steps/min: p = 0.02).

3.2.4 Dynamic Torque Assessment

Figure 11A shows the second order surface fit described by Eq. 14
used to estimate the device torque output based on the results of the
torque test. Figure 11B shows the estimated torque required and
estimated device torque output for the three motions. The trajectory
of the supplied torque is generally similar to the required torque,
although it could be improved in some aspects. All three motions
show an oversupply of torque at the start of the motion. This may be
due to the large supply pressure and large airflow rate which are
needed to achieve a sufficient torque output within the required cycle
speed. For Leg Raise, the torque output is lower than the required

normalized EMG are observed, although statistical  torque starting at around 40% of cycle motion. However, as reported
significance was not found (p = 0.08 and p = 0.16, in Figure 10, the device is still able to provide significant assistance
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FIGURE 9 | Example IMU, pressure, and EMG trajectories for one subject (S01) for the three motions and two conditions.
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for the Leg Raise motion. For Walking at 70 steps/min, the device
output torque follows the required torque trajectory fairly well from
around 20-60% of cycle motion. Torque output decreases more
rapidly than torque required after 60% cycle motion, however, the
device is targeted for hip flexion assistance, so hip extension is not a
focus. For Walking at 80 steps/min, torque output surpasses torque
required from about 40 to 80% of cycle motion. This occurs during
hip extension, where actuator angle is decreasing, which causes an
increase in pressure. During hip extension, actuator pressure should
be released. Comparing the angle and torque trajectories (grey
dashed line and grey solid line, respectively), the pressure peaks
after hip angle peaks. This suggests the device and user
synchronization can be improved to better assistance efficacy.

4 DISCUSSION

4.1 Discussion of Results

The increased peak hip angle observed for the assisted walking
conditions may be due, in part, to IMU sensor shifting. It may also be
due to subjects adjusting their walking pattern to the position of the
device. This could plausibly be mitigated by tuning the actuation
angle and timing of the device to better suit a subject’s gait pattern
and improving positioning of the device and sensors.

The results of the torque test show the actuation system of the
device to be capable of the magnitude of torque required for hip
flexion assistance. Based on this result, the device performed as
expected when applied to the Leg Raise motion. The device shows
a clear reduction in muscle effort, which demonstrates that it is
able to successfully provide hip flexion assistance to a subject.

In the Walking motion, however, the device does not yet show
comparable results with some electric-motor-driven solutions
(Panizzolo et al., 2016; Quinlivan et al., 2017; Wu et al., 2020;
Panizzolo et al., 2021; Tricomi et al., 2022; Asbeck et al., 2015).
Although the mean and maximum muscle efforts are reduced on
average, this is not the case for each subject individually, and
statistical significance is not found. Some subjects showed clear
benefit while others showed minimal change and still others
showed notable hindrance with suit assistance. The long whiskers
and largely overlapping boxes of the walking box plots in
Figure 10 are the product of these mixed results for walking
assistance. The suit produces clearly positive results for Leg Raise
motion and should theoretically be able to provide assistance for
flexion during walking as well. In this work, a simple control is
used where the device is set to a speed and the user must adjust his
or her pace to that speed. Since walking requires more
coordination with the device than leg raising, the discrepancy
in results between these motions may arise from poor device-
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FIGURE 11 | Dynamic torque assessment: (A) Surface fit for estimation of device torque output. (B) Results of dynamic torque assessment.

subject coordination. It is reasonably expected that incorporating
a user intent detection control mechanism can improve walking
assistance efficacy levels, as such control mechanisms have
already been successful for walking assistive devices with the
same type of actuators (PRAs) applied at the knee joint (Sridar
et al,, 2020, 2017).

Increasing device speed may also help coordination. This
hypothesis is supported in that assistance results are
observably better for the faster walking speed of 80 steps/
min. Several subjects commented that they found the
cadence of 80 steps/min more comfortable. A moderate
human walking cadence is reported to be around 100 steps/
min (Winter 1984; Tudor-Locke et al., 2019), so it follows that
subjects would find 80 steps/min more natural and plausibly
find better coordination with the device at this cadence. The
control strategy and bandwidth are not optimized in this work
but could be explored in future work. By implementing a more
complex control strategy, coordination could be improved,
and by adjusting input pressure and set point pressure
bandwidth could be improved to increase device speed.
Additionally, future work could include a study wherein
subjects are asked to more extensively practice moving
while assisted by the device before efficacy data is recorded,
which would likely improve device-subject coordination. A
longitudinal study could also be performed to assess assistance
efficacy over use time, as likely the subject would become
increasingly more comfortable using the device and
coordinating to optimize assistance.

Figure 12A shows a comparison of the capabilities of the
SWAG device with other state-of-the-art lower limb assistive
devices driven by soft bending actuators. The SWAG device is
commensurate with contemporaries for torque output and

requires a comparatively low supply pressure. The device
performs reasonably well in terms of speed, despite the
relatively large volume of its actuation system, and the weight
of the device is in range with its peers.

Figure 12B shows a comparison of the weight, torque
capabilities, and cost of the SWAG device with hip exoskeletons
driven by electric motor actuation, including some state of the art
traditional systems (Kapsalyamov et al., 2019) as well as some state
of the art cable-driven soft systems. The cost of the SWAG actuator
is 43% cheaper than that presented by Tricomi et al., 44% cheaper
than that presented by Zhang et al, 59% cheaper than those
presented by Asbeck et al. and Panizzolo et al, and 78%
cheaper than that presented by Giovacchini et al. (Giovacchini
et al,, 2015; Panizzolo et al., 2016; Ting Zhang et al., 2017; Asbeck
et al,, 2015; Tricomi et al.,, 2022). The SWAG device weight and
torque output are in range with contemporary electromechanically
powered hip exoskeletons. While there exist successful actuation
systems lower in cost ((Seo, Lee, and Park 2017) estimated 116
USD), there also exist many higher in cost ((Juanjuan Zhang et al,,
2017), estimated 3020 USD), and the SWAG actuation assembly is
generally notably lower in cost. Furthermore, its fabrication
materials are accessible and fabrication methods are simple. The
goal of this work is to develop a more accessible device. The main
advantage presented by SWAG to the state of the art is its cost and
accessibility.

The SWAG device can also be complementary with existing
rigid, electromechanically actuated systems in that such
systems are ideal for patients suffering from a high level of
impairment who need professional attention in a
rehabilitation facility and perhaps cannot support their own
bodyweight. Gradually, as such a patient improves, he or she
could begin to use a device like SWAG at home for
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SWAG PRA Assembly Hip Flexion 3.1 31 324 —
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2022) (driving Bowden cables)
FIGURE 12 | Comparison of SWAG with other devices: (A) Comparison with Contemporary Lower Limb Devices Driven by Soft Bending Actuators. (B)
Comparison with Contemporary Hip Devices Driven by Electric Motor Actuation.

rehabilitation. Before SWAG is introduced, the orthopedic
characteristics of the patient should be assessed to
determine compatibility with SWAG. For example joint
stiffness, joint torque, and range of motion could be
assessed as in (Chaparro-Rico et al., 2020).

Only a few groups have assessed their device with human
subjects. Several groups have measured actuator performance
metrics, such as torque output, and proposed their group’s
actuator is sufficient for assistance, but most have not yet
undergone human testing. Of the groups that have performed
human testing, many assessed other attributes such as suit range
of motion and sensing capabilities, but they have yet to assess
assistance efficacy. A small number of groups performed pilot
tests with one subject, but very few assessed the efficacy of device
assistance across a group of subjects. Therefore, the SWAG device is
one of the first of its kind to be developed to the point of assessment
with humans and, furthermore, assessed for assistance efficacy.

4.2 Limitations
Study limitations: The upper IMU would ideally be placed at the

pelvis but was placed at the torso of the subject for practical reasons.
This may give a less accurate measure of hip flexion compared to a
measurement anchored at the pelvis. Since this setting was consistent
across both conditions, and results depend upon comparison
between conditions, this setting is presumed to have an
insignificant impact on results. Additionally, the suit attachments
are maximally large to distribute force, but this also means they will
almost inevitably cover some body areas where the IMU and EMG
sensors must be attached and, thus, contact these sensors, which
could lead to noise or shifting. By testing a substantial number of
subjects, and since subjects vary in size such that suit and sensors fall
in different positions relative to one another across subjects, it is
presumed that the mean results are not significantly affected.
Device limitations. Although actuation speed is proportionate
to similar devices, it is not yet fast enough to achieve the moderate
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walking pace of 100 steps/min, but is currently able to support
approximately 80 steps/min. Due to the mentioned large volume
of the STAR PRAs, the speed of the device actuation is largely
restricted by the volumetric flowrate of the air, including both
inflation and deflation. Future development work might include a
combination of decreasing actuator volume (as demonstrated by
(Sridar et al, 2020)) and increasing volumetric flow rate, to
increase the available walking speed which can be assisted by
SWAG. Future work may also include additional joints (knee,
ankle) as well as additional actuation directions (hip extension).

5 CONCLUSION

We have presented SWAG, a PRA-driven exoskeleton for hip
flexion rehabilitation, which is made from lightweight, flexible,
and low-cost materials. Through mechanical testing, we have
demonstrated the torque output capabilities of the actuation
system to be of sufficient magnitude for hip flexion assistance
applications. We have subsequently shown an assessment of
the overall device through human subject testing and found
the device effective to assist in hip flexion for Leg Raise
motion and bearing potential to assist walking motion.
Finally, we have compared the device with other soft-
bending-actuator-driven lower limb assistive devices and
shown SWAG to be among the first of its kind and
feasibly the furthest developed device for hip flexion
assistance. Based on the positive results presented in this
work, the SWAG device has potential to be further developed
to afford a more accessible rehabilitation option to those who
suffer from lower limb immobility.
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