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Soft pouch motors, engineered to mimic the natural movements of skeletal
muscles, play a crucial role in advancing robotics and exoskeleton development.
However, the fabrication techniques often involve multistage processes; they lack
soft sensing capabilities and are sensitive to cutting and damage. This work
introduces a new textile-based pouch motors with the capacity for biaxial
actuation and capacitive sensory functions, achieved through the application of
computerized knitting technology using ultrahigh molecular weight polyethylene
yarn (Spectra) and conductive silver yarns. This method enables the rapid and
scalable mass fabrication of robust pouch motors. The resulting pouch motors
exhibit maximum lifting capacity of 10 kg, maximum contraction of 53.3% along
the y-axis, and transverse extension of 41.18% along the x-axis at 50 kPa
pressure. Finite element analysis closely matches the experimental data. The
capacitance signals in relation to contraction motion are well suited for detecting
air pressure levels and hold promise for applications requiring robotic control.
Notably, it effectively elevates an ankle joint simulator at a 20° angle, highlighting
its potential for applications such assisting individuals with foot drop. This study
presents a practical demonstration of the soft ankle exosuit designed to provide

injuries, traumas, or specific neuromuscu-
lar disorders, resulting in numerous
challenges for affected individuals in their
daily lives."**! In response to these chal-
lenges, soft robotic systems have been
developed to assist individuals in regaining
their independence and improving their
quality of life.**" These systems, employ-
ing soft pouch motor structures, show sig-
nificant promise in providing assistance to
individuals with impaired muscle function
by mimicking muscle-like contraction
movements.*272% Nevertheless, the devel-
opment of scalable and mass-producible
soft pouch motors with integrated sensing
capabilities is one of the ongoing
challenges in the realm of soft robotics.
The automation of robot fabrication, span-
ning design to assembly, is crucial to reduc-
ing prototyping costs and enhancing

lifting support for individuals facing this mobility challenge.

1. Introduction

The skeletal muscles within the human body act as dynamic
power sources, !l enabling a wide array of movements, from com-
mon everyday actions like gripping a glass to the physically
demanding activities of walking and engaging in sports.”*?!
However, these muscles can lose their functionality due to

scalability for mass production. Moreover,
the development of cost-effective, efficient,
and high-quality mass production methods
is imperative to meet the increasing
demand for soft pouch motors. It is also
important to highlight those novel approaches, like incorporating
sensors directly into the framework of motors or devising exter-
nal sensing systems to enhance these functionalities of motors,
have received limited exploration. Additionally, the adoption of
more robust materials is needed to enhance the durability
and reliability of these motors, particularly in demanding
applications.
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The process of muscle contraction is a biological phenomenon
that depends on the reduction in muscle length, enabling it to
produce movement and generate force.'”*® The force generated
by muscles exceeds the opposing force, such as the weight being
lifted, resulting in joint movement.">"*"! Soft pouch motors have
emerged as a specialized class of actuators that have garnered
considerable attention due to their remarkable ability to mimic
this complex motion and functionality observed in natural
muscles. These motors have flexible and soft structures, setting
them apart from conventional rigid motors, and their softness
allows for safe interactions with the environment.”*%* This type
of actuator is fabricated using flexible materials, which
exhibit contractile and expansile properties when exposed to
various external stimuli, including fluidic pressure,** electrical
stimulation,”* thermal variations,’”® and chemical reactions.?”!
One of the standout features of soft pouch motors is their high
power-to-weight ratio, making them exceptionally suitable for
applications requiring lifting and the generation of substantial
force. The combination of high-power output and low-weight
properties enables these actuators to efficiently and effectively
perform lifting tasks. These unique characteristics enable soft
pouch motors to deliver precise and adaptive actuation responses
to various conditions and requirements, making them highly
suitable for a wide range of applications involving soft artificial
muscles, from medical devices to robotic systems and from
micromechanical mechanisms to automotive applications.!*®%”]

The fundamental principle behind the contraction motion in
soft pouch motors lies in the controlled deformation of their con-
stituent material or structures themselves. The specific mecha-
nisms used to accomplish contraction vary depending on the
design of the motor and the actuation concept. In numerous
cases, these actuators achieve contraction through the physical
shortening of their structural length. Traditionally, these motors
have been recognized for their uniaxial contraction along the
y-axis when pressurized fluid is introduced into the motor, caus-
ing the material to contract.">?*?**! These actuators radially
expand in response to changes in gas pressure. The introduction
of pressurized air or gas induces the contraction of the flexible
material, resulting in a reduction in length and subsequent
contraction motion.*”! While many soft pouch motors predomi-
nantly exhibit unidirectional motion along the y-axis, integrating
capabilities for movement along both the x and y axes can intro-
duce new concepts.

The effectiveness and capabilities of soft pouch motors
depend heavily on the base materials used in their fabrication.
Soft pouch motor fabrication commonly relies on materials like
film™31*28) and textiles.***%3! Film materials possess inherent
flexibility, which compromises their mechanical durability. This
makes them more prone to deformation or tearing with pro-
longed or intense usage. Moreover, while polymer film materials
offer flexibility, they may not meet the necessary level of comfort
required for wearable devices. Comfort and flexibility are crucial
for extended wear, and polymer film actuators may fall short of
meeting these criteria. Their sharp edges can cause discomfort or
irritation when in contact with the body. Furthermore, the aes-
thetic suitability and compatibility of polymer film actuators with
wearable devices may be limited. Design and style are essential
for the acceptance of wearable technology, and these actuators
may not align with user preferences. Considering these factors,

Adv. Intell. Syst. 2024, 6, 2300888 2300888 (2 of 15)

www.advintellsyst.com

polymer film actuators are generally not the preferred choice for
wearable technology applications. Alternative materials, such as
textiles, offer superior comfort, flexibility, and integration capa-
bilities, making them more suitable for wearable device design.

In contrast, textile-based materials offer significant advantages
for pouch motors, especially in wearable applications prioritizing
flexibility and comfort. Textile actuators integrate into garments,
enabling aesthetically pleasing designs. They can be directly
embedded into textiles, facilitating the development of smart
clothing with integrated sensing and actuation capabilities.
Moreover, textile actuators are washable, simplifying
maintenance—a critical feature for wearable devices in close con-
tact with the body. Textiles boast several other benefits, including
being lightweight, conformal, and resilient against repeated
stresses and abrasions encountered during regular use. Unlike
flexible polymer films, textiles can withstand wear and tear,
ensuring prolonged performance. With their hierarchical
structure—from fibers to yarns, and further to fabrics—textiles
provide a versatile platform for actuator development. Actuators
are engineered at various levels within this hierarchical structure
to suit specific functionalities, utilizing appropriate fabrication
methods accordingly. For example, at the yarn level, techniques
like melt spinning, wet spinning, and electrospinning are
employed, while at the fabric level, methods such as weaving,
knitting, or braiding fabrication are utilized.”* Instead of these
technologies, actuators can be produced using cutting, sewing,
and bonding methods with commercial woven and knit
fabrics.?>*? The fabric-based actuator literature predominantly
focuses on actuators constructed from commercially available
thermoplastic polyurethane (TPU)-coated woven fabrics via laser
cutting and thermal bonding fabrication methods, and these
actuators often lack embedded sensors (Table 1 and Table S1,
Supporting Information). Woven fabrics, compared to knitted
fabrics, are less flexible, restricting the motion range of pouch
motors and hindering their ability to perform complex
movements.?! Furthermore, the fabrication process for woven
pouch motors is less rapid for mass production. This results
in increased production time and costs, while joining woven
materials can pose challenges, especially on a larger scale, neces-
sitating additional methods or equipment for material fusion and
complicating the manufacturing process. The response to this
challenge lies in computerized knitting fabrication. However,
current studies indicate that actuators designed and fabricated
using computerized knitting machines feature a tubular design,
often lacking soft sensing capabilities, and exhibiting sensitivity
to cutting and damage. They primarily concentrate on bending
and coiling motions. These textile fabric actuators have been
summarized in Table 1.

In this article, we present the design and characterization of a
novel biaxial soft knitted sensing pouch motor for foot drop,
inspired by the contraction behavior of the human muscle
(Figure 1a,b). This study investigates the potential of utilizing
textile computerized knitting technology using high-
performance Spectra yarn to make it with a cut-resistant feature
for the development of soft pouch motors with embedded sens-
ing capability (Figure 1c). Knitting technology provides a seam-
less, fast, scalable, and mass-production fabrication approach,
instead of relying on the assembly of individual parts. The ability
of the pouch motor to perform contraction motion, driven by
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Table 1. Overview of reported textile fabric actuators.
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References Material Fabrication Actuation Sensing Motion Comment
method
[26] TPU-coated woven fabric Laser cutting and  Joule heating Capacitive sensor Contraction The sensor is integrated with heat
heat bonding (not embed) bonding to the actuator
[69] Woven fabric Heat bonding Pneumatic - Contraction -
[70] TPU-coated woven fabric Laser cutting, Pneumatic - Contraction Contraction motion is for
thermal bonding compression
[71] TPU-coated woven fabric Thermal bonding Pneumatic - Contraction -
[72] TPU-coated woven fabric Thermal bonding Pneumatic Pressure sensor and Contraction Sensors are rigid and commercially
displacement sensor available. 3D printing and bonding
(not embed) fabrication methods are used to
integrate
of sensor into the actuator
[44] Lycra yarn, polyamide yarn, Computerized Pneumatic - Bending Tubular structure
melting yarn knitting
[73] The boucle of fancy yarns Computerized Pneumatic - Bending, coiling. Tubular structure
with the core of PU filament knitting
and the sheath of twisted PET
fibers
[74] Acrylic yarn, elastic yarn, Computerized Pneumatic Resistive pressure Bending Tubular structure
conductive yarn knitting sensing, swept frequency
capacitive sensing
(embedding sensor)
[75] Acrylic yarn, shrinking yarn, Computerized Pneumatic Resistive sensing Bending, coiling. Tubular structure. Only, bending

elastomeric yarn, conductive knitting

yarn

actuator consists of resistive sensing

radial expansion and transversal extension, has been thoroughly
examined. Addressing the need for improved sensing capabili-
ties and scalable mass production methods is crucial to unlock-
ing the potential of soft pouch motors. It will not only expand
their utility but also drive innovation in areas where their unique
characteristics can make a difference.

2. Design Concept and Fabrication of Knitted
Sensing Pouch Motors

In this study, a novel high-performance pouch motors design
with sensing capabilities was achieved by seamlessly integrating
technical and electrically conductive yarns using computerized
weft knitting technology (Movie S1, Supporting Information).
The classification of our pouch motor as “high performance”
originates from the technical properties of Spectra yarn, which
are not typically found in other traditional textile yarns. In the
fabrication of soft pouch motors using knitting techniques,
Spectra yarn serves as the base material, enabling the transfer
of high-performance attributes such as cut resistance and
strength to the pouch motor.

The knitted pouch motor design is shown in Figure 2a.
Figure S1, Supporting Information, shows the dimensions
and knitted design simulation image of the pouch motor. The
design of the knitted pouch motor is universally applicable, facil-
itated by the utilization of computerized knitting technology.
The dimensions of the pouch motor have been optimized
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considering the foot width, foot and ankle attachment points,
as it will be used for foot drop syndrome application. Based on
foot width measurements from 10 adult women and men, the
actuator width was selected as 9 cm (Figure S2 and Table S2,
Supporting Information). The average foot width for women
is 9 cm, while for men, it is 10 cm. A 10 cm-wide pouch motor
actuator aesthetically appears too broad and protruding for the
foot width of women, hence a 9 cm width was chosen. This width
also accommodates men’s feet adequately. The actuator length is
set at 19 cm, chosen as the optimum length required for secure
attachment to the foot and ankle (Figure S3, Supporting
Information). Attachment areas for the foot and ankle are set
at 4 cm to ensure secure fastening.

In the construction of the pouch motors, three different types
of textile yarns have been utilized: Spectra, conductive, and elas-
tomeric yarns. These yarns play crucial roles in ensuring the
functionality and performance of the motors, with each contrib-
uting distinct mechanical, electrical, and elastic properties to the
overall design. The results of the tensile strength tests for these
yarns are presented in Figure 2a(i). The high tensile strength
exhibited by Spectra yarns, as evidenced by their minimal defor-
mation under load, highlights their exceptional durability and
suitability for applications requiring robust mechanical perfor-
mance. Conductive threads, on the other hand, demonstrate a
balance between strength and flexibility, making them well
suited for use in electrical connections within the pouch motor.
Their ability to maintain structural integrity while accommodat-
ing various mechanical stresses is essential for reliable electrical
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Figure 1. The design concept of a soft biaxial sensing pouch motors. a) lllustration of artificial muscles bioinspiration from human muscles. b) Prototype
of the textile knit-based pouch motors. Ay represents the linear contraction along the y-axis; Ax indicates the transversal extension. c) The sensing pouch
motors are produced using 3D computerized knitting technology, featuring scalable mass production, high-performance yarn, and embedded pressure

sensors.

connectivity. Elastomeric yarns exhibit notable flexibility, as
indicated by their ability to undergo significant deformation
and recover to their original state. This property is crucial for
applications where the pouch motor needs to adapt to changing
shapes and environments, such as in soft robotics. The tensile
test results highlight the unique characteristics of these yarns
and their contributions to pouch motor technology, emphasizing
the importance of selecting the right yarn type for specific design
requirements, as shown in Figure 2a(i).

The base yarn of the pouch motor, Spectra yarn, is known for
its exceptional strength, particularly its high tensile strength.
This property makes it suitable for applications where the pouch
motor needs to withstand significant loads. It has minimal
stretch compared to other fibers, which is beneficial for main-
taining the desired shape of the pouch motor. It is lightweight
and advantageous in weight-sensitive applications such as
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wearable devices or soft artificial muscle robotics. It is highly
resistant to chemicals, making it suitable for use in environ-
ments where exposure to corrosive substances may occur.
Spectra yarn also boasts good abrasion resistance, contributing
to the durability of the pouch motor. Additionally, its UV resis-
tance makes it suitable for outdoor applications.[**! This yarn
offers flexibility while maintaining strength, crucial for achieving
desired movements in soft robotics. These properties make
Spectra yarn a suitable choice for the development of soft textile
pouch motors using weft knitting technology. To impart a recov-
ery feature to the pouch motor, elastomeric yarn is intermittently
incorporated. When inflated and deflated, the pouch motor dem-
onstrates the ability to self-recover even after extended cycles.
The combination of Spectra yarn and elastomeric yarn empowers
the pouch motor with exceptional recovery capabilities. After
undergoing numerous inflation and deflation cycles, the motor
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Figure 2. a) Knitted sensing pouch motors. i) The yarns used in the knitting design of the sensing pouch motors: ultrahigh molecular weight polyethylene
yarn, conductive yarn, and elastomer yarn. ii) Structure of the pouch motor. iii) Capacitive sensor structure of pouch motors. iv) The design and dimen-
sions of the air bladder placed inside the pouch motors. b) Demonstration of the cut resistance, portability, foldability, and lightweight features of pouch

motors.

consistently reverts to its original shape and dimensions. This
feature ensures long-term reliability and durability in applica-
tions requiring repeated use. Electrically conductive silver-coated
yarn is used in establishing and maintaining capacitive pressure
sensor and electrical connections within the pouch motor.
Conductive yarns enable the motor to transmit and receive capac-
itive signals effectively, making it responsive to pressure and
contraction deformation.

The pouch motor is fabricated through the seamless integra-
tion of two layers consisting of upper and lower weft looped
knitted fabrics, utilizing a digital knitting machine, as depicted
in Figure 2a(ii). An air bladder is inserted between these layers to
allow the pouch motor to inflate.

The main benefits of knitting fabrication technology are mass
production and scalability.** In the process of fabricating a knit-
ted pouch motor using a computerized knitting machine, the
knit design is initially converted into a digital format compatible
with the software of the machine. Then, the machine is pro-
grammed to knit pattern using yarns. The machine builds the
structure of the pouch motor course by course as it knits, follow-
ing preprogrammed instructions. The pouch motor is con-
structed with a knit structure in the form of a double-layered
single jersey, while the contraction line is designed with a
one-layered single jersey knit structure. The knitting process
is executed by electronically controlled knit needles that move
according to programmed instructions. These instructions
dictate the movement of the needles along with the yarns to cre-
ate the pouch motor design. The machine operates by feeding
yarns through the needles and manipulating them to form loops
on knitting needle bed (Movie S1, Supporting Information).
As the needles move, they interlock the yarns to create pouch
motor structure. Finally, the finished pouch motor is removed
from the knitting machine.
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The development of flexible and soft pressure sensors holds
great significance, especially in the soft robotics. A variety of
sensing technologies have been explored in prior works.*>~¢
Among these, the capacitive sensing technology employing par-
allel plate structures has gained popularity due to its signal
repeatability, insensitivity to temperature, and relative design
simplicity, among other advantages.’”*®! Figure 2a(iii) illustrates
the capacitive pressure sensing technology embedded within the
pouch motor structure, consisting of conductive electrodes and a
dielectric TPU film. The embedding sensor had dimensions of
3cm in length by 3 cm in width, with a dielectric thickness of
38.1 pm. During the knitting fabrication process of the knitted
pouch motor, the conductive yarns are knitted into the structure
of the pouch motor using a technique called intarsia. Intarsia is a
knitting method where different yarns are used to create distinct
patterns or designs within the knitted fabric. This integration
ensures that the electrodes are seamlessly embedded within
the knitted structure of the pouch motor, allowing for efficient
electrical conductivity and functionality. By stitching the lower
conductive knitted layer and the dielectric layer into the upper
conductive electrode, we ensured their secure placement inside
the pouch motors. Using a thin thermoplastic film for the dielec-
tric layer resulted in higher baseline capacitance, enhancing sen-
sor robustness against parasitic capacitance in the readout
circuitry.®? Furthermore, the conductive connection points from
the pressure sensor were embedded within the knitted surface of
the electrodes, enabling flexibility, and secure connections for
real-life applications. Embedding sensor is inherently more sta-
ble and less prone to movement or detachment compared to
externally attached sensors. This ensures consistent and reliable
data acquisition during operation of pouch motor. Our knitting
embedding fabrication approach eliminates the need for addi-
tional adhesives or heat press processes, reducing the risk of
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failure points and enhancing the durability and longevity.
Overall, while postintegration of sensors may provide some con-
venience, the benefits of embedded production, including
enhanced stability, seamless integration, and improved durabil-
ity, make it a more favorable choice for achieving reliable sensing
capabilities in soft robotics.

The activation of the pouch motor through air pressure results
in contraction, while the use of weft knitting technology imparts
it with the ability to deform easily and extend in the course direc-
tion. This combination of features enhances the performance of
the pouch motor, allowing for both transverse extension and
increased contraction. To enable the transverse extension, it is
necessary to incorporate an air bladder within the pouch motor
with a width twice that of the motor itself (Figure 2a(iv)). This
design choice is crucial in achieving optimal functionality.

The novel pouch motor developed in this study exhibits a set of
features, making it a versatile and valuable component in the
realm of soft artificial muscle applications (Figure 2b). The incor-
poration of Spectra yarn into the pouch motor design provides it
with a cut-resistant feature (Movie S2, Supporting Information).
Its compact and lightweight design makes the pouch motor
highly portable, offering ease of transport and integration into
various robotic systems. The flexible nature of the pouch motor
allows for convenient folding, enabling efficient storage and
deployment when needed. With its lightweight design, the pouch
motor maintains ease of use, effectively reducing the overall
weight of soft robotic applications.

3. Simulation Procedure

For the macroscale simulation, the knitted textile-based material
properties were considered as anisotropic hyperelastic mate-
rial.®!! Previous numerical studies for soft actuators have con-
centrated on isotropic hyperelastic materials.**®"! However,
there are some examples of textile-based soft actuator simulation
in the literature review.**?! Some of the constitutive models that
existed in ABAQUS software for anisotropic material modeling
include the Holzapfel-Gasser-Ogden (HGO) and Fung models.
The HGO strain energy formula is as follows:

el\2 __
U= Cy(l; = 3) +%.(%71n]el)
- o
kT2
+E{;C Ea 1
Eaf:K(I_l_3) +(1_3K)(7mx_1) 2)

where «, ki, k;, D, and Cy, are temperature-dependent material
parameters that are imported into the Abaqus2021 software. N is
the fibers families number (N < 3). I; is the first constant of the
Cauchy-Green tensor. The material fitting tool permits to define
boundary conditions, Poisson’s ratio, initial parameters obtained
from HGO model, and experimental equibiaxial data. Course
and wale directions are corresponding to (ogg,0,,). A least-
square method for the stress—strain functions in both directions
was utilized as follows:

Adv. Intell. Syst. 2024, 6, 2300888 2300888 (6 of 15)

n
(000 — o)} + (022 — o2)]] G)

i
i=1

~
Il

To design the presented pouch motor in Abaqus2021 soft-
ware, two identical shell plates were used, which are placed at
a distance of 0.5 mm from each other (Figure 3a(i)). To fit the
boundary conditions appropriate to the experimental work, as
shown in Figure 3a(ii), the surfaces under pressure were defined
by partitioning, and the air pressure was uniformly applied to all
internal regions of the pouch motor. The mesh used for this sim-
ulation, according to Figure 3a(iii), is C3D10M, and its number is
1421. The simulation of the front surface of the pouch motor is
presented in Figure 3b and Movie S3, Supporting Information.
The simulation image of the lateral side of the knitted pouch
motor, illustrating radial expansion, is depicted in Figure 3c
and is also available in Movie S3, Supporting Information.
The experimental data and the simulation of knitted pouch
motor both exhibited similar contraction behavior, as shown
in Figure 3d. The simulation explains the experimental results
with a 4% margin of error.

4, Results

4.1. Mechanical Characterization

We experimentally characterized the pouch motor by utilizing an
air compressor for pneumatic actuation and a precision regulator
for pressure adjustment. Upon inflation through the application
of pressure, our pouch motor demonstrates features, including
radial expansion and transverse extension, as illustrated in
Figure 4a,b. The transverse extension deformation sets it apart
from traditional pouch motors. The knitted pouch motor
demonstrates both radial expansion and transversal extensions,
leading to a contraction ratio of ~53.3%. The behavior of up to
41.18% extension along the x-axis can be attributed to the struc-
ture of the knitted fabric, which allows the loops to expand
laterally. Notably, with increasing pressure, we observe a corre-
sponding increase in contraction, highlighting the sensitivity of
our design to pneumatic changes. The pouch motor functions as
a specialized mechanical artificial muscle actuator designed to
exert forces for inducing motion in objects. Its primary function
is to convert pneumatic power into pulling force, allowing it to
exert forces and induce motion.

The theoretical contraction ratio for conventional pouch
motors can be obtained using the following equations, assuming
cylindrical surfaces and radial expansion:

Ly =2r6 *)
L

ing = = 5

rsin 3 (5)

where L, is the initial length of the pouch before deformation, ris

aradius of the curve, L is the length of the inflated pouch, and 8 is
the central angle of the circular segment

A = 2r?0 — Lrcosf (6)

where A is the cross-sectional area of the pouch.
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Figure 3. Simulation procedure of soft knitted pouch motor. a) i) Pouch motor structure with the distance of 0.5 mm between each surface, ii) boundary
conditions, and iii) mesh of the pouch motor. b) Numerical images in the frontal view. ¢) Numerical images in the lateral view. d) Comparison of

contraction behavior: simulation versus experimental results.

The volume of the pouch V can be derived as

V(0) = AD =

L(z)_D <0 — cos@sin 9) 7

2 0?

where D is a width of the pouch. The length L can then be derived
from the geometry as

LO) = Ly —— @)

The energy conservation equation derived from the
equilibrium between input work dW;, and dW,,, output work
is given by

—FdL = PdV 9)

where F is the tension force, Pis the inner pressure of the pouch,
and dL and dV are the displacements in length and volume.
The force as a function of the angle can then be derived as

av
b cos @
= fP;:dZ:LODPT (10)

av

F(0) = —P —

©) i

L. is defined as the ratio of total deformation to the initial
length of the longitudinal edges L, as
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Ly—L in @
_ 0 :175111 (11)

L
T L, 0

The theoretical maximum contraction ratio of the linear tradi-
tional pouch motor is L. (7/2) = =2~ 0.363 (36.3%). However,
pouch motors are not able to reach this theoretical value due to
the force decreasing significantly in the later part of the contrac-
tion as the angle 6 reaches 90° and the edges of the pouch not
being able to deform in a circular shape. Thus, the practical max-
imum contraction ratio of the linear traditional pouch motors is
closer to 30%.1'! However, it can vary depending on parameters
such as design, material, and fabrication technique. Our pouch
motor is noted as having a high strain due to surpassing the con-
traction ratio of traditional pouch motors. This is attributed to the
inherent mechanical characteristics of knit structure, as depicted
in Figure 4d. Knitting involves interlocking loops of yarn, which
offer inherent flexibility, allowing for greater transverse exten-
sion compared to other manufacturing methods like weaving
or braiding. In our study, we inserted an air bladder into the knit-
ted pouch motor, twice as large as the pouch motor itself,
enhancing the opening of the knitting loops and facilitating
increased transverse extension. This combination of features
enhances the performance of pouch motor, allowing for both
transverse extension and increased contraction.

The knitted structure of the pouch motor, characterized by its
course (the horizontal rows of loops) and wale directions (the ver-
tical columns of loops), plays an important role in its actuation

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 4. The contraction actuation mechanism of soft knitted pouch motor. a) Radial expansion of the pouch motor. As the air pressure increases, the
radial expansion of the motor also increases. b) Effect of increasing air pressure on the transversal extension of the pouch motor. This deformation is
based on the sliding of the knit loop structure in the weft direction. c) Theoretical model of the pouch motors. d) Loop structure of the knitted pouch
motor in deflated and inflated states. €) Universal testing machine. f) Tensile test of Spectra knitted fabric sample in the wale direction. g) Tensile test of a
Spectra knitted fabric sample in the course direction. h) Experimental setup. The pouch motor is connected to an air tube and pressure sensor. Here,
displacement, force, and air pressure are recorded. i) Blocked force (N)—pressure (kPa) relationship during 500 cycles at pressures ranging from 0 to
50 kPa. j) Maximum % contraction at pressures in the range of 0-50 kPa. k) Force (N)—contraction (%) relationship at 50 kPa. ) Change in contraction
length (cm) during 500 cycles. m) Showing that the 3D knitted sensing pouch motor exhibits the ability to lift up to 10 kg of weight under 50 kPa.
n) Contraction length (cm) of the pouch motor under various weights at 50 kPa pressure.
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performance. For this reason, we analyzed the structural integrity
of Spectra base fabric of the pouch motor by subjecting it to uni-
axial tensile testing using a mechanical testing machine
(Figure 4e). The fabric sample exhibits a 32% extension at
138 N in the wale direction (Figure 4f) and 2800% extension
at 620 N in the course direction (Figure 4g). After achieving a
2800% extension at 620 N, a decline in the graph was observed
due to the loop breakage. Knitted structures are known for their
construction, which involves interlocking loops of yarn in both
the course and wale directions.®® The interlocking loops in both
directions distribute forces evenly, ensuring that the fabric can
withstand the stresses associated with the contraction and exten-
sion cycles of the motor. From these perspectives, when addi-
tional weight is applied to the pouch motor, it tends to
contract along the y-axis without significant extension, even at
lower internal air pressure, making it easily deform in the trans-
verse direction.

The knitted pouch motor was subjected to actuation tests as
isotonic (constant load) and isometric (constant length). The
measurements were performed under static conditions.
Isometric tests were used to investigate the relationship between
tensile force and pressure. The isometric tests consisted of each
soft pouch motor being pretensioned to 0.5 N (chosen to mini-
mize slack in embedded fibers while also reducing effects on
actuator performance and pressurized to 50 kPa (chosen to avoid
failure), as shown in Figure 4h. This was performed for three
trials. The actuator can generate a maximum blocked force of
107 £ 2.2 N when pressurized up to the maximum operating
pressure of 50kPa (Figure 4i). Due to the limited pressure
threshold of the air bladder, pressures exceeding 50 kPa were
not applied. The hysteresis of the pouch motor, exposed to
500 cycles of inflation and deflation, is not significant. This
decrease in hysteresis is attributed to the strategic placement
of elastomeric yarns in the course direction. Experiments dem-
onstrate that the output force of the pouch motor increases with
input air pressures. Isotonic tests were used to investigate the
maximum contraction with increasing pressure. Typical pneu-
matic contraction actuators can deliver a maximum contraction
of around 25-35%, for example, McKibben muscle and other
pouch motors.*** Our pouch motor has exhibited a maximum
contraction behavior of up to 53.3% with increasing pressure
(Figure 4;j).

Figure 4k shows the force—contractile relationship at a con-
stant 50 kPa maximum pressure. The pouch motor exhibits a
53.3% contraction, corresponding to a reduction in length of
7 cm. After subjecting the pouch motor to 500 inflation and defla-
tion cycles at 50kPa, it was observed that its contraction
increased to 7.1 cm after 235 cycles (Figure 4l). This demon-
strates the remarkable durability of the pouch motor, as repeated
inflation and deflation did not result in structural degradation.
This data underscores resilience of the pouch motor and stability
over multiple inflation and deflation cycles, making it a reliable
component for various applications. The minimal change in its
contraction behavior indicates its robust design and suitability
for long-term use.

By first subjecting the pouch motor to rigorous mechanical
testing, we gained insight into its baseline capabilities.
However, it was also crucial to examine how it would perform
under more realistic conditions that it might encounter in
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everyday use. The 50kPa test was conducted to simulate the
kinds of loads it could face in practical applications, allowing
us to assess its functionality and reliability in scenarios that align
with its intended use. The contraction length of the muscle struc-
ture was measured while loads varied from 125g to 10kg
(Figure 4m,n and Figure S4, Supporting Information). There
was a general trend for the contraction length of the muscle
structure to be reduced as the load it carried was increased.
Ata pressure of 50 kPa, a maximum contraction of 7 cm has been
measured. To ensure the pouch motor reaches its full length, it is
necessary to apply a lightweight load, such as a 293 g (glass
weight), as depicted in Figure 4m. Knitted structures shrink
or curl after production (once removed from the knitting
machine) due to unbalanced forces generated by the yarn loops.
In their unstressed or relaxed state, knitted fabrics typically
exhibit a non-fully stretched configuration. This phenomenon
arises due to the inherent looped structure and the elastic nature
of the constituent yarns. The inherent gathering observed in
relaxed knitted fabrics stems from the ability of the yarn loops
to adjust and move within the overall fabric structure.
Therefore, applying tension is essential to counteract these ten-
dencies and achieve full extension of the pouch motor. This ten-
sioning process serves the purpose of mitigating the inherent
gathering within the fabric. By doing so, it facilitates a more uni-
form alignment of the yarn loops. This tensioning technique aids
in revealing the actual size and shape of the knitted pouch
motors. As a result, this approach ensures that the pouch motor
is not only theoretically sound but also practically viable.

4.2. Sensor Characterization

Soft capacitive pressure sensor of knitted pouch motors consists
of conductive knitted layers to serve as electrode layers and ther-
moplastic polyurethane film dielectric layer, illustrated in
Figure 5a. We employed an Ag-coated polyamide yarn to knit
the conductive electrode surface. Figure 5b illustrates an optical
microscopy image of the loops in the conductive knitted layer.
The incorporation of a capacitance pressure sensor into a knitted
pouch motor allows for the precise calculation of capacitance var-
iations in direct reaction to changes in both the air pressure deliv-
ered to the pouch motor and contraction motion. This sensor
integration provides real-time monitoring and feedback, offering
valuable insights into the interplay between internal air pressure
and pouch motor deformation and how it influences the behavior
of the sensor.

To assess the electrical response of these sensors to applied air
pressure, we designed an experimental setup for the synchro-
nized collection of mechanical and electrical data, employing a
mechanical tester and a capacitance meter. The capacitance of
the sensor (Csensor) can be understood through several parame-
ters, including electrode area (A), dielectric thickness (d), the
dielectric permittivity of a vacuum (go), and the relative permit-
tivity of the dielectric (,). Equation (1) quantifies the changes in
capacitance attributable to variations in dielectric layer thickness
and electrode area.

A

Csensor = £0€rd_0 (12)
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Figure 5. Capacitive pressure sensing of knitted pouch motor. a) Cross-sectional view of the capacitive sensor comprising conductive electrodes at the
top and bottom, separated by a dielectric film. b) Optical microscopy image of the loop structured sensor electrode. c) Actual images of the sensor
increasing air pressure. d) Relative change in capacitance during the loading/unloading process under 50 kPa. €) Relative capacitance change of sensor
with increasing and decreasing contraction length (cm) of the pouch motor. f) Sensor repeatability test.

Pressure application causes the conductive knitted area to
stretch, leading to an expansion in the surface of the electrode
(Figure 5¢). This stretching results in an increased capacitance
of the electrode due to the larger surface area, enabling better
overlap between the conductive layers. The width of the sensor
exhibits a 100% increase when the pouch motor is inflated.
When the fabric is in its unstrained state, the closely spaced knit
loops of the sensor create numerous conduction paths, resulting
in a low initial resistance. As the fabric undergoes stretching, the
morphology of the loop changes, primarily due to yarn slipping at
the interlooping points. This change reduces the contact areas
between the knitting loops, thereby improving the contact resis-
tance (Reontact)- AS Reontact inCreases, the capacitance of the sensor
also increases because of the expanded surface area of the elec-
trode caused by stretching. Consequently, the connections
between the arc segments of the knitting loops recede, leading
to visible gaps and open circuits, which further raise the resis-
tance of the knit sensors. Besides, as the pouch motor receives
internal air pressure, the air gaps between the conductive layers
and the dielectric film gradually close. This process leads to an
increase in capacitance, enhancing the sensitivity of the sensor.
The decrease in air gaps acts like a secondary dielectric
layer, leading to a more noticeable change in capacitance when
the sensor experiences mechanical deformation or changes in
pressure.

In Figure 5d, we observe the electrical response of the sensor
under applied pressure levels, ranging from increasing to
decreasing, up to 50 kPa. Notably, the change in capacitance is
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most pronounced when subjected to the maximum pressure.
The sensitivity (S) of the pressure sensor can be calculated as
S=AC/Cy/P, where P represents the applied pressure and
AC and C, signify the change in capacitance and baseline capaci-
tance, respectively. The pressure sensitivity of the sensor is deter-
mined to be 722 x 107*kPa™". The relationship between the
output electric signals (normalized capacitance change, AC/Cy)
and the contraction is depicted in Figure 5e and Movie S4,
Supporting Information. The relative capacitance increased in
pouch motors that contract with increasing pressure. In the pres-
sure unloading phase, the relaxation of stress within the material
leads to a partial recovery of its original configuration. However,
deformations and hysteresis persist, especially within the pres-
sure range between 50 and 30kPa, and as the contraction
decreases. Below 30kPa, the decreasing hysteresis indicates a
notable transition, potentially corresponding to the saturation
of deformations or the establishment of a quasiequilibrium state
within the material. As a result, the influence of pressure varia-
tions on the capacitive sensor becomes less pronounced, leading
to reduced hysteresis. Overall, the observed hysteresis behavior
reflects the intricate interplay between material properties, struc-
tural dynamics, and sensor characteristics in the textile-knitted
pouch-based pressure sensing system.

To evaluate the stability of the pressure sensors concerning
pressure sensitivity, we conducted a repeated loading/unloading
cyclic test, as shown in Figure 5f. The sensor demonstrated both
long-cycle stability and satisfactory robustness after 300 loading
and unloading cycles at 50kPa of air pressure.

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

25UB0 11 SUOLLLLIOD) AR 3[eatjdde B Aq pauianab afe a1 YO ‘BN J0 Sa NI o} Aiq 1 BUIIUO A3 1M UO (SUOTIPUOD-PUE-SLLLBILIC" A8 1M ARiq]1jBu!|uo//'Sd 1Y) SUONIPLOD) PUE SIS aU) 39S *[6Z02/T0/80] Uo AT auIluo AB|I ‘Al [e1IueD Ad 888008202 ASR/Z00T 0T /10Pp/LI0D"Aa] 1M AZeiqjou |uo//:sdy Wolj papeo|umod ‘8 ‘vZ0z L9Gr0v9Z


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

These results signify that the soft pressure sensor is well
suited for detecting air pressure levels during the contraction
process and holds promise for applications requiring robotic con-
trol. The stable and reproducible signal affirms the potential of
the sensor for long-term usage. Therefore, the designed pressure
sensor meets the requirements for effectively monitoring actu-
ation and contractions in the realm of soft robotics.

5. Application Demonstration

The high contraction ratio and high output force exhibited by
pouch motors make them an ideal choice for incorporation into
soft artificial muscle robots. In our study, we have selected to
demonstrate exercise and walking application of pouch motors
in the context of an exoskeleton robot designed to address foot
drop syndrome. In this robotic design, as depicted in Figure 6a,

www.advintellsyst.co

the system featured an electropneumatic control unit
(Figure 6a(i)) that could be comfortably secured around the waist,
conductive wires transmitting signals from the heel to the pneu-
matic control system (Figure 6a(ii)), pressure-sensing socks, and
our pouch motor easily attachable to the foot and ankle
(Figure 6a(iii)). Within the control system worn around the waist,
there is a pneumatic pump, a battery, and an Arduino Uno
microcontroller board. These components collectively contribute
to the functionality and operation of the system.

Healthy individuals naturally perform the “heel strike,”
“stance,” “heel off,” and “swing” walking phases while walking
(Figure 6b).%! These phases involve generating an ankle dorsi-
flexion moment in the swing phase of each limb to lift the foot
and facilitate ground clearance. However, when it comes to exo-
skeletons, concerns such as rigidity, high development costs, por-
tability, alignment complications with the biological joint they
are trying to assist, and comfort over extended periods of use

(a) (b)
) \
Air pump y \
1. Heel Strike 2. Stance 3. Heel-off 4. Swing
Ardunio
Uno (c) (d)
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| ! ankle joint -
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Figure 6. Application demonstration of the soft pouch motor in assistive robotics. a) Showing the concept behind the soft ankle-foot orthosis exosuit.
b) Phases of the human gait. c) Functionality and application of the textile-based resistive pressure sensing sock. d) Dorsiflexion motion of the simulated
ankle joint by soft pouch motor. e) Close-loop control block diagram. f) Deflated pouch motor fastened to a human foot. g) Dorsiflexion of the human

foot using pouch motors that is inflated.
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arise.l*®! By using our soft pouch motor, developed through knit-
ting technology, we introduce valuable addition to the field of
assistive artificial muscle devices. Its adaptability, convenience,
lightweight nature, cost-effectiveness, and comfort in both robot
and human interactions make it a good fit for wearable applica-
tions, enabling prolonged daily usage.

The soft pouch motor securely attaches to the foot and ankle
using textile straps to generate torque for lifting the simulated
ankle joint. Our assistive wearable device consists of a textile-
based resistive pressure sensor'®’! (Figure S5, Supporting
Information) designed to be placed on the heel of the sock
and a soft pouch motor. The soft pouch motor is controlled with
a single resistive pressure sensor, specifically a heel contact sen-
sor, which detects gait timing. As the swing walking phase ini-
tiates, the ankle dorsiflexes, raising the toes to clear the ground
for the upcoming gait cycle that begins at the heel strike.[® The
input received from the heel activates the pneumatic system of
the actuator, causing it to expand and subsequently inducing a
contraction motion, resulting in dorsiflexion of the foot.
Dorsiflexion involves an increase in the joint angle and an
upward movement of the toes. The presence—absence resistive
sensor placed on the heel of the sock is connected using
thermoplastic-coated conductive threads for both positive and
negative connections (Figure 6¢). As a result, the soft pouch
motor automatically adapts to changes in the gait speed of the
wearer, as the pressure sensor detects when the heel is on the
ground and pressure should be applied to the pouch motor.
Tests have indicated that the pouch motor has the potential to
provide dorsiflexion assistance, as evidenced by the simulated
ankle achieving a dorsiflexion torque of 20° at 50 kPa air pressure,
as shown in Figure 6d and Movie S5, Supporting Information.
This indicates the potential effectiveness of the motor in support-
ing ankle dorsiflexion. The response time is ~1 s. Optimizing the
equipment constituting the pneumatic control system has the
potential to further reduce response time. Proper design, sizing,
and configuration of valves, pressure regulators, pipes, and pow-
erful pumps in pneumatic systems are crucial for achieving faster
response times. In the future, by focusing on the design and

Table 2. Comparison of pneumatic pouch motors.

www.advintellsyst.com

engineering of the pneumatic system, we will achieve even faster
response times of the pouch motors.

The schematic diagram of the closed-loop control system illus-
trating the operational principle of our soft robotic system is pre-
sented in Figure 6Ge. After evaluating the dorsiflexion torque
capability on the simulated ankle joint, the ability of the pouch
motor to apply torque on the human foot was also tested.
Figure 6f indicates the deflated pouch motor securely attached
to a human foot, showcasing its initial state. The dorsiflexion
of the human foot is demonstrated through the inflated pouch
motor, as shown in Figure 6g. It successfully applies ~35° of dor-
siflexion torque to the human foot at 50 kPa pressure. This depic-
tion highlights the dynamic functionality of the pouch motor in
facilitating dorsiflexion, underlining its potential as a valuable
component for supporting walking and foot drop exercises.
Movie S6, Supporting Information, has been recorded that
shows exercise and walking motions on a healthy human foot.

The pouch motor is anchored at the ankle and foot, ensuring
the inflation region—the part that transversal extension and
radial expansion—does not touch the foot itself, as shown in
Figure S3, Supporting Information. This targeted inflation focuses
solely on lifting the foot, minimizing any potential contact-induced
discomfort. The device utilizes a securing element (strap, band, or
Velcro) that allows users to adjust the tightness around the ankle
and toes (Figure S6, Supporting Information). This personaliza-
tion feature ensures a comfortable and secure fit, preventing
the pouch motor from slipping or causing irritation due to exces-
sive tightness. In simpler terms, this soft pouch foot lift assist is
designed to be gentle on your foot. It inflates only where needed
for lifting, and the pressure and tightness can be adjusted for your
comfort. Furthermore, in general, the duration of the dorsiflexion
phase in a walking cycle covers a short period. Therefore, there will
be no comfort issues associated with it.

6. Discussion

In Table 2, we compare the performance metrics of existing
pneumatic pouch motors studies with knitted pouch motors,

Work Material Max. contraction Max. Pressure Sensor type and sensor sensitivity
ratio [%] force [N] [kPa]

Pouchl Film 28 100 40 -

Flat film PAMU®] Film 44 300 30 Capacitive sensor® (not embed)
Origami pouch!™! Film 40.6 (series) 175.2 30 -

55.9 (parallel)

Flat fabric PAM2 TPU-coated woven commercial fabric 23.84 118 172 Capacitive sensor® (not embed)
Paired pouch!'® TPU-coated woven commercial fabric 41.9 100 90 -

Gusseted pouch!™! TPU-coated woven commercial fabric 42.6 100 40 -

CRAM!) TPU-coated woven commercial fabric 48.3 33.1 100 Capacitive sensor® (not embed)
X-PAMs!®! TPU-coated woven commercial fabric 0.92 134.7 150 -

Knitted sensing pouch Knitted fabric 0.53 107 50 Embedded capacitive sensor

motors (This work)

722 x 10~ *kPa™"

AThese data are not found in the article.
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focusing on parameters such as contraction, force, pressure, and
sensor sensitivity. However, it is essential to note that our pri-
mary objective is not to assert the superiority of our pouch
motors over existing works in terms of specific performance met-
rics. Instead, the novelty of our work lies in demonstrating the
utilization of textile computerized knitting technology for the
design and fabrication of sensing fabric pouch motors. By
employing textile knitting technology, we aim to enable rapid
and scalable manufacturing of these motors. While our knitted
pouch motors may exhibit similar average values for contraction,
force, and pressure compared to those using film and TPU-
coated materials, it is crucial to consider the longevity and dura-
bility factors. The utilization of film and TPU-coated materials in
other studies may restrict their durability and render them less
resilient in real-world applications. Our soft knitted pouch motor,
integrating high-performance Spectra base yarn, effectively lev-
erages its outstanding features, including cutting resistance
and high strength. These attribute contributes to the overall dura-
bility and reliability of knitted pouch motors, making them suit-
able for practical artificial muscle applications.

7. Conclusion

Our muscle-inspired study has utilized 3D textile knitting tech-
nology to digitally fabricate soft and robust pouch motors, incor-
porating pneumatic-driven contraction motion programmed
within their knit loop architecture. The soft pouch motor we have
developed addresses the challenges of scalability and mass pro-
duction while also positioning itself as a promising solution in
the field of soft robotic artificial muscles. Our soft knitted pouch
motor, integrating high-performance Spectra yarn, effectively
leverages its outstanding features, including remarkable cutting
resistance, lightweight design, and high strength, which set it
apart from other film-based and woven fabric-based pouch
motors. It displayed a high contraction ratio under 50 kPa pres-
sure, with a maximum lifting capability of 10kg a remarkable
53.3% contraction along the y-axis, and a transverse extension
of 41.18% along the x-axis.

One noteworthy advantage of this compact design is the trans-
verse extensibility provided by the knitting technology, resulting
in a significantly improved contraction rate when compared to
conventional woven fabric and film-based pouch motors. This
enhanced performance has broad implications for various appli-
cations. Furthermore, the transverse extensibility has increased
the area of the embedded capacitive sensor, leading to an
enhanced capacitance change in pouch motor sensing
technology.

The primary function of the motor is to offer dorsiflexion
support, with the potential to address foot drop symptoms,
although further empirical validation is needed. Furthermore,
our research underscores its potential to drive advancements
in powered orthoses. The inherent compliance and flexibility
of the design facilitate the development of soft robotic devices
that closely mimic the natural form and movement of the human
body.

The pouch motor offers practical benefits, including enhanced
user mobility, making it suitable for daily use and easy to put on.
It is expected that forthcoming human subject trials will provide
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concrete evidence of these advantages. In this context, the work
makes a valuable contribution to the field of soft robotic artificial
muscle technologies. Furthermore, knitted pouch motors
embedded within a wearable device or clothing during social
touch and interactions can help people feel more connected to
each other, whether in person or on digital platforms.
Additionally, in the world of VR gaming, pouch motors can con-
tribute to a heightened sense of touch and feedback. They can
simulate the feel of virtual objects and environments, adding
depth and realism to the gameplay. With their potential to pro-
vide lifelike sensations, knitted pouch motors can have the power
to revolutionize the gaming experience, bringing players closer to
their virtual worlds. The integration of pouch motors in haptic
applications can offer exciting possibilities for enhancing the
way we interact with digital environments and each other.

8. Experimental Section

Materials: Three types of yarns were used to manufacture the pouch
motor sample. The ground structure was created using commercially avail-
able 435 dtex ultrahigh molecular weight polyethylene fiber (Polat Job
Security Industry and Trade Co. Ltd., Bursa, Tirkiye) and commercial
140/70 x 2 denier nylon-covered spandex yarn (Gombas Industry and
Trade Co. Ltd., Istanbul, Tiirkiye). The sensing structure of the actuator
was built using a commercial 235 f/36 dtex 2-ply HC + B silver-plated
nylon conductive yarn (Shieldex, Bremen, Germany). The linear resistance
of this conductive yarn was 100Qm™", the elasticity was up to
17500mkg ™", the tensile strength was 46 cNtex ', and the stretching
was up to 15%. To make an air bladder, an impulse sealer machine
(PCS 300, Brother, Nagoya, Japan), thermoplastic polyurethane film
(Stretchlon 200, Fiber Glast, Brookville, OH, USA), and a polyurethane
tube were used.

Fabrication: The sensing pouch motor sample was manufactured using
14 gauge v-bed weft knitting technology (Shima Seiki NSVR 122, Sakata
Wakayama, Japan). It is composed of two rectangular-shaped pouches
that are connected to each other. The pouch dimensions were 9cm in
width and 8 cm in height. The contraction line connecting the two pouches
is located at the right and left edges of the pouch motor, measuring 1cm
in length and 3 cm in width. There is a central channel between the
pouches that allow for the airflow of the air bladder. The pouch motor
and electrodes of the sensor structures exhibited course density of
9 courses per inch and wale density of 9 wales per inch, resulting in a
stitch density of 81 stitches per square inch. To secure the soft pouch
motor to the foot and ankle with Velcro straps passing through, a seamless
strap region has been created within the knit structure of the soft pouch
motor (Figure S6, Supporting Information). To create two pouch air
bladders, an impulse sealer machine (PCS 300, Brother, Nagoya,
Japan), thermoplastic polyurethane film, and polyurethane tube were used.
Pouch-shaped films were layered on top of one another, as shown in
Figure 1(iv), and an impulse sealer was used to create a bond between
them at a time setting of 5.5s. A polyurethane tube was inserted into
the open end, and a pneumatic system was used to inflate it.

Mechanical and Electrical Characterizations: The mechanical properties
of yarn were tested using yarn grippers at a speed of 250 mm min~" with a
commercial uniaxial testing machine (Titan 5, James Heal, UK). The knit-
ted samples prepared for modeling and simulation, according to their
course and wale orientations, were subjected to mechanical testing using
a 5kN load cell on a uniaxial tensile testing machine (Zwick Roell Z005,
Ulm, Germany) at a speed of 100 mm min™". Five 20 x 5 cm pieces of knit
fabric were manufactured in the course-wale directions. Before testing,
the samples were conditioned in a standard atmospheric environment
for 24 h. The extension (mm) and force (N) values were recorded during
the tests. The digital microscope was utilized to observe the morphological
structure of the yarns.
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The static and dynamic experimental characterization of the pouch
motors was performed utilizing a motorized horizontal single-axis test
stand (ESM 303, Mark-10, Copiague, NY, USA), which was equipped with
a single-axis load cell, a pressure regulator, vacuum pump, pressure sen-
sor, linear encoder, a custom amplifier circuit, and a specially designed
program for collecting experimental data. One end of the actuator was
fixed in a stationary position, while the other end was attached to a weak
spring and a magnetic linear encoder. This setup allowed the actuator to
easily perform a contraction motion when pressurized air was supplied to
it, with the amount of contraction length being transferred to the computer
as data based on the movement of the magnetic linear encoder. The
capacitance value was measured using a capacitive touch sensor
(MPR121  Proximity Capacitive Touch Sensor Controller, NXP,
Eindhoven, The Netherlands). Experiments have been conducted in nor-
mal atmospheric conditions.

Actuation: Pressurized air was supplied by an air compressor (DN200/
8/6, Stanley, Italy) connected to the actuator through a pressure regulator
(VPPM, Festo, Germany) and two solenoid valves (2W-025-08, Senya,
China), which were used to regulate the pressure level and inflate and
deflate the actuator. The air pump and solenoid valve were controlled
by the 5V, 4-channel relay board and Arduino Uno microcontroller.
Using an air pressure sensor (MPXHZ6250A, Freescale Semiconductor,
USA), the internal pressure of the actuator was measured.

Close-Loop  Control ~ System: A microcontroller  (Arduino Uno
Atmega328P, Microchip, USA) as the control unit, a TOW power bank
as the power source of the control unit, and a portable air compressor
(Model 8010A, California Air Tools, USA) as the actuator were used to
provide a pneumatic actuation source. The pressure-sensing sock
was used for sensor feedback from the control system. The pressure-
measuring sock can take on two values: short circuit and open circuit.
If the measured resistance value is 120, it means the sensor is in a
short-circuit state, and if it is 1023, it means it is in an open-circuit state.
When the sensor is in a short-circuit state, it means that pressure is
applied to the ball of the foot touching the ground. When it is in an
open-circuit state, it means that no pressure is being applied. When
the sensor is in a short-circuit state, the controller sends a signal for
the air compressor to start working, and when it is in an open-circuit state,
the air compressor stops due to high pressure.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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