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Abstract: This study describes the basic design, material selection, fabrication, and evaluation of
soft pneumatic actuators (SPA) for lower-limb rehabilitation compression therapy. SPAs can be a
promising technology in proactive pressure delivery, with a wide range of dosages for treating venous-
related diseases. However, the most effective design and material selection of SPAs for dynamic
pressure delivery have not been fully explored. Therefore, a SPA chamber with two elastomeric
layers was developed for this study, with single-side inflation. The 3D deformation profiles of
the SPA chamber using three different elastomeric rubbers were analyzed using the finite element
method (FEM). The best SPA-compliant behavior was displayed by food-grade silicone A10 Shore
with a maximum deformation value of 25.34 mm. Next, the SPA chamber was fabricated using
A10 Shore silicone and experimentally validated. During the simulation in FEM, the air pressure
was applied on the inner wall of the chamber (i.e., the affected area). This is to ensure the applied
pressure was evenly distributed in the inner wall while the outer wall of the chamber remained
undeformed for all compression levels. During the inflation process, pressure will be applied to the
SPA chamber, causing exerted pressure on the skin which is then measured for comparison. The
simulation and experimental results show an excellent agreement of pressure transmission on the
skin for the pressure range of 0–120 mmHg, as depicted in the Bland–Altman plots. The findings
exhibited promising results in the development of the SPA chamber using low-cost and biocompatible
food-grade silicone.

Keywords: compression therapy; finite element modelling (FEM); hyperelastic material; soft pneu-
matic actuator (SPA); lower limb; silicone elastomer; venous disease

1. Introduction

Extremity trauma is one of the most common injuries perceived in emergency medical
practice. These injuries are examined using four functional components (nerves, vascu-
lature, bones, and soft tissues), whereby each component must be assessed individually
as well as collectively. Injuries to the lower extremity are severe in all age groups, but
individuals who engage in physical activity and sports are at an especially higher risk
for severe trauma. An estimated 4.5 million sports- and physical-activity-related injuries
have been reported, with a large percentage of these injuries being lower extremity in-
juries [1]. The highest cited injuries among all lower-limb-related injuries in runners are
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patellofemoral pain (PFP), iliotibial band syndrome (ITBS), medial tibial stress syndrome
(MTSS), Achilles tendinopathy (AT), plantar fasciitis, stress fractures, and muscle strains.
Some of these injuries have a high recurrence rate, leading to a reduction or cessation of
training in approximately 30% to 90% of cases [2].

Athletes suffering from lower-limb injuries, particularly muscular injuries, will expe-
rience time loss during both training and competition [3]. These muscle injuries account
for the absence of up to 37% of players from training and matches [4]. The severity of
muscle injury, particularly skeletal muscle disruption, can lead to chronic disease in several
organ systems, including cardiovascular disease (CVD), neurological, endocrine, renal,
gastrointestinal (GIT), metabolic diseases, and cancers [5]. The presence of edema caused by
muscle injuries could lead to the compression of popliteal or gastrocnemius veins, resulting
in deep vein thrombosis (DVT), while a faulty valve can cause venous blood pumped
toward the heart to reflux, resulting in chronic venous insufficiency (CVI) [6].

In the general population, the average incidence rate of DVT is between 100 and 200 per
100,000 person-years [7]. With the increasing incidence of venous disorders, compression
therapy is frequently deployed for the prevention and treatment of vasculopathy such as
varicose veins, deep vein thrombosis, lymphatic edema, wound management, and pain
reduction [8]. Compression therapy usually encompasses the use of multi-layered bandages,
hosiery, compression garments, intermittent pneumatic compression, and complicated
compression devices [9]. However, for individuals with limited body movements, applying
compression would be tedious and might cause skin irritation which leads to skin damage.
Thus, pneumatic compression therapy has recently been promoted as an alternative for
treating patients who do not respond to conservative approaches. In a recent innovation by
Luca Rosalia et al. [10], a soft robotic device for lower-limb compression was used in the
treatment of lymphedema. This device expanded upon the technique pioneered by Low
et al. [11], in which the actuation strength and motion could be customized based on user
input.

Pneumatic compression devices often employ single or multiple pneumatic chambers
or bladders to generate variable compression cycles by manipulating the air during the
inflation–deflation modes. Soft actuators, notably air bladders, have been used in various
applications, including space deployments and medical devices. This includes several soft
pneumatic actuators (SPAs) made of linear or non-linear soft materials that provide various
predetermined motions or forces.

Several researchers have attempted to use SPAs for the compression treatment of
human limbs and joints, as shown in Table 1. The identification and selection of articles are
restricted to research articles published between 2016 to 2022 to ensure that the content of
the article and resources are comprehensive and up to date. The articles are based on three
main areas of study, which are rehabilitation, soft actuators, and compression therapy. The
strengths and weaknesses of soft actuators were presented based on these criteria.

Chua et al. [11] designed a soft robotic therapeutic glove for rheumatoid arthritis
for the lateral compression and massage of the fingers and joints. Thalman et al. [12]
introduced a soft robotic ankle foot orthosis (SRA-FO) exosuit based on a fabric-based
pneumatic actuator that provided inversion and eversion ankle support as a form of gait
rehabilitation, while Mengjia Zhu et al. [13] introduce fluidic fabric muscle sheets for
wearable and soft robotics. Xiao et al. [14] designed a soft pneumatic interface between a
crutch and the user’s forearm using a fiber-reinforced elastomeric enclosure to decrease
wrist and palmer loads. However, regardless of the SPA’s usage in rehabilitation, creating
it with biocompatible components that are both safe for humans and the environment
remained elusive.

The simulation technique is important for designing, developing, and optimizing
the soft robots’ performance. Finite element modeling (FEM) is one of the approaches
for modeling and simulating soft robotic components. The available compression models
do not provide a timely quantification of the SPA unit, such as the interface pressure
and treatment cycle. Thus, an irregular or unpredictable pressure dosage is delivered to
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the body by the SPA unit [15]. The use of unpredictable or uneven pressure dosages in
treatment may obstruct blood flow, resulting in cerebral, cardiac, and vascular illness [16].
The SPA pressure performance can be numerically analyzed using FEM to guide SPA
material design selection and pressure dosage selection in therapy. Current studies aim to
produce soft-bodied programmable motion inspired by biology aspects to combine natural
compliance with controllable actuation [17–19]. Silicone rubber elastomers including the
Smooth-On Ecoflex series (Smooth-On, Inc., Macungie, PA, USA), parts of the Dragon Skin
series (Smooth-On, Inc., Macungie, PA, USA), and Sylgard 184 (Dow Corning Corporation,
Midland, MI, USA) were predominantly used in the fabrication of soft actuators [20]. The
lack of SPAs with a high strain density to transfer effective pressure while remaining
nonhazardous is one of the challenges in this research area [21]. The simulations can be
used for the instant and effective iteration between several designs and materials to enhance
their functionality [22]. This affects the effectiveness of the treatment, user comfort, and
frequency of application.

This research aims to address the issue by using FEM to anticipate the influence of the
material selection of three silicone elastomeric rubbers composed of commercial and food-
grade silicone, as well as conducting experimental testing to validate the SPA lower-limb
system against simulation results. The SPA chamber’s efficiency at transmitting pressure
to a mannequin leg was also tested. The performance of silicone elastomeric rubbers was
analyzed on the deformation structure of the chambers and force output with a correlation
to the applied pressure and time.

Table 1. Summary of SPA for compression treatment of human lower-limb parts.

Author [Ref.] Site of
Application Material Functionalities Advantages Challenges

Chua et al. [11] Fingers and
Joints

Thermoplastic
polyurethane

(TPU)

Lateral
compression for

rheumatoid
arthritis

Varying stiffness Control-ability

Thalman et al. [12] Ankle foot 200D TPU coated
nylon

Provide inversion
and eversion ankle

support
Varying stiffness Control-ability

Mengjia Zhu et al. [13] Limbs Fabric sheet Wearable and soft
robotics

Lightweight and
low-cost

Untethered
operation

control-ability

Xiao et al. [14] Wrist and palmer Elastomers and
fiber

To decrease wrist
and palmer loads

Lightweight,
effective /

Fang et al. [23] Knee TPU fabric Knee rehabilitation
and movement

Lightweight,
easy-to-control

On-board power
source

Li et al. [24] Hand Soft latex
Passive hand

rehabilitation for
stroke patients

Low-cost,
lightweight,
easy-to-wear

No individual
control of the

finger

2. Materials and Methods
2.1. 3D-Modelling Construction

The conceptual model of the soft pneumatic actuator (SPA) was developed using the
soft robotic toolkit as mentioned by [25]. The actuators were made up of two silicone
parts: the main body and the bottom layer. The main body was composed of several
chambers driven by a pressure source and inflated upon actuation. The actuators were
designed to have one extendable side (top layer), while the other side was restrained or
nonexpendable (bottom layer) as shown in Figure 1. The non-extendable layer of mesh
fabric was embedded into the bottom part of the silicone layer to minimize the deformation
of the bottom layer. To reduce the impact of additional pressure caused by the fabric’s
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stretch, a fabric with comparatively lower extension capability to the silicon layer was
chosen. Polyester plain English net mesh fabric with a thickness of 0.008 was used. The
fabric’s thickness was sufficient to restrict the deformation of the outer layer. This fabric has
an insignificant effect on the soft actuator’s deformation due to its placement at the bottom
layer of the SPA. This study focused on the deformation of the upper layer (chamber).
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Figure 1. Dimension of 3D model construction of the proposed Model A SPA in mm: (a) top layer (b)
nonexpendable bottom layer; and (c) side view.

Two SPA models, namely, Model A and Model B, were presented to examine the
amount of pressure and the time required to inflate each chamber. Model A was designed
with six chambers with one air inlet, whereas Model B was designed with six chambers
with six separate inlets, in which both chambers were separated by a 10 mm gap with a
side wall thickness of 1 mm. The chamber’s shape and size were adaptive to the anatomy
of the lower limb, with the 6 chambers compressing along part of the posterior and anterior
of the lower leg to minimize dead volume. Each chamber was 65 mm in width and 190 mm
in height. A 6 mm-diameter air inlet was fitted on the cuff shell to allow air supply from
a pressure source to fill the chamber. Each chamber was connected by a channel for fluid
flow as shown in Figure 2. The nonexpendable layer for each actuator has a thickness of
3 mm. The bottom layer was flexible to reduce the overall rigidity of the actuators. When
the pressure was applied, the top layer of the chambers fully inflated, while the bottom
layer had minimum to no inflation.
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2.2. Material Properties and Characteristics

The crucial part of developing biocompatible and non-hazardous SPAs was the selec-
tion of suitable materials. Silicone elastomeric rubber is the most common material used in
the 3D molding process to manufacture soft actuators [25]. In this study, we studied the
properties of three different silicone-based materials as exhibited in Table 2.

The elastomeric materials model was used to describe the behavior of the selected sili-
cone, with the characteristic of absorbing large deformation without permanent distortion.
The silicone elastomeric rubber could withstand huge strains of 500% [26]. Silicone rubber
has an elastic stress–strain curve with non-linear relation, and is isotropic, incompressible,
and generally independent of strain rate. The most common non-linear constitutive model
with incompressibility constraints such as Neo-Hookean, Ogden, Mooney–Rivlin, and
Yeoh models have been considered for hyperelastic material [27]. These models can be
represented by one or more material parameters that can be obtained from the stress–strain
curve in experiments. Mooney–Rivlin model is mainly utilized in the study of rubber’s
small deformation range, whereas the Yeoh model is prioritized in the study of rubber’s
wide deformation range and is recommended for significant deformation [28].

The Yeoh model has the advantages of simplicity and excellent precision, and the
material characteristics can be obtained through uniaxial compression experiments. The
strain energy density function for Yeoh’s 3rd model is given by:

W = C1(I1 − 3) + C2(I2 − 3)2 + C3(I3 − 3)3 (1)

where C1, C2, and C3 are model parameters, while I1, I2, and I3 are strain invariants of
Cauchy–Green deformation tensors, respectively. In this study, A15 Shore, A10 Shore, and
Sylgard 184 were studied as the material of the proposed SPA system. The constitutive
model parameters for three silicone elastomers and their properties are tabulated in Table 2.
The Sylgard 184 model parameter was retrieved from Laura et al. [29] where the researchers
use uniaxial tensile tests to identify the parameters of Yeoh models. In the ANSYS software
(ANSYS 2019 R3), the A15 Shore is an elastomer. The model parameter values for A15 Shore
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were retrieved from the ANSYS database [30] for the elastomer sample. The A10 Shore
has the same properties as Dragon Skin 10 medium. The model parameters for A10 Shore
were retrieved from Michele Di Lecce et al. [31], in which the researchers use Evolutionary
Inverse Material Identification (EIMI) to identify the parameters of Yeoh models.

The three materials are flexible, extensible, and inexpensive. These silicones are
highly resilient to deterioration and damage from extreme temperatures, non-toxic, and
degradable [17]. However, for the optimal inflation and deflation of the proposed SPA,
lower tensile strength was preferred to prevent persistent discomfort during compression.

Table 2. Material properties and constitutive model parameters of silicone elastomer.

Sylgard 184 A15 Shore A10 Shore

Manufacturer Dow Corning Clay art Clay art
Color Colourless Translucent Grey

Shore hardness A50 A15 A10
Tensile strength 980 psi 537 psi 475 psi

Density 1.04 g/cm3 1.35 g/cm3 1.35 g/cm3

Elongation at break 150% 771% 1000%
Durometer shore 50 15 10
Young’s modulus 1.32–2.97 MPa 0.74 MPa 0.25 MPa

Model parameter

C1 = 0.42480 MPa
C2 = −0.15880 MPa
C3 = 0.24350 MPa

[29]

C1 = 0.69760 MPa
C2 = −0.24484 MPa
C3 = 0.12629 MPa

[30]

C1 = 0.00204 MPa
C2 = −0.17070 MPa
C3 = 2.05000 MPa

[31]

2.3. 3D Simulation of the Proposed Soft Pneumatic Actuator (SPA) System

To ensure the optimal deformation of the proposed SPA, the pressure distribution of
the proposed 3D model and the proposed elastomeric materials (A15 Shore, A10 Shore,
and Sylgard 184) was analyzed using the finite element method (FEM). The 3D model of
the SPA was designed in Solidworks (Dassault Systèmes SOLIDWORKS Corp., Waltham,
MA, USA) and then imported to ANSYS 2019 R3 for FEM analysis. It was assumed that the
proposed compression system with a chamber should be able to provide homogeneous
pressure regardless of the location of the cuff. For ensuring a balanced pressure, the air
pressure was observed on the inner wall of the chamber. The SPA system for the analysis is
shown in Figure 3 with fixed supports surrounding all edges highlighted in blue to imitate
real-life behavior. Gravity was also considered for the solid domain, and it acted in the
negative y direction.

Since this study employed elastomeric material, a physics nonlinear mechanics mesh
with linear element order was adopted. The mesh method used for the SPA system was a
hex-dominated element shape. Curvature and proximity capturing were activated. The
experimental element size was set at 1 mm for all simulations which resulted in a total
number of 300,196 elements. The minimum element quality based on skewness was 0.90.

In this study, a controlled condition of 23 s of inflates, 7 s of hold, and 7 s of deflate
(23–7–7 s) in one cycle cumulating in 37 s was simulated. This method is a recommended
treatment cycle by a commercially available intermittent pneumatic compression (IPC)
device for daily home care of the lower limb [32]. The pressure was applied using the
ramp function, with the gradual increment of the pressure from 0 to 120 mmHg from
t = 0s to t = 23 s. Furthermore, in each simulation, the pressure was applied progressively
throughout 44 sub-steps. This was a crucial variable because it prevents the load from
being delivered entirely at once, which often leads to convergence problems, particularly
when working with soft materials that have a low Young’s modulus [33].

The three silicone elastomers’ deforming structures affect the time and force with
which they were applied to the skin. Additionally, they are highly dependent on the
pressure, velocity, and material properties of silicone. The relationship between the input
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pressure, the deformation, and the applicability of the developed 3D model was measured,
based on the chamber’s deformation profile.
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2.4. Experimental Analysis of SPA for Lower Limb

After the 3D model design and simulation stages, the SPA chambers were fabricated
for the experimental analysis. The experiment was conducted using the SPA chamber
unit to resemble the actual compression. For the validation of the SPA system model, the
obtained simulated and experimental results were compared for a better understanding
of the fabricated SPA chambers. A sensor-based SPA system was developed, consisting
of SPA, a SPA controller, and monitoring software as shown in Figure 4. The exterior
layer of the chambers was laminated with a woven-based textile shell with a dimension of
210 (width) × 460 (length) mm2 to form the main part of the SPA unit. This was wrapped
onto a mannequin leg for compression treatment simulation as depicted in Figure 4a.
According to Li et al., the mannequin leg demonstrated similar contact pressure patterns to
the human leg [34]. The force applied to the mannequin leg was measured to provide an
accurate pressure reading. Force-sensitive resistor (FSR) was attached to the medial side of
the lower leg, about 20 cm above the ankle, where the gastrocnemius muscle’s tendinous
and muscular parts separate as shown in Figure 4b. Next, the pressure exerted on the skin
by the SPA system on the force sensor was assessed. A portable air compressor was attached
to the pressure sensor and solenoid valve to operate the SPA system. Pressure sensors
(model no. MPS20N0040D, Soldered Electronics, Osijek, Croatia) were used to monitor the
supply pressure. The SPA controller comprised an air pump, Step-Down voltage regulator
(LM2596 SIMPLE Switcher Power Converter 150-kHz, Digi-Key Electronics, Thief River
Falls, MN, USA), pressure sensor, data acquisition control board (Arduino Pro Mini, Digi-
Key Electronics, Thief River Falls, MN, USA), and solenoid valve. The hardware working
model was built as shown in Figure 4c.
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diagram of SPA with six airtight chambers; and (e) schematic diagram of lower-limb SPA system.

The experimental platform developed to calculate the 3D deformation profile of the
chamber concerning their inflation height is shown in Figure 5. The test rig consists of a
distance laser meter (Class 2635 nm, <1 mV, Accuracy ± 1 mm) that was fixed onto the
retort stand vertically to secure its position. Since the greatest deformation for uniformly
distributed pressure occurred at the center of the simulation result, the laser head was
aimed at the chamber’s center. The SPA chamber was placed horizontally on a flat table
to measure the deformation. The laser point coincides with the center of the chamber.
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The initial height, h0 of the chamber was measured. The SPA chambers were inflated in
increments of 1.0 mL air volume for 23 s inflation and 7 s holding and 7 s deflation. The
deformed height, hi, at every 1 s interval was recorded. This test was repeated for five
complete cycles at the designated position, and the average values for deformation were
included in the result.
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Figure 5. Experimental setup: (a) real-time arrangement and (b) schematic diagram for measuring
the inflation height.

2.5. Data Analysis

To assess the reliability between simulated and experimental conditions, the intraclass
correlation coefficient (ICC) was used. With this, 95% confidence intervals were calculated
using Microsoft Excel based on an absolute agreement: specifically, a mixed-effect model
(ICC 3,1). The classification of ICC defined the degree of consistency used to interpret ICC
value: excellent (>0.9), good (0.76–0.9), moderate (0.5–0.75), and poor (lower than 0.50) [35].

Bland–Altman analysis with 95% limits of agreement (LoA) was performed to access
the agreements between datasets obtained during the two conditions. The scatterplot was
constructed with partiality and the LoA is shown in the plot for the parameters registered.
The mean score is represented on the x-axis, and the difference between two measurements
(mean of the differences) is plotted on the y-axis. The 95% LoA is defined as ±1.96 standard
deviation (SD) (BA2). The average difference (Diff), the standard deviation of the differences
(SD), and lower and upper 95% confidence level (CI) were from the formula: upper 95%
CI = Diff − 1.96 × SD; lower 95% CI = Diff + 1.96 × SD [36]. The width of the boundaries
of agreement and the distance of the mean through these differences were used to interpret
measurement errors. An acceptable agreement between these two measurements was
indicated when 95% of the data fell inside the LoA [37]. No significant difference between
the measurements was reflected in case the line of equality was within the interval [38].

3. Results
3.1. Simulated 3D Deformation Results of the Proposed Chamber Using Three Different Materials

Pressure variation was employed to investigate the associated mechanisms of the
SPA performance design parameter during the inflation–deflation cycle. The pressure
variation can also be utilized to evaluate the developed prototype model. Figure 6 shows
the simulation result of the SPA chamber’s detected operating rhythms using the three
silicone rubber materials. This result demonstrates the applicability of the developed 3D
model in the prediction of the pneumatic pressure and its variation during the inflation–



Appl. Sci. 2023, 13, 2977 10 of 17

deflation cycles of the SPA system for the three different materials. The variation profile
was based on the pressure supply at the inner wall of the SPA chamber.
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Figure 6. Detected pneumatic pressure during simulated inflation–holding–deflation cycle for three
different materials by the SPA system.

The SPA was simulated from 0 to 120 mmHg. The deformation result of the SPA system
during inflation–holding–deflation was obtained, and the simulation of the three different
silicone-based materials was compared. The contour of deformation during inflation at 27 s
of the three different materials is shown in Figure 7. Comparatively, the deformation in the
y direction was considered. At the initial state, the deformation started at approximately 14
to 16 mm for each material. The deformation of each chamber is represented by the color
map. A red indication represents high pressure and blue low pressure. The top part of the
chamber revealed significant deformation compared to the bottom part. This finding is
due to the different thickness inputs for the upper and lower part. The maximum pressure
appears at the center of the chamber compared to the area near the surrounding edge.

The average deformation varied between 0 to 23 mm: A10 Shore silicone had the
highest inflation with a maximum deformation of 25.34 mm, followed by A15 Shore with
a maximum deformation at 24.68 mm, and Sylgard 184 with a maximum deformation of
21.38 mm. Figure 8 indicates that A10 Shore silicone could result in higher deformation
under the same air pressure as compared to A15 Shore and Sylgard 184. The material with
the higher deformation is used to produce the main part of the SPA. Xavier et al. [28], in an
overview of the recent development of soft actuators, reported that low silicone hardness
causes greater deformation at lower pressure values. This will reduce the time required to
achieve the shape transition and provide the desired force toward the leg.
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Figure 7. Deformation comparison of three different silicone rubber of the SPA chamber from the
FEM simulation models. Slygard 184: (a) side view and (b) bottom view. Food-grade silicone (A15
Shore): (c) side view and (d) bottom view. Food-grade silicone (A10 Shore): (e) side view and (f)
bottom view.
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Figure 8. The behavior of three silicone elastomers from the simulation results: deformation vs.
pressure.

3.2. Comparison and Validation of Simulation and Experimental Results

To compare and validate the simulation and experimental results, we performed an
experiment on a mannequin leg. It was important to calculate the pressure transferred by
the SPA chamber onto the leg and to evaluate the efficiency of the SPA chamber performance
based on the selected material. This will depict the inflatable SPA chamber in contact with
human skin in delivering the required pressure. Based on the simulation results, we
fabricated the SPA chamber using food-grade silicone with a Shore hardness of A10 and
A15. The material for the upper and bottom layers was A10 Shore food-grade silicone, and
A15 Shore food-grade silicone, respectively. The experimental setup discussed in Section 2.4
was used to measure the pressure transmission of the SPA chamber. The interface pressure
was expressed as a function of force exerted on the skin measured using an FSR sensor.
The experimental result of the maximum deformation during the inflation of the SPA
chamber was compared against the FEM results for maximum deformation in relation to
the supplied pressure.

The reliability showed a good correlation for material deformation ICC > 0.9 for both
conditions. There was no significant difference in the average deformation between the
two testing methods (p > 0.05). For the Bland–Altman plot, the differences between the
simulation and experimental for material parameters (i.e., deformation) are illustrated
in Figure 9. The three lines represent the mean differences. The solid line represent bias
and the two dash line are limit of agreements mean +1.96 SD (upper interval) and mean
−1.96 SD (lower interval). The LoA for material deformation was (95% CI 2.83 to −1.33).
From the graph, the scatterplot also demonstrates that most of the points were evenly
distributed within the interval in material deformation. There is only one outlier detected
beyond the interval. However, most of the deformation points were within LoA.
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4. Discussion

The behavior of the SPA has been widely assessed using FEM analysis to optimize its
design. The performance of SPA strongly depends on the design parameters and material
used [26]. Considering that food-grade silicone has the same properties as commercial
silicone, including the ability to provide effective pressure transfer as well as being non-
hazardous, this study aimed to anticipate the influence of the material selection of three
silicone elastomeric rubbers composed of commercial and food-grade silicone. The findings
showed that A10 Shore silicone has the highest deformation compared to A15 Shore and
Sylgard 184. These outcomes are in agreement with the properties of A10 Shore which has
a lower Shore hardness than A15 Shore and Sylgard 184 [39]. Benjamin et al. [40] stated that
very large deformation is exerted on the inflatable actuators and, to avoid high pressure,
elastomers with a low Shore hardness are preferred.

Silicone is an isotropic material with unique mechanical properties, such as Young’s
modulus, Poisson’s ratio, and shear modulus, which can lead to dissimilar deformation
during inflation. A10 Shore has the lowest Young’s modulus compared to A15 Shore and
Sylgard 184. A10 Shore is softer than other elastomers, requiring lower pressure levels to
achieve the desired deformation of the soft actuators. In a study on the characterization
of pneumatic muscle actuators, Antonio et al. [41] discovered that materials with a low
Young’s modulus create greater deformation and force when stimulated. The amount of
compressed gas that must be introduced into the chamber to reach the required pressure is
specified by the elastomeric material’s deformation [42].

This study analyzed the reliability between the simulated and experimental conditions
using a relative measure. The mean difference between the two conditions in this study
was illustrated and analyzed using a Bland–Altman approach. The Bland–Altman plotting
was used to compare a new measurement instrument or procedure to an approved method.
In a study by Jared et al. [43], the authors applied a Bland–Altman and correlation analysis
to assess the two methods of blood pressure measurement. The mean difference between
the two conditions in this study was illustrated and analyzed using a Bland–Altman plot
method.

Based on the Bland–Altman plot, the deformation points in both the simulation and
experimental were within the intervals and limits of agreement (LoA). The findings showed
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an acceptable agreement when testing the method of deformation between the simulation
and experimental conditions. There was no apparent proportional partiality, implying that
the differences between the two methods of testing occurred at random over the pressure
range. A study by Yang Song et al. [44] on the validation of a 3D finite element (FE) coupled
model of the foot and sports shoe reported most of the points were scattered between ±1.96
SD to indicate the two approaches are in good agreement.

The high ICC values for the deformation parameters indicated that the SPA unit was
dependable. No clear agreement has been reported on the applicable standard values
for accepted reliability using ICC. A study by Fleiss considered ICC ≥ 0.75 as excellent,
0.75~0.40 as good to moderate, and <0.40 as poor [45].

Overall, the SPA chamber fabricated using food-grade silicone was able to apply
interface pressure on the skin for a pressure range of 0–120 mmHg. The pressure range cor-
responds to the literature’s interface pressure for compression therapy [46]. The outcomes
showed that the model accurately captured the physical system in this pressure range.
Although the results show that the SPA chamber can generate high skin interface pressure,
determining the optimal pressure is still crucial in treating venous disease. Therefore, an
appropriate approach to measure the interface pressure for a desired treatment should be
proposed. However, this would rely on the stiffness of the skin; the modulus of the fat and
muscle layers must be taken into consideration when determining how to inflate the SPA
chamber in a clinical setting [47]. The results of the simulation study and experimental
testing showed that the SPA system’s silicone material stiffness had a significant impact on
how the device deformed and how much pressure it applied to the skin.

The fabrication of soft actuators is continually evolving to further increase the preva-
lence of readily available soft robots among a wider group of professionals [48]. From this
perspective, soft actuators need to be more affordable, safer, lighter, and more accessible.
The proposed pneumatic soft actuator system was fabricated using readily available food-
grade silicone. The system applicability is evaluated using FEM and experimental testing.
Through this study, a few significant contributions were highlighted:

• This SPA model presented the soft, robust, biocompatible, and non-hazardous ma-
terials that have the elasticity properties of commercial silicone, and the extreme
deformation change accompanying a pressure transition. The materials have high
tensile strengths similar to conventional silicone-based elastomers—up to 1000%.
These features have the potential to produce higher deformation with excellent tear
resistance while maintaining the appropriate compression pressure on the calf.

• The proposed system is a simple and lightweight sensor-based SPA system with the
dimensions of 10 cm in length, 8 cm in width, and 6 cm in height. This system offers
the option of employing a simple, lightweight pump with adjustable cycle time and
pressure supply settings for individual comfort. It is an appropriate compression
device for offering safe and effective compression therapy while being lightweight
enough for the user to carry. This prototype can serve as a new rehabilitation tool that
can improve the quality of life for individuals with lower-limb disabilities. The use of
these devices can potentially reduce the need for traditional physical therapy, leading
to more efficient and cost-effective treatment options.

• We provide a comprehensive analysis by considering the inner wall pressure distribu-
tion in simulation and anticipate actual compression to the calf. With the comparison
of the inner wall pressure and the pressure transferred by the SPA chamber onto a
mannequin leg, we can determine the compression capability before clinical testing.
The maximum deformation of the 3D model at the inner wall of the chamber was
25.34 mm, whereas the maximum experimental deformation of the SPA chamber was
28 mm. It can be seen from the results that the experimental results for the SPA system
show a more than 0.9 reliability agreement with the simulation data for the range of
pressure 0–120 mmHg.

• The research has the potential to contribute to improvements in health and socioeco-
nomic development. The use of soft pneumatic actuators can lead to better rehabilita-
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tion outcomes, which can improve the quality of life for individuals with lower-limb
disabilities. Improved rehabilitation outcomes can also lead to increased productivity
and reduced healthcare costs. The use of cost-effective and efficient treatment options
can potentially benefit low- and middle-income countries, where access to traditional
physical therapy may be limited.

5. Conclusions

In this study, an SPA system was designed and developed to detect and visualize the
interface pressure induced by the SPA chamber. FEM was used in choosing the design
parameters and silicone rubber materials that are appropriate for SPA applications with
a minimum of 1N force. The modeling of soft actuators using A10 Shore food-grade
silicon demonstrates the material’s potential as a major component for soft actuators. A10
Shore silicone produces higher deformation up to 28 mm during inflation. The simulation
model was compared with the SPA system and the deformation behavior was observed.
The reliability showed a good correlation for material deformation, with ICC > 0.9 for
both conditions. The simulation and experimental results show an excellent agreement of
pressure transmission on the skin for the pressure range of 0–120 mmHg. The developed
model is useful for the FEM simulation-based design optimization of soft actuators, by
investigating the relationship between pressure and deformation. Therefore, it is proposed
that food-grade silicone is an acceptable alternative for the fabrication of SPA as it can apply
interface pressure on the skin.

6. Limitation and Future Work

The present study had some limitations. This 3D model simulation did not include the
fluid–structure interaction (FSI) between the fluid and the solid, where the pressure flow
behavior inside the SPA would be analyzed. Future studies should include the simulation of
the pressure from the SPA inlet using an FSI analysis to determine the appropriate pressure
to be applied on the skin surface. Moreover, the experimental testing was performed using
a single mannequin leg. It is suggested that future studies should consider studying the
pressure transmission on the human leg profile with different types of skin stiffness and
fat layers. One limitation of conducting experiments on the stress–pressure relationships
of soft pneumatic actuators is the difficulty in accurately measuring the internal pressure
within the actuator. Initially, the experimental pressure was indirectly obtained through
the FSR sensor. Direct uniaxial tension should be quantified using a tensometer to attain
the stress–strain curve of the SPA. Lastly, the pain and comfort assessment as well as
experimental testing of the established SPA model on human subjects can be conducted to
further test its deformation capabilities.
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