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Abstract
Pneumatic artificial muscles (PAMs) can generate multimodal movements, e.g., linear contraction/extension, spiral torsion, 
and bending motions. Among these motions, contraction and extension movements can be achieved using linear PAMs 
(LPAMs) designed to mimic human skeletal muscle. LPAMs have considerable potential for wearable applications and can 
be integrated into soft wearable robotic systems. Due to their inherent compliance, excellent human–robot interaction, safety, 
and low cost, LPAMs are considered potential alternatives as actuator components in the construction of wearable robots. 
This review presents a comprehensive overview of the bio-inspired design of LPAMs and their wearable applications. The 
biomechanics of human skeletal muscle, including anatomy, morphology, and biomechanical characterization, is analyzed to 
provide design inspirations for LPAMs and determine the assistance requirements of LPAM-based wearable robots. Herein, 
LPAMs are classified into four categories based on their structural shapes, including cylindrical-shaped muscles, flat-shaped 
muscles, fold-shaped muscles, and muscles with other shapes. In addition, this review provides an overview of the diverse 
physical interfaces utilized in wearable robots and presents a comparative analysis of the actuation characteristics of LPAMs 
and the assistance performance of LPAM-based wearable robots. This analysis was conducted in consideration of several 
key metrics, including the contraction ratio, maximum force, specific force, response frequency, assistive torque/bodyweight, 
and net metabolic cost. Finally, this review summarizes the ongoing challenges and future research directions.
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1　Introduction

Soft wearable robotic systems can be used to assist individu‐
als and patients with mild movement disorders in locomo‐
tion [1], and due to the rapid development of such systems, 
they are widely used in various fields, e.g., industrial assis‐
tance [2], rehabilitation training [3], and maintaining human 
postures [4]. Recently, soft wearable robotic systems have 
advanced because of existing technologies such as rigid 
exoskeletons and significant progress in wearable flexible 
electronics based on soft functional materials [5, 6]. A key 
feature of soft wearable robotic systems is the use of bio-
inspired actuators that mimic the linear contraction of hu‐
man skeletal muscle, which allows these systems to provide 
an assistive force parallel with the human body. The most 
used bio-inspired actuator is the pneumatic artificial muscle 

(PAM) [7], which is favored for its simple structure [8], 
excellent flexibility [9], rapid fabrication [10], and low 
cost [11].

The PAM consists of an inner bladder made of soft-film 
materials, an outer constricted fabric layer, and a small pipe 
joint [12]. The initial design objective of the PAM is to real‐
ize linear contraction, which is achieved by the McKibben 
muscle that is applied for wrist rehabilitation training [13]. 
Over the past decade, spiral torsion and bending motions 
have gradually emerged in the various actuators that are 
widely applied in soft grippers to perform industrial tasks, 
e.g., product grabbing and sorting in automated produc‐
tion [14]. In contrast to these soft actuators, a linear PAM 
(LPAM) is designed to mimic the contraction movement of 
human skeletal muscles. In this review, the term “PAM” is 
defined as pneumatic actuators containing a soft bladder 
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that can produce multimodal movements, and “LPAM” is 
defined as pneumatic actuators containing a soft bladder 
that can only generate linear movements, including contrac‐
tion and extension. In other words, PAM represents a 
broader category that includes LPAM. This review focuses 
on the bio-inspired design methods of LPAMs guided by 
anatomical and biomechanical characteristics and their 
wearable applications in human lower limb joints.

The skeletal muscle is a crucial component of the human 
locomotor system that enables human movements, includ‐
ing walking, running, and squatting, which are completed 
by relying on antagonistic joints actuated by muscle con‐
traction and extension. To mimic human skeletal muscles, 
scientists and engineers have developed numerous LPAMs 
whose actuation properties have been continuously im‐
proved. For example, a positive pressure-driven PAM, pro‐
posed by Feng et al. [15], exhibited an impressive contrac‐
tion ratio of 92.9% and a remarkable strain rate of 1603.0% 
per second. This LPAM represents a nearly twofold in‐
crease in the contraction ratio compared with the McKibben 
muscle. In addition, a gusseted pouch motor that produces 
an output force of up to 526.5 N has been developed [16]. 
As the actuation properties of LPAMs approach those of 
skeletal muscle, the assistance requirements of human 
lower limb movements (e.g., level walking, rehabilitation 
training, sit-to-stand assistance, and uphill walking) can be 
satisfied by LPAMs worn on human bodies.

To date, many reviews focusing on different aspects of 
LPAMs have been published [17–19]. For example, Jamil 
et al. categorized LPAMs based on different materials, pro‐
viding numerical comparisons of their capabilities and iden‐
tifying future challenges in the field [20]. In addition, many 
reviews have investigated the static and dynamic modeling 
of LPAMs [21–23] and their application performance 
across various fields [22], and some reviews have also ex‐
plored the design, manufacturing, sensing, control, and 
human–robot interaction methods of LPAMs [24]. These re‐
views offer valuable insights into the LPAMs; however, 
there is a lack of a comprehensive overview that specifi‐
cally addresses bio-inspired designs guided by the anatomi‐
cal and biomechanical characteristics of human skeletal 
muscles and summarizes the assistance performance of 
LPAM-based soft wearable robotic systems [25–27]. Thus, 
this review attempts to address this gap in the literature and 
serve as a useful reference for researchers interested in 
LPAM-based wearable robots or those looking to apply 
LPAMs in other research fields.

In this review, a comprehensive survey was conducted to 
summarize the existing research results on LPAMs that 
were fabricated for utilization in soft wearable robotic sys‐
tems in the published articles, categorizing them by shape. 
Typically, LPAM designs are inspired by the anatomical 
and biomechanical characteristics of human skeletal muscle, 

where such LPAMs are driven by positive and negative 
pressures. Upon positive air pressure, the contraction force 
can be enhanced by increasing air pressure. In addition, the 
utilization of a negative pressure actuation mechanism en‐
hances safety. By applying positive and negative pressures, 
LPAMs can exhibit both contraction and safety movement 
patterns.

This review surveys the physical interfaces that function 
as connection mechanisms between LPAMs and the human 
lower limbs. In addition, this review compares the results of 
the actuation characterizations of LPAMs and the assistance 
performance of LPAM-based wearable robots based on 
various critical metrics, including the contraction ratio, 
maximum force, specific force, response frequency, assis‐
tive torque/bodyweight, and net metabolic cost. The con‐
traction ratio is a normalized metric that quantifies the out‐
put deformation of LPAMs, while the maximum force is a 
performance indicator of actuation. The specific force is de‐
fined as the output force per air pressure. Under the same 
conditions, the greater its value, the lower the air pressure 
required for LPAMs. Thus, low-power air pumps can be uti‐
lized to provide pneumatic energy for LPAMs with a high 
specific force, thereby reducing the weight of soft wearable 
robotic systems. The response frequency reflects the 
speed of changes in the output force, which determines 
whether the actuators satisfy the assistance requirements 
of the movements of the wearers. Using assistive torque/
bodyweight to display the mechanical performance of 
LPAM-based wearable robots can avoid the impact of varia‐
tion in body weight across different wearers. The net meta‐
bolic cost is used to determine the reduction rate of human 
physical energy consumption. Finally, this review discusses 
the persistent challenges and future directions for LPAM-
based wearable robotic systems.

2　Human skeletal muscle

Muscle is a key component of the human body, accounting 
for 40% to 45% of the weight of the human body [28]. 
Based on the physiological characteristics and functions, 
muscles can be divided into three types, i.e., skeletal muscle, 
cardiac muscle, and smooth muscle, as shown in Fig. 1. 
Skeletal muscle, primarily located in the limbs and torso, 
constitutes the human locomotor system and is capable of 
voluntary contraction and extension. Note that cardiac 
muscle is only found in the heart, and it controls the heart‐
beat and blood circulation. Both the skeletal and cardiac 
muscles belong to striated muscle because their cytoplasm 
contains alternating light and dark bands [29]. In contrast, 
smooth muscle lacks striations and has a smooth and even 
surface, forming thin sheets. Smooth muscle is primarily 
distributed in internal organs, e.g., the stomach and intestine. 
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Compared with smooth muscle, striated muscle has a higher 
tissue density, larger volume, and stronger load-bearing ca‐
pacity [30]. This review focuses on the biomechanics analy‐
sis of human skeletal muscle.

2.1　Skeletal muscle anatomy

Figure 2a shows the different hierarchical structures of the 
skeletal muscle, which is composed of many muscle fas‐
cicles wrapped in connective tissue. Each muscle fascicle 
has a cross-sectional area of approximately 1 mm2, a length 

of approximately 100 mm, and contains many parallel-
aligned muscle fibers. Muscle fibers are roughly 50 μm 
across. Each muscle fiber is made up of many aligned myo‐
fibrils, with the same length as the muscle fascicle. Each 
myofibril contains more than 50,000 connected basic con‐
tractile units, which are referred to as sarcomeres. Each sar‐
comere comprises two long protein filaments, i.e., actin and 
myosin, functioning as a molecular motor. Note that a 
single molecular motor only generates a slight force; how‐
ever, when molecular motors work together in skeletal 
muscle, they can output thousands of newtons of force dur‐
ing strong contractions. This complex and precise organiza‐
tional structure ensures coordinated cooperation between 
various components, thereby allowing the skeletal muscle 
to contract and relax effectively.

The cross-bridge cycle is a widely accepted theory to ex‐
plain the muscle contraction mechanism [31]. As shown in 
Fig. 2b, myosin can be divided into a head, a neck, and a 
tail. The head can bind tightly to specific sites on the actin 
filament (the first phase displayed in Fig. 2b). When the 
muscle contracts, adenosine triphosphate (ATP) provides 
energy, which causes the myosin head to detach from one 
site, swing forward, and bind to the next site (the second 
and third phases displayed in Fig. 2b). Then, the myosin 
neck undergoes a twist, pushing the actin filament to slide 
by 10 nm, thereby generating a force of a few piconewtons. 
This process is referred to as the power stroke. Then, ATP 
is decomposed into adenosine diphosphate (ADP), and one 
phosphorus ion is released from the myosin head (the fourth 
phase displayed in Fig. 2b). The myosin returns to its initial 
state (the fifth phase displayed in Fig. 2b). By repeating this 
cycle continuously, the actin filaments are pulled toward the 
center of the sarcomere, and this process converts chemical 
energy into mechanical energy.

2.2　Skeletal muscle morphology

The skeletal muscle exhibits different shapes according to 
the strength requirements of different body joints. Figure 3a 
shows three basic types of skeletal muscle shapes, i.e., fusi‐
form, pennate, and strap. Fusiform muscles comprise 
spindle-shaped muscle fibers with a thicker middle and two 
narrower ends. For example, the biceps brachii is a fusiform 
muscle. These muscles are well-suited for rapid and brief 
movements. Pennate muscles comprise feather-shaped 
muscle fibers, and they are primarily distributed in the rota‐
tional sites of the limbs, the abdominal wall, and the chest 
wall. Typically, they can provide multiple degrees of free‐
dom and high torque movements, e.g., the gluteus maximus 
driving abduction/adduction and extension/flexion of the 
hip joints. The strap muscles comprise band-shaped muscle 
fibers. They are usually arranged into muscle groups and 
are distributed in the limbs and torso. For instance, the 

Fig. 2  Anatomy of human skeletal muscle: (a) multi-scale structure 
of skeletal muscle; (b) the theory of cross-bridge cycle

Fig. 1  Three types of human muscle tissues
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rectus abdominis is a muscle group formed by many strap 
muscles.

In addition to the three basic shapes (fusiform, pennate, 
and strap), other skeletal muscle shapes are formed through 
combinations of the basic shapes. As shown in Fig. 3b, the 
unipennate and multipennate muscles are variations of the 
pennate muscle, where the former has only half of the pen‐
nate structure, and the latter is formed by multiple pennate 
units connected in parallel. The extensor digitorum longus 
is a type of unipennate muscle that is long and strong, ex‐
tending the medial toe joints. The deltoid is a multipennate 
muscle with significant strength, which enables it to abduct 
the shoulder joint and assist in lifting heavy objects. The 
rectus abdominis is a paired muscle, located on either side 
of the midline of the anterior abdominal wall, and is seg‐
mented by tendinous intersections. It is capable of produc‐
ing a wide range of movements.

As shown in Fig. 3c, the design of LPAMs draws inspira‐
tion from the diverse shapes observed in the skeletal 
muscle. A cylindrical-shaped LPAM is designed to mimic 
the fusiform muscle, and its variants are developed to im‐
prove its mechanical properties, e.g., the contraction ratio, 
power-weight ratio, and flexibility. A flat-shaped LPAM 
based on the anatomy and morphology of the strap muscle 
has also been proposed. This LPAM is completely made of 
soft materials. Many variants of the flat-shaped LPAM 
have been developed to promote a high contraction ratio. 
In addition, drawing inspiration from different pennate 
muscles, a multi-LPAM combination design has been pre‐
sented, including parallel, serial, and hybrid modes. A par‐
allel mode is typically adopted to achieve a high output 
force. Conversely, a serial mode is suitable for achieving a 
high contraction length. A hybrid mode combines these two 
advantages. Differing from the abovementioned LPAMs, a 

fold-shaped muscle, whose structure is not entirely based 
on a bio-inspired design, is mainly actuated by a negative 
pressure.

2.3　Skeletal muscle biomechanics

The shapes and arrays of the skeletal muscle inspire the de‐
sign of LPAMs, and the biomechanical properties of the 
skeletal muscle, e.g., strain, output force, output energy, and 
power, can help designers determine the dimensions and ob‐
jectives of wearable LPAMs. Note that biomechanical prop‐
erties vary slightly due to individual differences [32]. The 
muscle actuation strain is about 20%, and the actuation 
stress of the skeletal muscle is about 0.1 MPa. Table 1 
shows the specific metrics.

In LPAM design, the principal technical criteria to be 
considered include the output force and the contraction 
length (or the contraction rate). Determining the output 
force and contraction length based on the different assisted 
joints is crucial for designers. Herein, we propose the hy‐
pothesis that LPAMs can replace skeletal muscle/muscle 
groups in driving joint movements. Thus, the contraction 
length and output force of the LPAMs must exceed those of 
the skeletal muscle associated with the assisted joint.

Table 1  Human skeletal muscle performance metrics from [32]
Metric
Actuation strain
Density
Actuation stress
Efficiency
Modulus
Specific power

Value
20%
1037 kg/m3

0.1 MPa
about 40%
10–60 MPa
50 W/kg

Fig. 3  Fundamental shapes of skeletal muscle: (a) fusiform, pennate, and strap shapes; (b) other shapes (i.e., combinations of these basic 
shapes); (c) bio-inspired design of LPAMs
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For example, if the objective is to assist the hip joint in 
flexion and extension movements, the output force and con‐
traction length of the gluteus maximus and rectus femoris 
can be referenced. Similarly, if the objective is to aid the 
knee joint in flexion and extension movements, the quadri‐
ceps and hamstring muscles can be considered. In addition, 
for the ankle joint, the gastrocnemius and plantar flexor 
muscles can be referenced. The output force and contrac‐
tion length of these muscles can be obtained using the 
OpenSim simulation software [33], which provides valu‐
able insights for the design of LPAMs.

OpenSim is an open-source computational platform for 
simulating [34], analyzing [35], and visualizing the human 
skeletal muscle system [36], as shown in Figs. 4a and 4b. In 
this review, we combined data from the study of Arnold 
et al. [37] to analyze the output force and contraction length 
of the skeletal muscle in the lower limbs.

In Ref. [37], researchers recruited five healthy partici‐
pants to walk at speeds of 1.00, 1.25, 1.50, and 1.75 m/s 
and to run at speeds of 2, 3, 4, and 5 m/s on a treadmill test 
platform. They measured surface electromyographic signals 
from 11 different muscles in the lower limbs of the 
participants and motion data (including angles, angular 
velocity, and angular acceleration) of the hip, knee, and 

ankle joints. They then constructed a skeletal muscle model 
and calculated the parameters of the human skeletal muscles. 
The maximum output force and the maximum contraction 
length of the skeletal muscle at the ankle, knee, and hip 
joints from a subject were extracted (Fig. 4c).

During the walking phase, the soleus muscle exhibits the 
greatest degree of contraction with a range of 1.9–2.4 cm 
when the ankle joint is plantarflexed. Notably, the variation 
in the contraction length is unclear when walking at a speed 
of 1.00 to 1.75 m/s. During the running phase, when the 
ankle joint is plantarflexed, the soleus muscle displays the 
greatest contraction length. In addition, the contraction 
length decreases with increasing running speed.

During the walking phase, the lateral femoral muscle is 
responsible for most of the extension movement of the knee 
joint, with a maximum contraction length of 5.4 cm, and the 
contraction length increases with increasing walking speed. 
During the running phase, the lateral femoral muscle con‐
tracts by 7.3 cm to facilitate the extension movement of the 
knee joint at a running speed of 5 m/s.

During the walking phase, the contraction of the rectus 
femoris muscle is the most obvious when the hip joint is 
flexed, achieving a maximum contraction distance of 6.8 cm 
at a walking speed of 1.75 m/s. In addition, during the 

Fig. 4  Simulations and calculated results of musculoskeletal model for human lower limb joints: (a) walking simulation; (b) running simulation; 
(c) biomechanics of skeletal muscles driving the ankle, knee, and hip joints
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running phase, the rectus femoris muscle reaches its maxi‐
mum contraction length of 9.5 cm at a speed of 5 m/s.

Generally, regardless of whether it is in the walking or 
running phase, the output force of the crucial skeletal 
muscles increases with the increasing movement speed of 
the joints. The maximum force required for ankle move‐
ment is 3 kN and 5.2 kN during walking and running. The 
maximum force at the knee joint is 1.55 kN during walk‐
ing and 4.15 kN during running. The maximum force at 
the hip joint is 0.7 kN during walking and 2.6 kN during 
running.

Overall, the design requirements of LPAMs are deter‐
mined by the target individuals, assisted human joints, and 
application scenarios (e.g., level walking [38], rehabilita‐
tion training [39], sit-to-stand assisting [40], and uphill 
walking [41]). In addition, the movements of human joints 
rely on several corresponding groups of skeletal muscles. 
Many important biomechanical characteristics of these skel‐
etal muscles, including the contraction force and contrac‐
tion length, must be calculated in a simulation environment 
that guides the bio-inspired structural design of LPAMs.

There is an easy-to-understand principle for an LPAM 
constructed by three key components, i.e., the inner bladder, 
the outer constricted fabric layer, and the pipe joint. The 
soft bladder is placed into the enclosed space formed by the 
constricted fabric layer, and its deformation can be con‐
trolled by inputting air pressure. Both ends of the LPAM 
can contract while compressed air inflates the soft bladder, 
and then the air pressure energy is converted into mechani‐
cal energy. The initial shapes and dimensions of the LPAMs 
play decisive roles in actuation characterizations. In this 
review, the LPAMs are classified into cylindrical-shaped 
muscles [42], flat-shaped muscles [43], fold-shaped 
muscles [44, 45], and other muscles [46].

3　Linear pneumatic artificial muscles

3.1　Cylindrical-shaped muscles

One of the most common types of cylindrical-shaped 
muscles is the McKibben muscle, which was the first 
LPAM [13]. Its conceptual design was proposed by Morin 
in 1953, and the prototype was fabricated by McKibben us‐
ing a helically woven structure to create a prosthesis for his 
daughter, who suffered from polio [47]. Generally, it con‐
sists of a rubber inner tube (used as the bladder) surrounded 
by a woven shell (used as the constricted fabric layer) [48]. 
When the inner tube is pressurized, both ends of the 
McKibben muscle produce a contraction force in the axis 
direction, as shown in Fig. 5a. This contraction force is 
related to the input air pressure, the contraction length, and 
the load [49]. To investigate the internal relationship 

between these factors, an idealized static physical model 
(Fig. 5b) based on energy conservation was derived by 
Tondu and Lopez [47]. This model can be expressed as 
follows:

Ftondu= P′πD 20
4

é

ë

ê
êê
ê 3

tan2θ0
(1− ε )2− 1

sin2θ0

ù

û

ú
úú
ú , (1)

ε= L0− L
L0

, 0⩽ε⩽εmax, (2)

where Ftondu denotes the contraction force, P′ denotes the 
input air pressure, D0 denotes the initial diameter of the 
LPAM, θ0 denotes the braid angle of the woven shell, L0 
denotes the initial length, L denotes the final length after 
contraction, and ε denotes the contraction ratio.

Because of the use of soft materials, the McKibben 
muscle has several advantages, including a high power-
weight ratio, low mass or inertia, high mechanical effi‐
ciency, and compliance, compared with traditional force-
producing mechanisms, e.g., geared motors, hydraulic pis‐
tons, and Bowden cables. However, there are some draw‐
backs, e.g., poor contraction force [50], low contraction 
ratio [51], stiff muscle body [52], and large hysteresis, 
thereby causing some difficulties for the initial McKibben 
muscle to assist human lower limbs accurately in wearable 
applications [53].

Thus, previous studies have sought design inspirations 
from the biological mechanisms of human skeletal muscles 
to promote the actuation characterizations of the McKibben 
muscle [54–58], as shown in Fig. 5c. The first method in‐
volves making some minor changes in the rubber inner 
tube, woven shell, or contact area between the two parts, tar‐
geting a single muscle [59–62]. The second method in‐
volves using the same muscles and combining them in par‐
allel, serial, and hybrid manners [63–66], which is inspired 
by the biological structures of various pennate muscles. The 
third method is converting the radial expansion of cylindrical-
shaped muscles into a contraction movement [67–69], 
which is inspired by the shape variations of the biceps bra‐
chii during contraction and extension.

First, researchers identify ways to improve the structure 
of the McKibben muscle so that a variety of McKibben vari‐
ants emerge in an endless stream. To eliminate the hyster‐
esis of LPAMs and the material deformation of the muscle 
membrane, the first pleated pneumatic artificial muscle 
(PPAM) was developed by Daerden et al. [70–72], which 
included a membrane with a high tensile stiffness, as shown 
in Fig. 5c2. The membrane is uniformly folded together 
along the long axis and is tightly locked to the fittings (i.e., 
inlet and outlet ducts) at both ends of the PPAM. When 
pressurized, the PPAM shortens and begins to bulge. The 
contraction ratio of the PPAM increases by 40% compared 
with that of the McKibben muscle, reaching 42%. In 
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addition, hysteresis is avoided by the folding–unfolding ac‐
tion. A second-generation device was proposed to extend 
the lifespan of the prototype PPAM [73]. In addition, to pro‐
mote the production of prototypes, an improved design has 
been presented [74–76].

To reduce stiffness during contraction, the thinnest 
McKibben muscle was designed (Fig. 5c3) with a diameter 
of 1.8 mm, and this design facilitates more flexible deforma‐
tion compared with the conventional design [77]. Further‐
more, a new principle for designing semisoft pneumatic ac‐
tuators has been reported, and a slit-in-tube actuator for con‐
traction was fabricated [78], as shown in Fig. 5c4. In the 
slit-in-tube actuator, an elastomeric balloon (used as the 

inner bladder) is enclosed by an external shell (used as the 
constricted fabric layer) containing different slits.

To reduce the hysteresis effect, a straight fiber-type artifi‐
cial muscle has been introduced, which has a specific soft 
tube [79], where high-strength glass fibers are embedded 
into the tube. In other words, the bladder and constricted 
fabric layer are combined into a single element, as shown in 
Fig. 5c5. As a result, compared with the McKibben muscle, 
the straight fiber-type artificial muscles exhibit lower hyster‐
esis and a higher contraction ratio. Using straight fibers is 
an effective method to improve the actuation characteriza‐
tions of the McKibben muscle; however, the straight 
fiber-type artificial muscle cannot avoid swelling into a 

Fig. 5  Cylindrical-shaped LPAMs. (a) Working principle of cylindrical-shaped muscles. (b) Geometric model of McKibben muscle. (c) Various 
cylindrical-shaped muscles: (c1) McKibben muscle; (c2) pleated pneumatic artificial muscle (PPAM); (c3) thin McKibben muscle; (c4) slit-in-tube 
actuator; (c5) straight fiber type artificial muscle; (c6) hyperboloidal pneumatic artificial muscle (h-PAM); (c7) active textile-type actuator 
braided in several strands with thin McKibben muscles; (c8) combined telescopic nested actuator; (c9) McKibben muscle array oriented to 
mimicking the unipennate muscle; (c10) hook-and-loop fastener actuator with numerous thin McKibben muscles; (c11) active flat textile; (c12) 
braided flat-tube artificial muscle; (c13) bionic artificial muscle called “ExoMuscle”; (c14) reconfigurable self-sensing pneumatic artificial 
muscle (RSPAM)
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spherical shape when fully inflated, which restricts bend‐
ing and limits the applicability of LPAMs in high-
flexibility scenarios. Thus, a hyperboloidal pneumatic ar‐
tificial muscle (h-PAM) was proposed by Watanabe et al. 
(Fig. 5c6), which can maintain bendability even during con‐
traction [80].

Second, previous studies have developed new pneu‐
matic actuators through different combinations of LPAM 
units [81, 82], inspired by the biological structures of human 
skeleton muscle groups (parallel, serial, and forming a clus‐
ter). For example, the active textile-type actuator (Fig. 5c7), 
which is braided in three strands of muscle units, exhibits a 
maximum contraction ratio of 29.6% at an air pressure of 
400 kPa [83]. In addition, its contraction ratio is up to 
26.8% greater than that of a single thin muscle. As shown in 
Fig. 5c8, combined telescopic nested actuators have been 
developed, and one representative example, i.e., the nested 
braided actuator [84], effectively doubles the contraction ra‐
tio of a single McKibben muscle. However, the contraction 
force exhibits a 20% to 30% loss compared with the single 
McKibben muscle.

In addition to bundling muscle units to form a cluster [85], 
many researchers have investigated connecting McKibben 
muscles in parallel, mimicking human unipennate muscle 
with a fundamental feature; i.e., the muscle fibers are uni‐
formly oriented at an angle to the action line. Like muscle 
fibers, LPAMs expand radially during contraction, which is 
a critical part of the variable gearing mechanism in unipen‐
nate muscles [86]. Thus, the McKibben muscles are ar‐
ranged in a uniform array at a certain angle (Fig. 5c9), re‐
sulting in improved lifting and moving ability (Fig. 5c10).

Third, cylindrical-shaped muscles, represented by 
McKibben muscles, typically achieve contraction in the 
axial direction, which means that their flexibility is limited 
by the stiffness variations of the inflated muscle body. An 
active flat textile based on a woven structure that can con‐
tract in the weft direction has been reported [87]. This con‐
traction is caused by the expansion of thin cylindrical-
shaped muscles as warps, as shown in Fig. 5c11. The same 
design principle is applied to construct a braided flat-tube 
artificial muscle that yields an output force that is greater 
than 150 times its weight at an air pressure of 120 kPa 
(Fig. 5c12) [88]. According to the same design principle, 
two types of LPAMs were proposed successively by Liu 
et al. [89, 90], as shown in Figs. 5c13 and 5c14, respec‐
tively. One is a bionic artificial muscle, referred to as the 
“ExoMuscle” [89], which mimics the sarcomere in skeletal 
muscle with a bio-inspired structure and exhibits a suffi‐
cient contraction ratio (50%), an excellent power density 
(10.94 kW/kg), and remarkable efficiency (69.11%). Note 
that the performance of the “ExoMuscle” was verified 
by human subject testing. The other is a reconfigurable 
self-sensing pneumatic artificial muscle (RSPAM) that can 

fully satisfy the requirements of safe and friendly interac‐
tion with the user [90], including a high contraction ratio, 
self-contained sensing, reconfiguration, locking capabilities, 
and no squeezing force.

Although the various cylindrical-shaped muscles can pro‐
vide sufficient contraction force, high contraction ratio, flex‐
ible muscle body, and low hysteresis, researchers continue 
to explore different shapes for LPAMs to enhance actuation 
performance.

3.2　Flat-shaped muscles

Flat-shaped muscles [91] represent a novel category 
of LPAMs, and they are also referred to as pouch 
motors [92–94] or Peano fluidic muscles [95]. These 
muscles are distinguished by their square shape, which dif‐
fers from the tubular configuration observed in the 
cylindrical-shaped muscles. In addition, they have been in‐
vestigated for potential use as soft actuators to assist human 
joint movements [96–100].

A key characteristic of the flat-shaped muscle is its two-
dimensional design, which reduces the overall thickness 
and facilitates simple mechanical structures and easy fabri‐
cation [101]. Generally, these muscles are composed of two 
thin films that are sealed together to form a rectangular cav‐
ity. Upon inflation, the center of their rectangular shape up‐
lifts, and both ends of the muscle contract, as shown in 
Fig. 6a. Here, the contraction force is dependent on the in‐
put air pressures, contraction lengths, and loads. The prin‐
ciple of virtual work is employed to establish a relationship 
between the input air pressure, contraction length, and the 
load value, as shown in Fig. 6b, and this relation was de‐
rived by Niiyama et al. [92] as follows:

FNiiyama (φ )=L0dP′ cosφ
φ , (3)

ε= L0− L
L0

=1− sinφ
φ , (4)

where FNiiyama denotes the contraction force, P′ denotes the 
input air pressure, d denotes the width of the pouch, φ de‐
notes the central angle of the circular segment, L0 denotes 
the initial length when the pouch is flat, and L denotes the 
final length after contraction.

Flat-shaped muscles are primarily made of soft materials, 
which provide several advantageous properties, e.g., inher‐
ent compliance, easy fabrication, and favorable human–
robot interaction. However, the contraction ratio is con‐
strained by its structure, reaching only 36.3% in theory ac‐
cording to the geometric model. In experiments, such a con‐
traction ratio is difficult to obtain due to the inability of the 
longitudinal edges to expand. In addition, the contraction 
force is constrained by the sealing quality of the rectangular 
cavity and the burst risk of the thin film. As a result, the 
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original flat-shaped muscle (Fig. 6c1) exhibited a maximum 
input air pressure of approximately 40 kPa with an output 
force of 105 N (actuator width: 75 mm) and a maximum 
contraction ratio of 28% [92].

Drawing inspiration from the biological mechanisms 
of human skeletal muscles, researchers and engineers 
have attempted to optimize the structure (Fig. 6c2) or in‐
tegrate multiple flat-shaped muscle units using serial 
(Fig. 6c3) and parallel (Fig. 6c4) methods to improve the 
contraction ratio and contraction force of the flat-shaped 
muscles.

First, the design of the original flat-shaped muscle unit 
shape can be optimized by modifying its structure and com‐
ponents [102, 103]. For example, a gusseted pouch motor 
was developed by introducing a gusset in the pouch [16], 
thereby removing the limitations caused by the inability of 
the longitudinal edges to expand. This enabled the actuator 
to increase its maximum volume such that its output force 
can increase. The gusseted pouch motor can produce a 
maximum contraction ratio of 42.6% and output a maxi‐
mum force of 400 N. In addition, a folded PAM (foldPAM) 
that features a thin-filmed air pouch folded on each side 
symmetrically has been proposed [104]. Introducing the 
folded portion can reduce the limitations caused by the in‐
ability of the longitudinal edges to expand when the actua‐
tor is inflated. Force–strain relationships can be pro‐
grammed and tuned by modifying the end geometry, i.e., 
the width of the laterally folded portion.

Second, flat-shaped muscle units can be integrated using 
either a parallel [105] or serial [106–109] method, thereby 
enhancing both the contraction ratio and the contraction 
force. In addition, the design of paired pouch motors has 
been proposed [105], and a novel flat-shaped muscle has 
been developed using parallel methods. The paired pouch 
motor produces a maximum contraction ratio of 41.9%. 
Even when the actuator is loaded with a 10-kg weight, the 
contraction ratio reaches up to 31%. Furthermore, a serial 
method has been employed to fabricate a long, flat-shaped 
muscle with three rectangular cavities [107]. Here, three dis‐
tinct soft materials, including low-density polyethylene, 
polyester silicone, and fiberglass silicone, were utilized to 
fabricate the thin films. This actuator, which is constructed 
from polyester silicone, can withstand an input air pressure 
of up to 200 kPa, thereby enhancing the contraction force 
and ratio.

Third, serial and parallel methods are frequently em‐
ployed to combine flat-shaped muscle units [110], which 
improves both the contraction ratio and contraction force. A 
positive pressure-driven X-crossing PAM (X-PAM) has 
been proposed [15]. Unlike the working principle of con‐
ventional pouch motors, the X-PAM directly converts the 
expansion into linear motion along the actuator axis. A 
single X-PAM exhibits a contraction ratio of 88.1% when a 
1-kg load is suspended. In addition, a serial X-PAM has ex‐
hibited a contraction ratio of 88.8% under the same condi‐
tions, and an X-PAM with parallel and serial configurations 

Fig. 6  Flat-shaped LPAMs. (a) Working principle of flat-shaped muscles. (b) Geometric model. (c) Various flat-shaped muscles: (c1) single 
pouch motor; (c2) structural optimization for single pouch motor; (c3) serial method; (c4) parallel method
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has demonstrated a contraction ratio of 91% when subjected 
to a 3-kg load. Thus, the serial and parallel methods have 
the potential to enhance the actuation characterization of 
flat-shaped muscles.

In summary, the diversity of flat-shaped muscles offers a 
multitude of alternatives for bio-inspired LPAMs that have 
potential use in wearable applications. Flat-shaped muscles 
can provide a sufficient contraction force, a high contrac‐
tion ratio, and a soft muscle body; however, the possibility 
of an actuator burst caused by the positive air pressure is a 
potential challenge that must be considered. This could hin‐
der the advancement of the flat-shaped muscles.

3.3　Fold-shaped muscles

Fold-shaped LPAMs feature a soft cavity with creases. 
Typically, fold-shaped muscles are actuated using a vacuum 
air pressure source, which differs from the methods em‐
ployed for cylindrical-shaped and flat-shaped muscles. In 
terms of structural composition, fold-shaped muscles com‐
prise a soft cavity with creases, enclosed ends with rigid 
parts, and a pipe joint. Typically, fold-shaped muscles can 
be divided into two primary categories, i.e., bellow-based 
actuators [111] and Kresling-inspired actuators [112], as 
shown in Fig. 7. They have been integrated into wearable 
devices to assist human movements [113, 114], actuated by 
vacuum or negative air pressure.

Bellow-based actuators consist of a soft outer skin and 
rigid inner reinforcement parts [115]. This bellow configu‐
ration enables fold-shaped muscles to realize a high contrac‐
tion ratio and a large contraction force, and the reinforce‐
ment parts ensure sufficient structural stability during ac‐
tuation [116, 117]. Their working principle is illustrated in 
Fig. 7a. Note that bellow-based actuators can extend under 
positive air pressure and contract under negative air pres‐
sure, which enhances their versatility. The contraction ratio 
and force can be calculated as follows based on the geomet‐
ric model derived by Joe et al. [115]:

α= 2L 20
π2 − h 2

4 , (5)

F (h )=− P′ ( )πD 2

8 + πh 2

6 − π
3 α

2 , (6)

where α denotes the length of the major axis, h denotes the 
mean pitch, P′ denotes the vacuum pressure, D denotes the 
mean diameter, and F denotes the contraction force.

Compared with positive pressure-driven LPAMs, bellow-
based actuators have received considerable attention, and a 
greater number of variants have been developed [118–120] 
due to their safety and versatility. A reinforced bidirectional 
artificial muscle comprising inner and external rings has 
also been proposed [121], which can contract and extend 
through the application of positive and negative air 

Fig. 7  Fold-shaped LPAMs. (a) Working principle of bellow-type fold-shaped muscles. (b) Variants of bellow-type fold-shaped muscles 
(w/: with). (c) Vacuum actuator with the Kresling origami structure. (d) Working principle of Kresling-inspired fold-shaped muscles
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pressures. Four bellow-based actuators have also been de‐
signed to assess the impact of introducing an inner ring (IR) 
and external ring (ER) on the performance of the actuator, 
as shown in Fig. 7b. In this review, these are referred to as 
the bellow actuator, the bellow actuator with IR (w/ IR), the 
bellow actuator with ER (w/ ER), and the bellow actuator 
with IR and ER (w/ IR+ER), respectively. Under the same 
conditions (including the contraction ratio and negative 
pressure), the bellow actuator with IR and ER exhibits the 
greatest contraction force. Thus, the addition of further 
rings to the bellow-based actuator will improve its actuation 
characteristics.

The Kresling-inspired actuator is another type of fold-
shaped muscle. Generally, the actuator is designed using 
a hybrid method that combines soft and rigid mate‐
rials [122, 123], and its structure is inspired by Kresling ori‐
gami, which is derived from the crease pattern of a twisted 
thin cylinder [124]. The Kresling-inspired actuator can be 
compressed to a very thin state, which facilitates achieving 
a high contraction ratio [125, 126]. However, axial contrac‐
tion/extension and twisting of the Kresling-inspired actuator 
frequently occur concurrently. As shown in Fig. 7c, this is a 
soft actuator based on an inclined hexagonal prism structure 
that deforms along several creases. To achieve pure contrac‐
tion movement of the Kresling-inspired actuator, two actua‐
tion units with opposite tilt directions are spliced, and their 
cavities are connected, which results in a reduction of the 
axis length when vacuumed, as shown in Fig. 7d.

Recently, there has been a notable increase in the devel‐
opment of Kresling-inspired actuators. For example, a 
vacuum-driven Kresling-inspired actuator with low driving 
pressure, a high contraction ratio, and a fast response was 
proposed by Liu et al. [127]. This actuator exhibits a con‐
traction ratio of 59% and a response time of 200 ms under a 
vacuum pressure of 30 kPa. In addition, another Kresling-
inspired actuator [128] has been proposed, and this actuator 
comprises a sealed film chamber that connects the polygo‐
nal top and bottom plates with uniformly distributed trans‐
verse reinforcements. This actuator can produce a contrac‐
tion force of 400 N and a contraction ratio of 90%.

3.4　Other muscles

In addition to the three main shapes discussed above, other 
shapes have been investigated to improve the actuation per‐
formance of LPAMs [129–131], simplify the structural de‐
sign [132], reduce space requirements [133, 134], de‐
crease fabrication cost [135], enhance human–robot inter‐
action [136], and promote adaptability [137, 138]. Specifi‐
cally, a soft pneumatic helical actuator was proposed by 
Yuan et al. [139, 140], as shown in Fig. 8a. When pressur‐
ized, because the opposing sides of the actuator have 
different extensibilities, the LPAM contracts and exhibits a 

helical shape. This actuator has a maximum contraction ra‐
tio of 78% at an air pressure of 300 kPa. In addition, to im‐
prove the actuation performance of LPAMs, a kirigami 
mechanism has been employed to design three soft actua‐
tors, including parallel kirigami actuators, out-of-plane kiri‐
gami actuators, and spiral kirigami actuators [141], as 
shown in Fig. 8b. Here, parallel kirigami actuators have 
shown a maximum contraction ratio of up to 78.5% and pro‐
duce steady forces throughout the motion; thus, they can be 
applied in scenarios that require large displacements.

To simplify the structural design of LPAMs, a class of 
3D-printed biomimetic artificial muscles, named GeometRy-
based Actuators that Contract and Elongate (GRACE), was 
introduced by De Pascali et al. [132], as shown in Fig. 8c. 
These devices comprise a single-material pleated mem‐
brane, which eliminates the need for strain-limiting ele‐
ments. These artificial muscles are capable of both contrac‐
tion and extension, and they can be produced using low-
cost additive manufacturing, where the entire structure is 
printed in full in a single step. Furthermore, a bubble arti‐
ficial muscle with low fabrication cost has been devel‐
oped [135], and this artificial muscle is lightweight, flex‐
ible, and inexpensive. In addition, the fabrication of these 
muscles is a relatively straightforward process, where com‐
mercial plastic tubing with retaining rings is used to create a 
“bubble” shape, which forms a series of contractile units 
that can attain a desired stroke.

Conventional muscle-like soft actuators take up a con‐
siderable amount of space, which is a significant limitation 
when they must be mounted in a limited area. To reduce 
the space requirements of LPAMs, a small cross-sectional 
area was designed and realized in a thin-walled actuator 
that is actuated by vacuum pressures [133]. In addition, a 

Fig. 8  LPAMs with other shapes. (a) Soft pneumatic helical actuator. 
(b) Inflatable kirigami actuator. (c) 3D-printed biomimetic artificial 
muscle
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previous study has presented an artificial pneumatic myofi‐
bril with multiple contraction units to form a compact 
LPAM [134].

To enhance the human–robot interaction of LPAMs, a 
muscle actuator comprising a series of wedge-like units has 
been presented and manufactured entirely from silicone rub‐
ber. Here, a vacuum-driven mechanism is employed in the 
actuator that mimics the natural movements of human skel‐
etal muscles. The use of the wedge-like shape, soft silicone 
rubber materials, and vacuum-driven pneumatic energy 
facilitates a more lifelike interaction with the human 
body [136].

To promote the adaptability of LPAMs, a vacuum-driven 
soft actuator named MORI-A [137] has also been proposed, 
which enhances the adaptability of LPAMs significantly by 
introducing a modular deformation structure. This innova‐
tion allows for the creation of soft robots with diverse 
functionalities and forms, thereby overcoming the limita‐
tions of traditional LPAMs, which frequently require rede‐
sign when different functionalities are needed. In addition, 
multilayer artificial muscles (MAMs) have been devel‐
oped [138], representing a notable advancement in adapt‐
ability. These MAMs are inspired by the sarcomere and 
are designed to be compact, versatile, and capable of con‐
figurable modularity.

4　Soft wearable robotic system

The McKibben muscle is a representative example of a soft-
rigid hybrid LPAM. This classification is attributed to the 
larger elastic modulus of its bladder and the incorporation 
of rigid materials at both ends. Nevertheless, the appearance 
of pouch motors establishes a relationship between LPAMs 
and soft actuators, resulting from the pouch motors being 
composed entirely of soft materials. As a result, soft linear 
actuators, e.g., pouch motors, are referred to as pure soft 
LPAMs in this review.

Soft wearable robotic systems that employ LPAMs are 
commonly utilized to assist lower limb joints (i.e., hip [142], 
knee [143, 144], and ankle [145–147]) across a wide range 
of scenarios, including level walking, rehabilitation train‐
ing, sit-to-stand assistance, and uphill walking. However, 
determining how to integrate LPAMs into soft wearable ro‐
botic systems remains an open issue. Generally, there are 
two principal ways to solve this problem. One method in‐
volves affixing the LPAMs directly to the human body 
using fabric straps, and the other method involves connect‐
ing the LPAMs to rigid linkages attached to the human 
body. Note that muscle-like actuators can be divided into 
the soft–rigid hybrid LPAM and the pure soft LPAM; thus, 
as shown in Fig. 9, four binding methods can be employed 
to form soft wearable robotic systems.

A literature review reveals that the first binding method, 
as shown in Fig. 9a, has not yet been discussed in existing 
research articles, which may be attributed to the inherent 
difficulty associated with effectively attaching pure soft 
LPAMs to rigid linkages.

In the second binding method (Fig. 9b), a high assistive 
torque provided by the wearable robots can be transmitted 
and applied to the human joints [148–152]. As shown in 
Fig. 10a, a powered knee robotic system that employs 
cylindrical-shaped muscles (i.e., PPAMs) has been devel‐
oped to achieve the dynamic torques required for zero to 
full assistance in walking [75].

For the third binding method (Fig. 9c), rigid linkages are 
replaced by soft straps to connect the cylindrical-shaped 
muscle and human body, thereby resulting in a change of 
the power transmission mechanism from assistive torques 
to assistive forces, which makes it closer to the function of 
human skeletal muscle [153–164]. As shown in Fig. 10b, a 
low-pressure cylindrical-shaped muscle has been fabricated 
using a new customizable process to assist ankle plan‐
tarflexion over level walking [147], and its effect was evalu‐
ated through surface electromyography.

In the fourth binding method (Fig. 9d), the wearable ro‐
botic system is entirely composed of soft materials, which 
helps reduce its weight and increase its flexibility [165]. For 
example, a lightweight soft robotic hip exosuit (SR-HExo) 
based on pouch motors has been proposed [98]. The SR-
HExo was used for rehabilitation training of the lower 
limbs during walking, as shown in Fig. 10c.

The advantages and limitations of the four binding meth‐
ods are summarized in Table 2. To be specific, the advan‐
tages and limitations can be stated as follows:

Fig. 9  Binding methods between LPAMs and human bodies. (a) Pure 
soft LPAMs and rigid linkages. (b) Soft–rigid hybrid LPAMs and rigid 
linkages. (c) Soft–rigid hybrid LPAMs and soft straps. (d) Pure soft 
LPAMs and soft straps
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1. For the first binding method, no real application can be 
found in the extant research literature, which may be due to 
the difficulty associated with assembly between pure soft 
LPAMs and rigid linkages.

2. Typically, the second binding method is applied in re‐
habilitation exoskeletons that can assist individuals with 
disabilities in performing various activities, e.g., sitting, 
standing, and walking over level ground. These exoskeletons 
are always used to assist with hip, knee, or multiple joints 
due to the advantages of transferring gravity/load to the 
ground, high energy transfer efficiency, and good control 
accuracy. However, this method suffers from some limita‐
tions, including a bulky structure, poor compliance, and sys‐
tem complexity. Thus, these wearable robotic systems are 
seldom employed to reduce the metabolic cost of healthy in‐
dividuals while walking.

3. The third binding method can simplify the robotic 
structures and reduce the overall weight of the system com‐
pared with the second method. Thus, soft wearable robotic 
systems that utilize this binding method are widely used to 
provide hip, ankle, and multi-joint assistance, thereby reduc‐
ing the metabolic cost of healthy users when walking for a 
long period. In addition, the fourth binding method is used 
for rehabilitation training.

Soft wearable robotic systems that integrate LPAMs us‐
ing these four binding methods have been employed in vari‐
ous scenarios [166–168]; however, this review focuses on 

Table 2  Comparison of binding methods applied in soft wearable robotic systems
Binding method
The first
The second

The third

The fourth

Advantage
–
Transferring gravity/load 

to the ground;
high energy transfer 

efficiency;
high control accuracy

Simplified structure;
light weight;
simple design

Fitting the human body;
easy to wear;
comfortable experience;
light weight

Limitation
Difficulty in assembly
Bulky structure;
poor compliance;
complex system;
interference with 

physical movement

Low energy transfer 
efficiency;

slow response

Low energy transfer 
efficiency

Application scenario
–
Level walking
Rehabilitation training
Sit-to-stand assisting
Sit-to-stand assisting
Rehabilitation training
Rehabilitation training
Level walking
Level walking
Level walking
Level walking
Rehabilitation training
Uphill walking
Level walking
Uphill walking
Level walking
Uphill walking
Level walking
Sit-to-stand assisting
Level walking
Level walking & rehabil‐
itation training

Example
–
Device [148]
Orthosis [152]
Assistive suit [143]
Exoskeleton [144]
KAFO [149]
PMs [150]
pfPAM [156]
Suit [157]
AWS [163]
Device [38]
Ankle-foot orthosis [111]
Exoskeleton [146]
pSTAM [147]
Exoskeleton [41]
Exoskeleton [145]
Exoskeleton [160]
Exosuit [153]
LPVAc [165]
SR-HExo [98]
SR-AFO [99]

Assisted joint
–
Hip
Hip
Knee
Knee
Multiple joints
Multiple joints
Hip
Hip
Hip
Ankle
Ankle
Ankle
Ankle
Ankle
Ankle
Ankle
Multiple joints
Hip
Hip
Ankle

KAFO: knee ankle foot orthosis; PMs: pneumatic muscles; pfPAM: pleated fabric pneumatic artificial muscle; AWS: augmented walking suit; pSTAM: 
pneumatic silicone tube artificial muscle; LPVAc: low-profile vacuum actuator; SR-HExo: soft robotic hip exosuit; SR-AFO: soft robotic ankle-foot 
orthosis

Fig. 10  LPAM-based soft wearable robotic systems for assistance 
with the human lower limb. (a) Powered knee robotic system with 
high-dynamic torque. Reproduced from [75], Copyright 2013, with 
permission from IEEE. (b) Assistive device based on low-pressure 
LPAM. Reproduced from [147], Copyright 2022, with permission 
from the Korean Society of Mechanical Engineers and Springer-
Verlag GmbH Germany, part of Springer Nature. (c) Lightweight 
soft wearable robotic system for hip flexion assistance. Reproduced 
from [98], Copyright 2022, with permission from IEEE
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assistive devices that can reduce the metabolic cost of users 
during level walking.

5　Performance comparison

In this review, four main metrics are used to compare the 
mechanical performance of the LPAMs, i.e., the contraction 
ratio, maximum force, specific force, and response fre‐
quency, which reflect the different mechanical properties of 
LPAMs. The results of the mechanical properties are shown 

in Fig. 11. Here, two main metrics are used to exhibit the as‐
sistance performance of the LPAM-based wearable robots 
(Fig. 12). In addition, the advantages and limitations of 
each type of LPAM in terms of the actuation characteristics 
and applicability are shown in Table 3.

The cylindrical-shaped muscle response [42] is most 
closely aligned with the human skeletal muscle (10 Hz), ex‐
hibiting a frequency of 6.9 Hz when the actuation stress 
reaches 400 kPa, as shown in Fig. 11c. In addition, 
cylindrical-shaped muscles exhibit other advantages, including 
high stability, precise control, and a high energy-conversion 

Fig. 11  Comparison of LPAMs. (a) Maximum force versus contraction ratio. (b) Specific force versus contraction ratio. (c) Frequency versus 
actuation stress

Table 3  Comparison of various types of LPAMs
Shape type
Cylindrical

Flat

Fold

Others

Advantage
Rapid response;
high stability;
precise control;
high energy-conversion rate
High contraction ratio;
soft body;
high output force
High contraction ratio;
bidirectional motion
Various structures

Limitation
Large actuation stress

High hysteresis

Low fatigue strength

Fewer wearable applications

Human joint
Multiple joints

Ankle; hip

Ankle

–

Applicability
Level walking;
uphill walking

Rehabilitation training; walking

Rehabilitation training

–
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rate. However, their actuation stress (i.e., open pressure) is 
still large, as shown in Table 3.

The flat-shaped muscle (i.e., the gusseted pouch 
motor [16]) can produce an output force of up to 526.5 N 
and exhibit a contraction ratio of 42.6%, as shown in 
Fig. 11a. In terms of the specific force, two flat-shaped 
muscles [105, 43] demonstrate noteworthy performance, 
and they have the same specific force of 10 N/kPa, with 
contraction ratios of 51.78% and 55.3%, respectively. An‐
other flat-shaped muscle [98] has a response frequency of 
4.16 Hz when the actuation stress is equal to 200 kPa. In ad‐
dition, flat-shaped muscles exhibit favorable human–robot 
interaction due to the soft body. However, high hysteresis 
remains a challenge that limits their precise motion control.

The fold-shaped muscle [128] demonstrates a maximum 
force of 400 N and a contraction ratio of 90% (Fig. 11), and 
this muscle type can typically perform bidirectional move‐
ment. However, its fatigue strength is low, which limits its 
operational longevity. Other shapes have been utilized in 
the construction of LPAMs; however, these are seldom uti‐
lized in wearable robotics.

Numerous LPAMs have been designed to assist wear‐
ers; however, only a few of these devices are utilized in 
lower limb assistive devices to reduce physical fatigue. For 
example, cylindrical-shaped muscles have been widely used 
to assist multiple joints during level walking and uphill 
walking. Flat-shaped muscles are also typically utilized to 
assist the ankle and hip joints in rehabilitation training and 
walking. Conversely, fold-shaped muscles assist ankle re‐
habilitation training and have the potential to aid other joints.

Specifically, a powered hip exoskeleton [148] can pro‐
vide an assistive torque of 0.16 N·m/kg at a walking speed 
of 1 m/s, thereby assisting the hip joint (Fig. 12). It has 
been demonstrated that this device reduces the net meta‐
bolic cost by 13%. In terms of assisting the ankle joint, the 
exoskeleton [159] can provide 0.3 N·m/kg of assistive 
torque per bodyweight and reduce the net metabolic cost 
by 12% at a walking speed of 1.11 m/s. In addition, the as‐
sistive robotic device [155] with body-in-the-loop optimi‐
zation exhibited the greatest reduction in net metabolic 
cost of 18% at a walking speed of 1.2 m/s. When assisting 
multiple joints, the knee–ankle–foot exoskeleton [151] re‐
duced the net metabolic cost by 13% when the participants 
were walking at 1.25 m/s. To reduce the users’ metabolic 
cost during walking, assistive force is generally exerted on 
the hip and ankle joints.

6　Prospects for next-generation LPAMs

LPAMs have great potential to improve the assistive perfor‐
mance of wearable robots in various fields, such as rehabili‐
tation, prosthetics, and industry assistance, owing to the 

presence of features like high power-to-weight ratio, flex‐
ible movement, lightweight nature, and adaptable compli‐
ance. In addition to these advantages, LPAMs possess 
friendly human–robot interaction as a bionic actuator allow‐
ing the wearer’s natural range of motion, which is essential 
for soft wearable robotic systems.

To fabricate high-performance compact soft wearable ro‐
bots, scientists and engineers propose the use of multi-
functional LPAMs. Specifically, in addition to their actua‐
tion function, these LPAMs possess a few other capabili‐
ties, including variable stiffness, self-sensing capabilities, 
and untethered actuation. LPAMs are constructed using 
methods of mechanical designs and functional materials, as 
shown in Fig. 13.

To integrate variable stiffness into LPAMs, shape 
memory polymer (SMP) and jamming mechanisms are em‐
ployed in LPAM-based wearable robots. The SMP is a 
functional material whose elastic moduli can be altered in 
response to changes in temperature. For example, helical 
SMP fibers can be fabricated and utilized as sleeve fibers to 
constrict cylindrical-shaped muscles, thereby realizing vari‐
able contraction characteristics [52]. In addition, jamming 
mechanisms can be utilized to generate brakes based on fric‐
tion forces through a vacuum on the layers or particles. 
Thus, a positive and negative pressure linear brake is incor‐
porated into flat-shaped muscles to regulate the contrac‐
tion behavior [169]. Furthermore, the antagonistic configu‐
ration [143] of two LPAMs across a rotational joint allows 
LPAM-based wearable robots to exhibit variable stiffness 
characteristics.

Fig. 12  Comparison of soft wearable robotic systems. (a) Assistive 
torque/bodyweight versus walking speed. (b) Net metabolic cost versus 
walking speed
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The self-sensing capability is a fundamental require‐
ment for LPAM-based wearable robots. To achieve a com‐
pact design, various functional materials, including liquid 
metal [170], strain gauges [171], conductive fabrics [172], 
and optical fibers [173], are embedded within the LPAMs to 
capture the kinematic and dynamic data of the actuators such 
that advanced intelligent control methods can be implemented. 
A fabric-based soft contractile sensor can be integrated into 
the flat-shaped muscle structure to measure contraction.

To achieve untethered actuation, it is necessary to com‐
bine LPAMs with air supply devices that avoid the utiliza‐
tion of long windpipes. Typically, two methods are em‐
ployed to achieve this objective. One method involves uti‐
lizing the liquid-to-gas phase transition to alter the pressure 
inside the muscle for mechanical operations [174]. The other 
method involves the fabrication of a soft pump [175–177] 
that can be integrated into a portable air pressure supply de‐
vice. For example, a self-contained soft electrofluidic actua‐
tor has been proposed to construct an artificial muscle to 
stretch a joint. This actuator has demonstrated excellent per‐
formance in terms of portability, safety, and actuation [178]. 
In addition, an external air supply with a compact arrange‐
ment has been designed to provide compressed air for the 
actuator [179].

LPAMs have been investigated for their multifunctional 
properties in the construction of wearable robots; however, 
several challenges must be considered in terms of their utili‐
zation in real-world applications. First, the reliability of 
LPAMs is limited by the cycle life, which is a common 
issue with pressure-driven actuators. Despite the fact that 

a PAM has achieved more than 10,000 reciprocating 
cycles [67], the endurance of the device does not satisfy 
real-world application requirements, and this limitation hin‐
ders the widespread promotion and adoption of LPAMs. 
Second, the efficiency of LPAMs is affected by the energy 
loss caused by the hysteresis characteristic and the friction 
between the binding straps and the body. It is difficult for 
pressure-driven actuators to eliminate the hysteresis charac‐
teristic in contraction and extension because of the air com‐
pressibility and viscoelastic material properties. Thus, an 
energy-efficient method is to prevent full expansion and em‐
ploy a single module [89].

7　Conclusions

This review has discussed and classified various LPAMs 
that can be utilized to provide assistive force for wearers. 
The LPAMs are divided into four categories based on their 
structural shapes, i.e., cylindrical-shaped muscles, flat-shaped 
muscles, fold-shaped muscles, and other muscles. In addi‐
tion, several performance metrics are considered to identify 
which LPAMs have the greatest potential for application in 
wearable devices, particularly in assisting human lower 
limb movements (e.g., walking and sit-to-stand assistance).

In addition, this review has summarized LPAM-based 
soft wearable robotic systems used for metabolic cost reduc‐
tion during walking. Such devices are frequently employed 
to aid the hip and ankle joints during level walking at differ‐
ent speeds. Here, the net metabolic cost is employed as a 
vital metric to assess the assistance performance. Further‐
more, when assisting either the hip or the ankle joint, it is 
evident that the greater the assistive force, the more pro‐
nounced the assistance performance.
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