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ABSTRACT Stroke, spinal cord injuries, or aging can lead to muscle weakness that can make a person’s
life sedentary, either temporarily or permanently. Such persons need to be motivated to break their sedentary
postures and attempt independent motion. A key motivator in this aspect is the ability to easily transition
from seated to standing posture. If this sit-to-stand transition (STSt) is easy, it will encourage further
mobility. A soft wearable device that can assist the STSt, would fill this need perfectly. The device would
need to be able to seamlessly assist during STSt while being unobtrusive during being seated. A key
limitation that is currently holding back the development of soft exosuits in STSt-assist is the lack of
low-profile soft actuators with high strain rate and force-to-weight ratio. Hence, we propose a novel low-
profile vacuum actuator (LPVAc) with an integrated inductive displacement sensor that, can be rapidly
fabricated, is lightweight (14 g), and can provide high strain (65%) and a high force-to-weight ratio (285
times self-weight). The proposed actuator comprises a low-profile spring encased within a low-density
polyethylene film with rapid vacuum actuation and passive quick return. The proposed inductive sensor
has a sensitivity of 0.0022 µH/mm and the hysteresis is below 1.5% with an overall absolute average error
percentage of 5.24%. The performance of the proposed integrated sensor in displacement control of the
LPVAc is experimentally evaluated. The proposed actuator is integrated into a novel mono-articular STSt-
assist exosuit for preliminary testing. Surface electromyography measurements of the gluteus maximus
muscles during STSt indicate a mean muscle activity reduction of 45%. This supports the potential use of
the proposed actuator in STSt-assist.

INDEX TERMS Actuators, Exoskeletons, Exosuits, Inductance measurement, Orthotics, Sensors, Soft
Sensors, Soft Robotics, Vacuum systems

I. INTRODUCTION

The quality of life (QoL) of an individual depends on
that person’s ability to independently carry out activities of
daily living (ADL), such as dressing/bathing, eating, walking
and toileting without difficulty [1]. Functional mobility, or
walking, is a key ADL, that greatly influences a person’s
functional independence and health-related quality of life.
Hence, lower limb muscle weakness, can drastically affect

the health and livelihood of a person, cause subsequent
medical disorders, and lead to physical and psychological
dependency [2].

Diseases such as stroke, accidental trauma such as spinal
cord injuries, can temporarily or permanently reduce and/or
limit a person’s mobility. Age and obesity can also have a
detrimental effect on functional mobility. In both the above
situations, promoting the patient to attempt independent mo-
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tion is advantageous in recovery [3]. Hence, they must be
encouraged to break their sedentary posture and attempt
independent motion. In achieving this independent motion,
the major obstacle is the initial transition from seated posture
to standing posture. This sit-to-stand transition(STSt) relies
heavily on the muscle strength of the lower limb. Hence,
lower limb muscle weakness can significantly demotivate re-
peated STSt, thus leading to secondary health complications.
One way to break this vicious cycle is to provide the person
with assistance during the STSt, which would encourage the
person to repeatedly attempt independent STSt. This would
lead to frequent attempts at independent walking, which in
turn would reduce secondary complications associated with
a sedentary lifestyle and have improved QoL [3].

Rigid exoskeleton systems have been the preferred robotic
assistance solution in the recent past. Though significant
research has been done on rigid robotic exoskeleton systems
[4]–[6], several inherent drawbacks limit their use as truly
wearable systems. Rigid exoskeletons tend to be bulky and
have limited application in distal positions due to the addition
of extra inertial loads. This can lead to deviation from natural
motion and create subsequent pain due to axial misalign-
ments [7]. The added inertial load can lead to increased
metabolic cost [8] and could potentially result in cartilage
damage [9]. These limitations ultimately lead to increased
wearer discomfort and will in turn limit the wearer from
donning the device for a longer duration [5]. Hence, there is
a clear requirement for a better wearable assist solution that
can address these limitations posed by rigid systems.

The exosuit concept has been presented in the literature
recently, as an effective alternative to rigid exoskeletons. An
“exosuit” is a soft wearable device, that can even be easily
worn under normal clothing, that can provide assistive or
augmentative forces to the wearer’s limbs. In contrast to rigid
exoskeletons, which provide torque across limb joints, the
exosuit attempts mimic the muscular actuation by delivering
forces parallel to the muscles. Recent exosuit research has fo-
cused on integrating novel functional textiles, soft actuators,
soft sensors, flexible power systems, and control strategies
to provide seamless human-machine interaction [10]–[12].
Most of the exosuits found in the literature have concentrated
on general gait assistance such as plantar/dorsiflexion assist
[12], [13] and hip flexion assist [14]–[16] in post-stroke
patients. Only a few have attempted assisting anti-gravity
muscles during activities such as sit-to-stand, stair climbing
and descending [3], [17].

In this paper, we propose a novel low-profile vacuum
actuator (LPVAc) with an integrated inductive displacement
sensor (see Fig. 1). Part of this work has been previously pre-
sented in our recent conference publications [18], [19]. This
work extends to further in-depth characterization and perfor-
mance analysis of the proposed actuator and the integrated
sensor. The proposed actuator, can be rapidly fabricated, is
lightweight, can provide high strain and high force-to-weight
ratio, and has an integrated displacement sensor. It comprises
a low-profile spring encased within a low-density polyethy-

FIGURE 1. The composition and operation of the LPVAc. a) The LPVAc

comprises an LDPE pouch of 0.25 mm thickness, encasing a 110 mm long

obround-shaped low-profile (30 mm x 10 mm) spring. An LDC1614 module is

integrated to provide inductive displacement sensing. The spring is electrically

connected to the inductance measurement module. b) The LPVAc is capable

of lifting a 200 g weight by 67 mm at 20 kPa (abs.) vacuum pressure.

lene (LDPE) film. The design provides rapid vacuum ac-
tuation and passive quick return. Furthermore, an inductive
sensing method is integrated into the proposed actuator and
its performance and characteristics are experimentally eval-
uated. The performance of the proposed integrated sensor
in displacement control of the LPVAc was experimentally
evaluated as well. Finally, a preliminary prototype of a novel
STSt-assist mono-articular exosuit driven by the proposed
actuator is experimentally tested to evaluate the assist capa-
bility of the actuator for STSt. The rest of the paper is com-
prised as follows; Section II describes the recent related work
in the development of low-profile soft actuators, integrated
soft sensing, and exosuits; The design and fabrication of the
proposed actuator and the sensor integration is presented in
Section III. The experimental evaluations and their results are
described in section IV. The preliminary testing of a STSt-
assist exosuit driven by the proposed actuator is shown in
Section V. Section VI presents the conclusions.

II. RELATED WORK

The following sections present contemporary research on
the areas related to soft actuators, their integrated sensing
development, and exosuits for sit-to-stand assistance.

Soft robotics has become a disruptive technology that has
been recently proposed to overcome the limitations of con-
temporary rigid robotic systems. Soft robotics aims to replace
the rigid and hard components of conventional robotic sys-
tems with soft and flexible components. In contrast to metal-
lic structures of traditional robots, a soft robot would incor-
porate soft and easily deformable materials (i.e., polymers,
latex rubber, silicone rubber, etc.) [20]. Though conventional
rigid robots excel in industrial applications due to their power
and precision, they are at a disadvantage when it comes to
delivering safe human-robot interactions [20], [21]. With the
growing interest in recent years towards the development
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of robotic solutions for human assistance, healthcare and
wearable devices, safety has become critical over, power and
precision. While conventional rigid robotic systems would
have to rely on complex control protocols and algorithms to
work with humans in the same environment, soft robots are
able to offer intrinsically safer human interactions due to their
inherent compliance [22], [23].

Actuators, sensors, structures, and control systems can
be considered to be the main components in any robotic
system. A soft robotic solution would attempt to provide all
or some of these components, through soft, flexible compo-
nents. Pneumatic artificial muscles (PAMs) are a commonly
used type of actuator in soft robotics. A PAM would utilize
pneumatic input to deliver contractile, tensile, bending, or
rotary motion/force. The McKibben muscle is a renowned
example for a PAM, with a history dating back to the 1950’s
[24]. Modern McKibben type PAMs have been developed
for industrial applications, with the ability to deliver forces
up to 3.5 kN from an actuator of 20 cm length [25]. Several
other PAM designs can be found in the recent literature,
such as fiber-reinforced PAMs [26], [27], bellows-type PAMs
[28], flat PAMs with zero-volume cavities [29], and thin
McKibben type PAMs [30].

Advantages such as inherent safety, being lightweight,
having lower mechanical constraints, compactness, having a
higher power-to-weight ratio in comparison to rigid counter-
parts, the ability to rapidly delivering required motion/force
have made PAMs a strong candidate for use in wearable
robotic systems [24], [29], [31], [32]. Recent literature
presents wearable devices that utilize PAMs for finger move-
ments [33], [34] and knee, ankle movements [35], lower-limb
exoskeletons [10], [36]. However, most contemporary PAMs
capable of powering wearable devices have a large cross-
sectional area due to their cylindrical shape. This limits the
ability to integrate the PAM into wearable devices without
being obvious and obstructing. Hence, there exists a need
to develop low-profile PAMs suited for easy integration to
wearable systems such as exosuits [10].

A. CONTRACTILE VACUUM ACTUATORS

PAMs offer an attractive solution for wearable assistive
device development due to their high force-to-weight ra-
tio, hygienic operation close to humans and good human
safety due to similar contraction properties and compliance
characteristics to biological muscles [37], [38]. Research on
PAM development has been more focused on using posi-
tive pressure for actuation, with growing recent interest in
utilizing negative pressure (vacuum, below external) [39]–
[42]. Vacuum-driven actuators possess several distinctive,
inherent advantages, over positive pressure actuators. They
pose no risk of explosion or bursting, they reduce in volume
while in operation allowing them to be effectively used in
confined spaces, have large contraction ratios, can be rapidly
actuated, and are highly robust towards leakages and seal
ruptures [39], [40]. One of the few main limitations is that the
maximum applicable forces and displacements are limited

by the maximum vacuum pressure (of 0 Pa (abs.)) unless
hyperbaric conditions are used.

Vacuum PAMs, or VPAMs, are also called inverse PAMs,
as they collapse or reduce volume during actuation compared
to conventional PAMs. VPAMs are typically actuated by
evacuating a fluid within a cavity of a deformable structure,
using negative pressure. During this evacuation, the structure
will collapse, delivering a contraction and a tensile force.
To make this actuation an effective one, the collapse of
the structure should be controlled to be anisotropic. Few
methods/designs that allow for this can be found in the
recent literature. One method is the controlled collapse of
elastomeric cellular cavity structures using the theory of
buckling of columns [39]. This concept made of silicone
rubber material utilizes thick crossbeams with thin columns
that allow controlled collapse along the direction of the
columns. The use of the elastomer also allows for shock
absorbance and elastic energy storage during actuation and
return. Though they can be made low-profile, the need for
thick beams and large cavity volume is a limitation of this
method. A second method is the use of an elastomer-covered
foam core as the collapsible volume [43]. When connected to
the vacuum pressure, the air inside the cavities of the foam
structure is evacuated, collapsing the core. The elastomer
creates the closed volume of the actuator. The foam structure
also acts as elastic energy storage that assists in the return
of the actuator to the neutral state. The third, and the method
with the most recent interest is the collapse of an inextensible
film pouch collapse guided by a skeleton [40]–[42], [44]. In
this method, a collapsible skeletal structure is used to control
the collapse of an inextensible fluid-tight thin-walled pouch.
Several skeletal structures has been proposed, such as 3D-
printed zigzag structures [40], rings/cross-section supports
[41], [44] and spine/vertebrae like structures [42].

B. INTEGRATED SENSING

Though PAMs show incredible promise in the development
of soft robotic applications, the absence of integrated force
and displacement feedback solutions, is currently holding
them back. The presence of such integrated force and dis-
placement feedback solutions would allow PAMs to achieve
effective closed-loop control. Some PAMs have tried inte-
grating encoders [24], potentiometers [45], flexible force-
sensing resistors [46] and hall effect sensors [47] for dis-
placement feedback. Strain [48] and gauge pressure [49]
sensing, has been used for obtaining force feedback. Yet, as
these methods include rigid and semi-rigid mechanisms, they
add extra weight, affect the required motion of the actuator
and negatively affect the advantages of the actuator being
soft. The use of conductive liquid metal sensors has also
been proposed as a much softer feedback sensing solution.
Channels filled with Ga-In alloys have been used to provide
feedback on the actuator deformation [50], [51]. These chan-
nels can alter the desired deformation of the actuator. Further,
any damage to the channel will lead to the leakage of the
liquid metal compromising the performance of the sensor.
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C. EXOSUITS FOR SIT-TO-STAND ASSISTANCE

Sit-to-stand transition (STSt) assist exosuits [3], [17] have
become of interest in the recent literature with the growing
aging populations worldwide. STSt is an anti-gravity muscle
activity, that starts from a seated posture and ends with the
person standing straight. Hence, during the initial part of
STSt, the wearable assist system needs to allow for com-
fortable seating. Therefore, the actuators in the STSt assist
exosuit, as well as the exosuit itself, is best to be soft and
flexible. Actuators with large cross-sections will limit the
comfortability during the seated phase, hence, they should
be low-profile to improve wearer comfort. The use of heavy
actuators that can deliver large forces will put an unnecessary
inertial penalty on the wearer, therefore, an efficient strategy
is to use soft, low-profile actuators with a high force-to-
weight ratio.

Contemporary STSt assist exosuits in the literature have
relied on the use of motor-driven cables as the actuating
mechanism. The common design strategy for the exosuit has
been to use inextensible webbing straps to acts as fixturing,
anchoring, and force directing pathways. The use of webbing
straps in this manner is a common exosuit design strategy,
which utilizes the lines of non-extension described in [10].
The Bartenbach exosuit uses a hip-mounted motor system to
provide assistive forces using a Bowden cable [3]. Here, the
webbing straps are anchored to the pelvis and the ankle. As
a passive exosuit prototype, the Bartenbach design describes
the conceptual use of an exosuit in anti-gravity STSt assist.
Schmidt exosuit presented in [17], extends the above design
to an experimental prototype that reports reduction in knee
and hip extensor muscle activity during STSt for the first
time. In the Schmidt design, they use a Dyneema cable driven
by a shank-mounted DC motor assembly. Their proposed
suit weighs 4.56 kg with batteries, with the shank-mounted
sub-system weighing 1.07 kg per leg. This work shows that
it is possible to deliver STSt assistance using a soft exosuit
reducing the required muscle activity.

III. DESIGN AND FABRICATION OF THE LPVAC

We propose a novel low-profile actuator design, that com-
bines an obround-shaped spring, enclosed within a flexible,
thin-walled minimally extensible film pouch, integrated with
a displacement sensor. The contraction is created by the
evacuation of the air inside the actuator, by connecting it
to a negative pressure source. If this evacuation is done
simply on a pouch, the film layers on opposite sides of the
pouch will collapse on top of each other. This uncontrolled
collapse would limit the effectiveness of the contraction and
limit the return to the initial state unless inflated with a
positive pressure airflow. Therefore, a spring is used to act
as an integrated skeletal structure, similar to those of the
origami-inspired VPAMs, that would both direct the film
pouch collapse longitudinally, and assist in a quick return to
an un-actuated state once the vacuum source is disconnected.
Here, we propose the use of an obround-shaped helical
spring, as opposed to the typical circular cross-sectioned

springs, to reduce the cross-sectional diameter to obtain a
low-profile actuator. This would allow the proposed actuator
for improved integration with wearable exosuit designs that
would have minimal obstruction/pose minimal discomfort to
the wearer. In order to obtain position feedback from the
actuator, we propose the use of inductive sensing of the
contraction of the spring. Hence, a commercially available
inductance sensing module is integrated into the actuator,
within the LDPE pouch, to measure the change of the spring
inductance during actuation.

A. LPVAC FABRICATION

The fabrication process of the proposed LPVAc is described
in this section. The low-profile spring that acts as the skeletal
structure and the thin film pouch are the two main compo-
nents. The design of the proposed low-profile spring is of an
obround shape, see Fig. 1, with a width three times that of
the height. This spring design is based on the typical loading
spring found on a gun magazine. This low-profile spring can
be manufactured using traditional fabrication methods, by
winding over a rectangular block and heat treating to program
in the required shape. Galvanized iron (GI) and mild steel
(MS) were selected for the prototype spring fabrication due
to the ease of fabrication offered by those materials. The
performance of these springs was experimentally evaluated
to understand their spring characteristics. The helical design
consists of 11 effective turns over a 100 mm length, and
uses a 1.2 mm wire. The dimensions of the fabricated low-
profile spring are shown in Fig. 1. The low-profileness of the
actuator can be defined as,

Low−Pro f ileness =Width/Height (1)

The shown low-profile spring in Fig. 1 has cross-section
dimensions of 30 mm x 10 mm. Hence, this spring has a
Low− pro f ileness or width/height ratio of three. Another
two low-profile actuators of differing width/height ratios
were fabricated to see the effect of the low-profileness on the
deliverable force.

Low-density polyethylene (LDPE) film was selected to
create the inextensible, thin-walled pouch, due to its previous
success [40], [42] as well as the common-place availability,
and ease of fabrication. To fabricate the pouch, rectangular
film strips were cut. The strip length was calculated to include
the spring length of 100 mm, allowances for the actuator
height of 10 mm and warping when creating the thermal seals
and additional customizable length for attachment purposes
(minimum total length: 110 mm). The fabrication steps for
the actuator are as follows:

1) Place two rectangular LDPE layers on top of one
another.

2) Create a longitudinal seal using the thermal sealer.
3) Place the low-profile spring within the created fold.
4) Mark the placements for the vacuum line and the top

and bottom seals. (Vacuum line inlet is placed near the
top of the spring, intentionally between spring turns
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to prevent closing up of the line by the spring or
collapsing film during actuation.)

5) Punch in a tiny hole using a needle for the vacuum line
inlet.

6) Insert a latex tube through the punched hole and seal
using a cyanoacrylate adhesive.

7) Create the second longitudinal seal.
8) Create the top and bottom seals creating the pouch with

enclosed air volume.
9) Additional thermal seals can be made at the ends

of the film layer sections to provide allowances for
attachments.

10) Add grommets to the actuator for easy attach-
ment/fixing.

The inductance sensing module is integrated within a
separate pouch on the top of the LPVAc (see Fig. 1). The
top and bottom ends of the metal spring was connected to
the evaluation module using thin insulated wire to ensure
minimum disturbance to the actuator. The fully fabricated
actuator weighs only 14 g without the sensing module.

B. SENSOR WORKING PRINCIPLE

A metal spring can be used as a sensor since the spring’s
inductance varies directly with its length [52]. Therefore this
property can be used to measure the displacement of a spring.
Here an inductance to digital converter (LDC 1614, Texas
Instruments) was used to get the inductance value of the low
profile spring of the actuator. The spring (inductor) and a
capacitor (1nF) is connected in parallel so that LC tank circuit
can be achieved and the oscillating frequency is measured by
the evaluation module. The inductance measurement module
gives an inductance (DATA) value as a ratio of the sensor
frequency fsensor with respect to a reference frequency fre f .
The sensor frequency is the frequency at which the LC tank
oscillates. fre f was set to 43 Mhz . The LDC1614 module
datasheet [53] gives this relationship as shown in (2).

DATA

228
=

fsensor

fre f

(2)

Also,

fsensor =
1

2π
√

LC
(3)

where L is the inductance value and C is the capacitor
value. By adding the values for equations (1) and (2) it can
be simplified to

L =
9.69

DATA2
∗106[µH] (4)

Using (4), the inductance of the spring was obtained, and
by plotting the inductance vs displacement curve, then sensor
calibration was done. The LDC1614 module has a 28-bit
resolution, hence for the given configuration, it is able to
provide a step size close to 10 nH [53].

IV. EXPERIMENTAL EVALUATION OF THE LPVAC AND

INTEGRATED SENSOR

The experimental test setup is shown in Fig. 2 was used
to obtain the isometric and isotonic characteristics of the
proposed LPVAc as described in the following subsections.

A. SPRING COEFFICIENT OF THE LOW-PROFILE

SPRING

The behavior of the low-profile spring was initially consid-
ered to be different from that of a common circular helical
spring. The deflection of the spring under axial load and
developed stresses may be affected by the obround (sta-
dium) shaped cross-section in the selected low-profile spring
[54]. Therefore, preliminary experiments were carried out to
evaluate the force-displacement characteristics of the low-
profile spring. The experimental results (Fig. 3) show that it
is acceptable to assume standard Hooke’s law, Fspring =−kx,
for the obround shaped low-profile spring as well. The spring
coefficients for the tested springs were calculated as follows:
MS: 127 N/m and GI: 136 N/m.

B. LPVAC CONTRACTION WITH VACUUM PRESSURE

The load-displacement characteristics of the proposed LP-
VAcs were evaluated using the experimental setup shown in
Fig. 2(B). The isotonic characterization was carried out with
a fixed attached load with varied applied vacuum pressure.
Fig. 4, presents the load-displacement characteristics for an
attached load of 200 g. The experimental results show a
linear correlation between the displacement with increasing
applied vacuum pressure. The MS spring-based actuators
showed slightly higher displacement performance at higher
vacuum pressures compared to the GI spring-based LPVAc.
A maximum strain of 65 % (contraction ratio: 182 %) was
observed at no-load condition at a vacuum pressure of 20 kPa
(abs.) (see Fig. 5).

C. LPVAC FORCE-DISPLACEMENT CHARACTERISTICS

The force-displacement characteristics of the proposed LP-
VAcs were evaluated using the experimental setup shown in

FIGURE 2. Experimental test setups used for actuator characterization. (a) for

maximum force evaluation, (b) for displacement evaluation.
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FIGURE 3. Experimental force-displacement of galvanized iron (GI) and mild

steel (MS) obround-shaped low-profile springs. The results show that the

conventional helical spring model is valid for the obround shaped helical spring

behavior.

FIGURE 4. Displacement observed with varying vacuum pressure for a test

load of 200 g. Values are shown for galvanized iron (GI) and mild steel (MS)

spring-based actuators.

Fig. 2(B). MS spring-based LPVAc were evaluated due to
their better displacement performance shown in Fig. 4. The
attached load was varied up to 20 N, with varied vacuum
pressure from 60 kPa (abs.) to 10 kPa (abs.). The results
obtained (see Fig. 6)show that the force-displacement char-
acteristics are scalable with increasing vacuum pressure.

D. MAXIMUM BLOCKED FORCE VARIATION

The maximum blocked force performance of the proposed
LPVAc was evaluated using the experimental setup shown
in Fig. 2(A). LPVAcs were fixed to the test frame and was
attached to a test load put on a digital scale. This test load
acts as a blocking force when the LPVAc is actuated. The
digital scale reading was set to zero after the test loads were
placed. Once the LPVAc was actuated, the scale records

FIGURE 5. The Observed maximum strain of the proposed LPVAc

FIGURE 6. Change in displacement with varying applied force from the

attached load for multiple pressure (absolute) conditions. The dashed lines

indicate the linear regression fits obtained using the least squares method for

the experimental values given by the markers.

applied blocked force as a negative reading. This reading was
recorded as the maximum blocked force of the actuator. The
experimental blocked force readings (Fig. 7), show a linear
correlation with blocked force with varied applied vacuum
pressure.

E. EFFECT OF WIDTH-TO-HEIGHT RATIO ON BLOCKED

FORCE PERFORMANCE

To study the effect of low-profileness on the blocked force
performance of the LPVAc, two more low-profile springs
were produced with different width and height combinations
(see Fig. 8). New LPVAcs using these new springs were
manufactured following the same method described earlier.
As the W/H ratio increases, the curved surface area of the
LPVAc reduces and increases the flat rectangular area. The
blocked force performance of these spring combinations was
tested as earlier. The performance of each LPVAc with a
different W/H ratio is shown in Table 1.
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FIGURE 7. Blocked force performance of the LPVAc (using spring # 1 )with

varying applied differential pressure. The shaded area show the 95%

confidence interval for the fit.

FIGURE 8. Dimensions and characteristics of the low-profile obround springs

made with differing width/height ratios.

TABLE 1. LPVAc performance with varying W/H ratio

Maximum Output Force-to-
Spring # W/H Force (N) Stress (kPa) weight ratio

1 3 32.5 79 237
2 2 29 80.7 212
3 4 39.05 103.2 285

It is observed that (Fig. 9), there is an increase in the
blocked force with increasing differential pressure as the
W/H ratio is increased. The increased rectangular area of the
LPVAc with the increasing W/H ratio may be the cause for
the increasing blocked force performance.

F. SENSOR CALIBRATION

The experimental evaluation carried out to calculate the
sensor equation is described in this section. The spring induc-
tance was measured via the LDC1614 module as the LPVAc
was actuated. The collected results are shown in Fig. 10.
The least-squares method was used to derive a relationship
between the measured spring inductance (L) vs the actuator
displacement (D). Fig. 10 shows this relationship to be highly
linear, with R2 of 0.97. The calculated sensor equation is
shown in the equation (5), where D is in mm and L is in µH.

L = 0.0022D+0.75 (5)

G. HYSTERESIS AND REPEATABILITY

The LPVAc was actuated and released by increasing and
decreasing the vacuum pressure to evaluate the hysteresis

FIGURE 9. Blocked force performance of the LPVAc with varying W/H ratio.

The shaded area shows the 95% confidence interval for the fit.

FIGURE 10. The least-squares fit for measured inductance vs displacement

for the sensor.

performance. The hysteresis performance of the sensor is
shown in Fig. 11. The observed hysteresis is calculated
as 1.49%̇. Repeated measurements at preset positions were
made to assess the repeatability of the sensor. The LPVAc
was contracted to three preset positions [48 mm, 60 mm, and
72 mm] and repeated readings were taken for 20 iterations
at each position. The variation of the sensor output with
the measurement number is shown in Fig. 12. A statistical
analysis of these measurements is given in Table 2. The
sensor shows good repeatability with standard deviations
of 2.35 mm, 2.3 mm, and 1.65 mm for each of the preset
positions, respectively.

H. SENSITIVITY AND MEASUREMENT ERROR

The sensitivity of a sensor can be obtained using its transfer
function. Hence, from the slope of the transfer function, the
sensor sensitivity was found to be 0.0022 µH/mm (Fig.
10). The absolute error percentage observed in the sensor
feedback is presented in Fig. 13. The mean absolute error
percentage was 5.24±2.66%.
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FIGURE 11. Sensor performance during loading and unloading.

FIGURE 12. The repeatability performance of the inductive displacement

sensor for three [48, 60, and 72 mm] preset displacement positions (n=20).

I. LPVAC DISPLACEMENT CONTROL USING THE

PROPOSED SENSOR

The experimental setup shown in Fig.14 was used to evaluate
the performance of the proposed integrated sensor in actu-
ator displacement control. A microcontroller development
board (mega2560, Arduino) was used as the main controller.
Two relay-driven solenoid-actuated open/close flow control
valves (FCVs) (Dorman, 911-707) were used to separately
connect the actuator to the vacuum source for actuation, and
the atmosphere for release. The position feedback from the
integrated sensor (LDC1614, Texas Instruments) was fed into
a bang-bang type controller running on the microcontroller
with lower and upper thresholds to control the LPVAc. The
feedback control system block diagram is shown in Fig. 15.
The sensor feedback data obtained via I2C from the sensing
module was serially transferred to and saved on the PC.

A square wave position reference signal was used in the
experiment. The square wave had a 20 mm amplitude and
0.25 Hz frequency. The LPVAc was actuated within the

TABLE 2. Performance measures for repeatability of the sensor

Test 1 Test 2 Test 3
No. of Iterations 20 iterations

Preset contraction [mm] 72 60 48
Mean sensor reading [mm] 71.9 59.17 46.47
Std. deviation [mm] 1.65 2.3 2.35
Mean error [mm] 1.9 -0.84 -1.54
Measurements ≤ 5 % error [%] 80 75 65
Measurements ≤ 10 % error [%] 100 95 95

FIGURE 13. Observed sensor error over the range of LPVAc actuation. The

mean absolute error percentage observed was 5.24±2.66%.

calibrated range, between 5 mm and 25 mm. The LPVAc
displacement value from the sensor was calculated using the
characteristic equation obtained earlier in (5). A marker on
the LPVAc was used to measure the actual LPVAc displace-
ment using a digital camera. This visual feedback was post-
processed using a digital video analyzing software (Kinovea,
ver. 0.8.15) on a PC. The collected data were smoothed using
a third-order Savitzky–Golay filter, with a filter length of 21
[55].

The feedback control experiment results are shown in Fig.
16. The input signal is given blue, the sensor feedback signal
is given in red, and the actual position of the LPVAc is given
in black. The results show that the proposed sensor can be
used for effective feedback control of the LPVAc. The sensor
is able to closely measure the actual position of the LPVAc
and allows the controller to move the LPVAc in the desired
square wave motion.

V. USING THE LPVAC IN A PROTOTYPE STST-ASSIST

EXOSUIT

A. EXOSUIT DESIGN

Hip and knee extension are the primary body motions asso-
ciated with effective STSt. The quadriceps femoris (QF) and
the gluteus maximus (GM) are the major muscles recruited
during this motion. Between these two muscles groups, the
larger GM muscles supply the majority of the anti-gravity
lifting force [56]. Hence, we propose the use of an artificial
muscle in tandem with the GM to provide assistance during
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FIGURE 14. Experimental setup for feedback control performance evaluation.

FIGURE 15. The feedback control system used for feedback control

performance evaluation.

STSt. This requires the assistive actuator, the proposed LP-
VAc in this case, to be fixed in parallel with the GM muscle of
the wearer in a mono-articular design. To evaluate the use of
the novel LPVAc in STSt-assist, we designed and developed
a novel exosuit prototype. The developed prototype soft
exosuit is shown in Fig. 17.

Recent literature presents the Wehner suit [10] as a good
basis for soft exosuit design. It describes the use of actual
(key) and virtual anchor points to deliver forces across the
lower limbs using lines of non-extension. In the proposed
design, the LPVAc is fixed in parallel to the GM muscle on
the posterior side. A webbing belt worn at the hip acts as one
anchor point and a thigh support is used as the other. Here,
flexible, and inextensible webbing straps (25 mm wide) are
used as anchors and force guides. The proximal anchor point
of the LPVAc is the hip worn belt using a sewn-on webbing
strap. The LPVAc is distally anchored between the knee and
the hip using a soft fabric thigh support sleeve (2040, Oppo
Medical, USA). As the thigh support has some amount of slip
to allow it to be easily worn, two Velcro-based straps are used

FIGURE 16. Sensor response and actual displacement during the feedback

control test of the actuator.

FIGURE 17. Hardware components and their weights of the preliminary

STSt-assist exosuit.

to tighten the thigh support at the top and the bottom of the
sleeve, to limit it slipping along the thigh. Another webbing
strap is placed in parallel to the biceps femoris muscles
connecting the two tightening straps to guide the applied
force. A single LPVAc unit is attached per leg. The distal
connections include a quick-release buckle to assist with easy
donning and doffing as well as to provide adjustability based
on the wearers’ height.

The prototype exosuit has a total weight of 324 g, exclud-
ing the weight of the vacuum pump, chamber, and valves.
The developed exosuit and the weights of each subassembly
are shown in Fig. 17. The larger portion of the weight of the
suit is worn on the hips, near the body center of mass, hence
limiting the metabolic penalty and biomechanical restrictions
to motion. Fig. 17 shows the exosuit worn while standing.
The LPVAc poses no obstruction to normal seated posture as
can be seen from Fig. 19.

B. EXOSUIT TESTING

Healthy volunteers were recruited to test the effectiveness of
the proposed exosuit in providing assistance during STSt.
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Three healthy volunteers (see Table 3 for details) took part
in the trials. The test protocol was explained in detail and
informed written consent was obtained from each volunteer.
Each subject went through a guided trial run before each
experiment. The trials consisted of two parts; without the
exosuit and with the exosuit and the LPVAc actuated. In each
part, the volunteer carried out 10 iterations of STSt. The test
subjects wore clothing similar to the with the suit condition,
during the no-suit test as well. The subjects were instructed to
follow a 12-bpm metronome in carrying out the transitions.

The chair height for the experiment was set to 46 cm,
following the DIN 18040-1 design guidelines for public
restrooms. The STSt was identified by measuring ground
reaction force using force sensing resistors integrated to the
test subjects insole, at the toe and the heel per foot at 100 Hz
(see Fig. 19). Surface electromyography (sEMG) was used to
measure the GM muscle activity during STSt. As this exosuit
test was carried out in order to evaluate the applicability of
the LPVAc in driving an STSt-assist exosuit, the LPVAcs
were driven in open loop without the use of sensor feedback.

C. EMG DATA ANALYSIS

Surface EMG data were collected from the GM muscles of
both legs, and the data from the dominant leg was selected for
the analysis. A Bagnoli desktop EMG system (Delsys, Inc.,
USA) was used for the sEMG data acquisition. The acquired
data was initially captured, recorded, and processed using
the EMGworks software (Delsys, Inc., USA). The Bagnoli
system acquired the sEMG data at 4 kHz, and this raw data
stream was smoothed to obtain the RMS value with a 250-
sample window. This provided a 16 Hz output signal which
was post-processed in MATLAB. The mean of ten sit-to-
stand repetitions, for powered suit and without suit tests,
were averaged and normalized for each muscle with respect
to its maximum voluntary contraction (MVC) value. Each
volunteer was asked to do a front plank with hip extension
as given in [57] to obtain the MVC value of GM. Three trials
were conducted for each volunteer, and the maximum value
was recorded as that subject’s GM MVC.

The mean values of the RMS’d sEMG obtained for each
of the two conditions (without suit and suit worn and LPVAc
actuated) were then DC offset, by subtracting the minimum
of each condition from itself. The STSt time was normalized
to a 100 % cycle between the maximum gradients observed
in the toe and heel ground reaction force sensors. These nor-
malizations were carried out as post-processing. The results
of this analysis for the three healthy volunteer subjects are
shown in Fig. 18.

To evaluate the effectiveness of the provided assistance via
the exosuit, the percentage reduction in the area under the
GM muscle activity curves in Fig. 18 was calculated. The
obtained results indicate a mean muscle activity reduction
of 45 % during STSt. This is comparable to results shown
in [17]. The variance of the muscle activity reduction can
be attributed to the different builds of the volunteers (see
Table 3). Hence, we can conclude that the prototype soft

TABLE 3. Test subject details and observed sEMG signal reduction

Subject Age Weight Height BMI Reduction
(m/f) (Y) (kg) (m) (kg/m2) (%)
1 (m) 26 45 1.65 16.5 66.93
2 (m) 27 64 1.65 23.5 42.28
3 (m) 27 65 1.60 25.4 26.72

mean ± SD [%] 45.31 ± 20.28

exosuit driven by the proposed LPVAc can effectively assist
in reducing the muscle activity requirement during STSt.

VI. CONCLUSIONS

Patients wheel/chair bound following muscle weakness need
to be encouraged to break their sedentary behavior and at-
tempt independent motion. A soft exosuit, driven by non-
obstructive low-profile actuators, that can be worn while
seated can be used in such instances to encourage such pa-
tients to frequently and easily transition from sit-to-stand. To
facilitate this, a novel low-profile actuator with an integrated
displacement sensor is developed, tested, and integrated into
a wearable soft exosuit. The proposed actuator comprises of
low-profile spring encased within a polyethylene film pouch
that contracts longitudinally when the air within the pouch
is evacuated. Characterization of the actuator is carried out
to determine the capability of actuation. Experimental results
show that this lightweight (14 g) actuator is capable of lifting
285 times its self-weight, and deliver 65% maximum strain
at no load. Rapid contraction is an advantage in this actuator
due to vacuum actuation, and it incorporates a faster self-
return to the initial state aided by the spring.

A key limitation in contemporary soft actuators is the
absence of accurate sensory feedback. This is overcome in
the proposed design by the integration of an inductive dis-
placement sensing method, which shows promising results.
This proposed sensor is able to perform effectively with
minimal disturbance to the actuator motion. The proposed
inductance sensing module displayed high linearity with
the displacement of the LPVAc. The experimental analysis
further presented a sensitivity of 0.0022 µH/mm, a hystere-
sis of 1.49 %, and an average absolute error percentage of
5.24 ± 2.66%. The sensor showed good repeatability, with
a minimum standard deviation of 1.65 mm, in the repeated
measurement of a setpoint. The repeatability was seen to be
higher at larger displacements. The proposed sensor showed
effectiveness in being used as a feedback sensor in position
control of the LPVAc. Key characteristics of the developed
PAM and the integrated sensor are listed in Table. 4.

The proposed actuator is used to drive a novel hip and
knee flexion-assist mono-articular exosuit. This preliminary
exosuit design is used to validate the applicability of the de-
veloped actuator. sEMG data collected from the GM muscles
during STSt show successful mean muscle activity reduction
>45% for suit with actuation condition versus the no suit
condition. Therefore, this work shows potential for further
development. As the developed actuator and the exosuit is
in their preliminary stages, the authors plan to carry out
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FIGURE 18. The observed reduction in sEMG of GM muscles in three test subjects. The shaded area depicts the range of maximum and minimum readings

obtained at each position of the STSt motion over 10 repetitions.

FIGURE 19. Experimental test setup for STSt. FSR embedded shoes are

worn to measure toe and heal ground forces. Inset shows the

non-obtrusiveness of the proposed actuator while seated.

further development and testing using multiple persons with
diagnosed muscle weaknesses.

Few limitations are present in this proposed design. The
maximum applicable blocked force is limited by the maxi-
mum applicable differential pressure, which is limited to a
single atmosphere under normal conditions. The presence

TABLE 4. Characteristics of the proposed LPVAc and sensor

Measure Value

Actuator Min. cross-section 10 mm x 40 mm
Min. Weight 14 g
Max. force 39.05 N
Max. stress 103.2 kPa
Max. strain 65 %
Force-to-weight ratio 285

Sensor Sensitivity 0.0022 µH/mm

Resolution 10 nH
Hysteresis 1.49 %
Average Error (abs.) 5.24 ± 2.66%

of strong magnetic fields in the vicinity of the actuator can
affect the performance of the displacement sensor. However,
as part of a wearable system this limitation does not appear
to be a critical issue. As future work, the authors plan, to
increase the number of test subjects used for the exosuit
performance evaluation including actual patients, to minia-
turize the proposed actuator for easier integration to more
complex wearable systems, and to improve the feedback
control system for improved displacement control.
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