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Abstract 
Mammals such as humans develop skeletal muscles composed of muscle fibers and connective tissue, which have mechanical 
properties that enable power output with three-dimensional motion when activated. Artificial muscle-like actuators devel-
oped to date, such as the McKibben artificial muscle, often focus sole contractile elements and have rarely addressed the 
contribution of flexible connective tissue that forms an integral part of the structure and morphology of biological muscle. 
Herein, we present a class of pneumatic muscle-like actuators, termed highly mimetic skeletal muscle (HimiSK) actuator, 
that consist of parallelly arranged contractile units in a flexible matrix inspired by ultrasonic measurements on skeletal 
muscle. The contractile units act as a muscle fiber to produce active shortening force, and the flexible matrix functions as 
connective tissue to generate passive deformation. The application of positive pressure to the contractile units can produce a 
linear contraction and force. In this actuator, we assign different flexible materials as contractile units and a flexible matrix, 
thus forming five mold actuators. These actuators feature three-dimensional motion on activation and present both intrinsic 
force–velocity and force–length characteristics that closely resebmle those of a biological muscle. High output and tetanic 
force produced by harder contractile units improve the maximum output force by up to about 41.3% and the tetanic force by 
up to about 168%. Moreover, high displacement and velocity can be generated by a softer flexible matrix, with the improve-
ment of maximum displacement up to about 33.3% and velocity up to about 73%. The results demonstrate that contractile 
units play a crucial role in force generation, while the flexible matrix has a significant impact on force transmission and 
deformation; the final force, velocity, displacement, and three-dimensional motion results from the interplay of contractile 
units, fluid and flexible matrix. Our approach introduces a model of the presented HimiSK actuators to better understand 
the mechanical behaviors, force generation, and transmission in bioinspired soft actuators, and highlights the importance of 
using flexible connective tissue to form a structure and configuration similar to that of skeletal muscle, which has potential 
usefulness in the design of effective artificial muscle.
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Introduction

Skeletal muscles are highly versatile actuators. Humans can 
achieve slow or fast as well as flexible and powerful move-
ments because their muscles possess mechanical properties 
capable of producing a broad range of mechanical output 
depending on three-dimensional motion, which is enabled 
by the complex interaction among muscle fibers, fluids, and 
flexible connective tissues [1–5]. Over the past two decades, 
many muscle-like actuators have been developed to mimic 
skeletal muscles to reproduce such mechanical properties. 
The McKibben artificial muscle developed in the 1950s was 
the first muscle-like actuator composed of sole contractile 
elements that could contract axially and expand radially in a 
similar manner to skeletal muscle when being pressured [6, 
7]. This artificial muscle presented a force–length relation; 
however, the force–velocity relation differed from that of 
natural muscle [8]. Later varieties of the McKibben-based 
artificial muscle were proposed by changing its structure [9, 
10], connecting artificial muscles together [11], and adding 
rigid elements, including DC motors, encoders and springs 
[12], or hydraulic dampers [8, 13]. These actuators only have 
a single contractile element, and it remains a challenge to 
realize both the force–velocity and force–length properties 
of skeletal muscle.

With the discovery of new materials and manufacturing 
technologies, further muscle-like actuators were developed 
to produce enhanced mechanical outputs, and many of these 

actuators can mimic the strain, force, and motion generated 
by skeletal muscle in one dimension. For example, a low-
cost polymer fiber actuator that closely mimics skeletal mus-
cle produced linear contraction and lifted 650 times its own 
weight, thus generating a strain of up to 1000% [14]. Peano-
muscles [15, 16] are artificial muscles composed a simple 
plane mechanism that can produce linear contractions, show 
controllable linear contraction up to 10%, and lift 200 times 
their own weight. Pneumatic actuators work by negative or 
positive pressure. Negative pressure can make the volume 
of the fluidic chambers smaller or even reach zero; positive 
pressure can increase the fluidic chambers’ volume until the 
maximum air pressure, or up to the ability of the materi-
als to withstand the maximum pressure. Negative-pressure 
actuators are safer than positive-pressure actuators because 
they cannot rupture, since deformation stops when the flu-
idic chambers collapse to their minimum volume. Positive-
pressure actuators are easily broken because they use high-
pressure fluid. While negative-pressure actuators are limited 
by the negative pressure (< 0.1 MPa), positive-pressure actu-
ators use actuation pressures of up to 1 MPa. Therefore, the 
latter can achieve larger strokes, which are similar to those 
of natural muscle.

Both negative- and positive-pressure actuators are widely 
used because of their large actuation stresses and deforma-
tion [17, 18]. Vacuum-actuated muscle-inspired pneumatic 
structures utilize the buckling of elastomeric beams to gen-
erate linear motions [19], yet achieve a maximum actuation 
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stress of 65 kPa and contraction of 45%. Bubble artificial 
muscles [20] are designed to have a similar structure as 
pleated pneumatic artificial muscles, are lightweight, flex-
ible, inexpensive, and are capable of contracting at a low 
pressure and generating a maximum contraction of 43.1% 
and a maximum stress of 0.894 MPa. These muscle-like 
actuators exhibit high strain and stress and produce linear 
contraction similar to that of real muscles. However, most 
studies focus on contractile elements and mistake these for 
the sole determinant of actuator contractile performance, 
whereas the flexible connective tissue that forms the com-
plete structure and morphology [21] has not received suf-
ficient attention or has often been overlooked. Few studies 
have aimed to construct actuators while focusing on their 
architecture, structure and morphology, or the forces occur-
ring during muscular contraction. Therefore, there is a press-
ing need to design a highly mimetic muscle-like actuator 
that takes these aspects into consideration for the improved 
control of mechanical behaviors.

Herein, we introduce a highly mimetic skeletal muscle 
(HimiSK) actuator actuated by positive pressure. The actua-
tor is inspired by ultrasonic measurement, which verifies 
that the skeletal muscle is flexible and composed of mus-
cle fiber and connective tissue. Therefore, we designed a 
HimiSK actuator consisting of parallelly arranged series of 
contractile units with an ordered architecture in a flexible 
matrix. The contractile units act as muscle fibers to produce 
active contraction force when pressure is applied, and the 
flexible matrix acts as connective tissue, thus forming the 
complete structure and morphology of the actuator that pro-
duces passive deformation. HimiSK actuators use a material 
system for contractile units and a flexible matrix based on 
different silicone materials while sharing the same shapes as 
semimembranosus muscles, and are named as E, D, S, E-D, 
and D-S molds. These allow the analyses of the effects of 
interactions among the contractile units, flexible matrix and 
fluid on mechanical behaviors. These actuators present sev-
eral features: i) Their mechanical properties (force–velocity 
and force–length relations) measured at different activation 
levels approach those of human skeletal muscles, show a 
structure, architecture, and configuration similar to skeletal 
muscle, and feature three-dimensional motion on activation. 
ii) By varying the materials of the contractile units, the out-
put force and tetanic force can be boosted by increasing the 
hardness of contractile units. iii) By varying the material of 
the flexible matrix, the hardness of this matrix is decreased 
and the displacement and velocity can be subsequently 
increased. Our results demonstrate that the contractile units 
play a primary role in force generation, and the flexible 
matrix is important in the force transmission and interac-
tion of contractile units, fluid, and flexible matrix that affect 
the actuator final force, velocity, displacement, and three-
dimensional motion. This study proposes a new strategy to 

address the long-lasting challenge of achieving the optimal 
mechanical properties of actuators, and introduces a model 
to understand their mechanical behaviors, force generation, 
and transmission by varying their materials. The proposed 
actuators have a potential for a wide range of applications, 
including bioinspired robotics, active prostheses and exo-
skeletons, or rehabilitation robotics.

Bioinspired design and operating principle

Skeletal muscle is considered as a soft actuator with flexible 
properties, that is, the Young’s modulus of the semimem-
branosus, rectus femoris, and musculus gastrocnemius is 
about 10.12, 7.39, and 14.55 kPa as measured by ultrasound 
(Fig. 1a). Skeletal muscle is composed of muscle fibers and 
connective tissue in a composite hierarchical structure. Mus-
cle fibers are arranged in parallel in flexible connective tis-
sue at an angle relative to the muscle’s line of action, called 
the pennation angle [22, 23]. Connective tissue, composed of 
perimysium and epimysium tissues [24, 25], surrounds the 
muscle fibers and the entire muscle to ensure that the muscle 
volume remains constant (Fig. 1a). The interaction between 
muscle fibers and flexible connective tissue shapes the three-
dimensional motion of the muscle (Fig. 1b). When activated, 
muscle fibers decrease in length and increase in radius, and 
these changes must be accommodated by increases in one or 
more orthogonal directions. As shown in Fig. 1c, if a muscle 
increases in thickness (t: the distance between aponeuroses), 
the pennation angle rises as the muscle fibers shorten, result-
ing in the shortening of the muscle due to its constant vol-
ume. If the width (w) of a muscle increases, the pennation 
angle does not enlarge with fiber shortening, hence muscle 
shortening is less possible. The spatial arrangement of mus-
cle fibers essentially determines the mechanical properties 
of the muscle [4, 11, 22, 26]. When the muscle changes in 
thickness, this contraction leads to an increase in the penna-
tion angle, which is favorable to the velocity output as fiber 
rotation amplifies the velocity, but is less favorable to the 
force output because the increased pennation angle reduces 
the component of fiber force oriented along the vertical force 
line. When a muscle changes in width, the velocity output 
is relatively low due to the lack of amplification of velocity 
produced by fiber rotation; however, this situation is favora-
ble to the force output because there is no reduction in the 
component of fiber force oriented along the vertical force 
line. This motion serves as an automatic transmission sys-
tem, in which low loads are favorable to the velocity output 
and high loads are favorable to the force output.

Therefore, inspired by skeletal muscle, we designed 
a HimiSK actuator composed of a series of contractile 
units and a flexible matrix. In this design, the McKibben-
based contractile units act as muscle fibers to generate 
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contraction force; the flexible matrix, which surrounds 
the contractile units (representing the perimysium) and 
the entire actuator (representing the epimysium), acts as 
flexible connective tissue ensuring that the muscle vol-
ume remains constant. The contractile units and flexible 
matrix are connected by their materials self-integrated. 
Different flexible materials are chosen for actuators lead-
ing to deformation and changes in mechanical behaviors, 

including force and velocity, stress, and strain. The 
HimiSK actuator operates under air pressure, as shown 
in Fig. 1d. When air pressure is applied at low loads, the 
McKibben-based contractile units shorten in length and 
expand in diameter, similarly to muscle fibers. There-
fore, the flexible matrix increases in thickness (T0 to T1), 
and the contractile unit rotates as the pennation angle 
increases (θ to θ1), leading to the actuator shortening 

Fig. 1   Design principle of a HimiSK actuator. a Ultrasound meas-
urements of gastrocnemius, rectus femoris, and semimembranosus 
muscles. b Ultrasound image of human medial semimembrano-
sus muscle measured in the sagittal plane. c A simplified model of 
a pennate muscle illustrating the orientation of fibers when relaxed 

and contracted, and explaining the action mechanism (adapted from 
[22], Copyright 2008, National Academy of Sciences). d Structural 
component diagram and motion principle of soft actuator. e Linear 
contraction and mechanical output of muscle-like actuator when pres-
sured. f Mechanical properties of the actuator
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in length (ΔL) because of the constant volume of the 
f lexible matrix. The forces generated by contractile 
units are transmitted by the flexible matrix to produce 
a mechanical output as shown in Fig. 1e. The semimem-
branosus HimiSK actuator (D mold) can lift a 1.0 kg 
weight at 0.28 MPa, and presents both force–length and 
force–velocity properties that are comparable to those of 
human muscle but are absent from the McKibben artifi-
cial muscle (Fig. 1f). This indicates that actuator is suc-
cessfully achieved mechanical output and mechanical 
properties.

Materials and fabrication

The fabrication of the proposed HimiSK actuator follows 
a basic principle (Fig. 2a). The manufacturing method can 
be used to shape actuators with arbitrary muscle architec-
tures, structures, (unipennate, bipennate, and multipennate 
muscles), and configurations using different flexible mate-
rials. To construct the actuator with a given design, the 
HimiSK actuator was fabricated by casting [27] (Fig. 2b). 
The actuator mainly consists of contractile units and a flex-
ible matrix. The contractile unit can be cast from a variety 
of materials (Fig. 2b, casting; Table 1). It can be assembled 
with an elastic hose (inner diameter: 4 mm, outer diameter: 

Fig. 2   Fabrication and motion of a muscle-like actuator. a The actua-
tors of gastrocnemius, rectus femoris, and semimembranosus muscle. 
b Fabrication of semimembranosus actuator. c The rectus femoris 

actuator lifting weights. d The semimembranosus actuator acting in 
a physical anatomical human model to flex the knee joint; ΔL repre-
sents actuation strain
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6 mm, length: 90 mm) and a woven mesh (angle: 45°). The 
elastic hose, whose ends are sealed by the same material 
(Fig. 2b, sealing ports), is coated in a woven mesh. The 
woven mesh can be closed with a ribbon (Fig. 2b, cover-
ing) to limit the inflation of the elastic hose that shortens in 
length and expands in diameter, allowing the production of 
linear contraction when air pressure is applied. The length 
of each fabricated contractile unit was approximately 90, 
70, and 50 mm. Five sets of contractile units were placed 
sequentially in the order of 50, 70, 90, 70, and 50 mm with 
a pinnation angle of 20° in a double row. Each set consisting 
of two identical contractile units was connected by a three-
way joint (Y-metric 1.5). There are five air inlets for five 
sets of contractile units. A six-way joint (SL1.6) connects 
to the five sets of contractile units to form one complete air 
inlet. When the actuation pressure is applied through the air 
only inlet, the five sets of contractile unit contract together. 
Finally, these contractile units can be connected together and 
fixed by the flexible matrix, which can also be constructed 
from different materials (Table 1) and should have sufficient 
flexibility in comparison with that of the contractile units.

The molds for fabricating the flexible matrix were 
composed of three parts (left and right molding parts and 
one core part). First, the left molding part was cast with 
a degassed elastic material (Table 1; Fig. 2b, pouring left 
side). Once cured, the two molds were separated, the core 
part was removed, and the right molding part was filled with 
elastic material (Fig. 2b, pouring right side); the left and 
right molds were then combined and cured at room tem-
perature. The finished muscle-like actuator consisted of 
ten contractile units embedded in a flexible matrix with a 
length of 225.28 mm, maximum width of 60 mm, and vol-
ume of 221,300 mm3 (Fig. 2b, finished actuator). Mimics 
of both the rectus femoris and semimembranosus muscles 
were shown to achieve a linear contraction similar to that 
of skeletal muscle when air pressure was applied (Figs. 2c  
and 2d). We combined three types of contractile units 
with three types of flexible matrix to produce five different 

muscle-like actuators (Table 2). The actuator enclosed rein-
forcement tapes at both ends to ensure that the actuator 
maintained the original shape of both sides after actuation. 
Using this fabrication method, a wide variety of actuators 
can be constructed.

Experimental tests on HimiSK actuators

The force, displacement, and force–velocity properties 
for five actuators were tested using a customized experi-
mental test-rig (Figs. 3a, 3b, and 3e). The displacement 
of the semimembranosus HimiSK actuator was measured 
via a laser displacement sensor (HG-C1100, Panasonic, 
Japan) and data were collected using a VIBSYS vibration 
signal acquisition instrument (Beijing Bopu Ltd., China). 
The force was measured by a pressure sensor (CG Q-YS, 
Bengbu Tongli Ltd., China), which was connected to the 
DYB-5 dynamic strain gage (Beidaihe Electronics Ltd., 
Hebei, China). The five different actuators have differ-
ent capabilities for bearing maximum pressure and load. 
The maximum pressure of the E mold was approximately 
0.1  MPa, which corresponded to a maximum load of 
1.8 kg. The maximum pressure of the D and E-D molds 
was 0.28 MPa, which corresponded to maximum loads 
of 4.4 and 2.2 kg loads, respectively, while the maximum 
pressure of the S and D-S molds was 0.48 MPa with a 
maximum load of 6.2 and 6.5 kg, respectively. The maxi-
mum pressure was divided into five levels. The maximum 
load that could be lifted by the actuator under each pres-
sure level was equally divided into six different loads. Each 
contraction was repeated six times.

A separate customized experimental test-rig was con-
structed to measure the force–length performance of fabri-
cated actuators (Figs. 3c–3e). The force–length relationship 
describes the relationship between the maximum isometric 
force that can be obtained for a given muscle length. The 
actuator was fixed at both ends to maintain a constant length 

Table 1   Properties of three types of silicone rubber (as declared by the manufacturer)

Type Volume mixing ratio Curing time Mixed viscosity Pot life Shore hardness Elongation 
at break

Tensile strength

Ecoflex00-30 1A:1B 4 h 3000 cps 45 min 0–30 900% 200 psi
Dragonskin20 1A:1B 4 h 20,000 cps 25 min 20 A 620% 550 psi
Smmothsil40 100A:10B 24 h 35,000 cps 30 min 40 A 300% 600 psi

Table 2   Five types of soft 
actuator consisting of different 
materials

Actuator E mold E-D mold D mold D-S mold S mold

Contractile unit Ecoflex00-30 Dragonskin20 Dragonskin20 Smoothsil40 Smoothsil40
Matrix Ecoflex00-30 Ecoflex00-30 Dragonskin20 Dragonskin20 Smoothsil40
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and was contracted in a horizontal direction. In the initial 
state, the soft actuators were kept level with the length of 
each increased by three millimeters, and were each tested 
at ten different lengths; the actuator length was adjusted by 
repositioning the two movable ends. The output force was 
measured at each constant length. The initial length was 
defined as the actuator length minus the length of the taps 
(45 mm). The pressure measured in the force–length experi-
ment was lower than that in the force–velocity experiment 
because of the large tensile force. The E mold soft actuator 
was tested at pressures of 0.02, 0.04, and 0.06 MPa; the 
pressures of D and E-D mold were tested at 0.12, 0.16, and 

0.20 MPa; and the maximum pressures of S and D-S mold 
were tested at 0.24, 0.32, and 0.40 MPa.

The results were uploaded to a PC (Fig. 3a), and the out-
put force and the displacement obtained during each contrac-
tion was analyzed using MATLAB software (MathWorks, 
Inc., USA). The actuator shortening velocity was calculated 
as the actuator contraction displacement between the two 
frames divided by the isotonic contraction time. The actuator 
force and shortening velocity for the E, D, and S mold actua-
tors are presented in Fig. 4. A peak shortening velocity zone 
with a duration of 0.1 s was defined where the maximum 
shortening velocity was achieved in the middle of the zone, 

Fig. 3   Schematic diagram of the experimental system. (a, b) Measurement of the force–velocity relationship during isotonic contraction. (c, d) 
Measurement of the force–length relationship during isometric contraction. (e) Experimental equipment
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while the actuator force reached a steady state. Thereafter, 
the average shortening velocity and average force within 
this zone were used to quantify the actuator force–velocity 
characteristics.

The three-dimensional motions of D mold actuator over 
time under zero load at 0.28 MPa are shown in Fig. 5a. With 
gas pressure applied, the actuators show three-dimensional 
deformation in space rather than simply vertical linear con-
traction. The dimensionless relationship between the maxi-
mum force and contraction velocity of the D, S, E, E-D, and 
D-S type actuators compared with that of human skeletal 
muscle models is illustrated in Fig. 5b [28]. The maximum 
force (F0) was adopted from the force–length test at the same 
actuation pressure. The results for these actuators indicate 
a similar shape with skeletal muscles, which is missing in 
the McKibben artificial muscle. This behavior highlights 
the ability of the HimiSK actuator to automatically vary the 
force and the velocity in response to variable loads. The 
dimensionless relation between the maximum force and 
length of the E, D, S, E-D, and D-S mold actuators during 
isometric contraction, compared with that of human skel-
etal muscle models and the McKibben pneumatic artificial 
muscle, is illustrated in Fig. 5c [28]. The bio-muscle-like 
actuator has a parabolic-shape force–length relation that is 
very close to that of human muscle. The force–velocity and 
force–length relation obtained by changing the materials are 
also very similar to those of biological muscle, highlighting 
the excellent behavior of these actuators that is attributed 
to their architecture [22], structure [24], and configuration 
comparable to those of skeletal muscle [29].

Simulation analysis of deformation

We built a finite element method (FEM) using ABAQUS 
software to investigate the deformation response of 
the HimiSK actuator to external loads. To simulate the 
response of the actuator to increased air pressure, we mod-
eled the contractile unit as closed circular tubes driven by 

a fluid cavity, which is capable of simulating pressured 
gas or liquid behavior. Double symmetrical layer rebars 
were used to model the woven meshes wrapped around 
the contractile units, which had a Young’s modulus of 
100 MPa and Poisson’s ratio of 0.3. The flexible matrix of 
E, D, and S mold actuators was defined as linear elastic 
material (Young’s modulus of 0.25, 0.85, and 1.1 MPa, 
respectively; Poisson’s ratio of 0.475). The interaction 
between the contractile units and the flexible matrix was 
defined as a tie constraint. The contractile units and the 
flexible matrix were meshed using a total number of 
1136 and 31,407 tetrahedral quadratic (C3D10) elements, 
respectively. In all experiments, the top end of the actua-
tor was fixed, while the load was applied at the bottom 
end. The deformations of the D mold actuator under six 
external loads applied in the tests are shown in Fig. 6a. All 
of the actuators presented the three-dimensional motion, 
and the deformation decreased with the increasing load. 
To further predict the deformation of these actuators, we 
built a model-based simulation (Figs. 6b and 6c) of the 
deformation of five actuators at their maximum applied 
pressures. The comparisons of the deformations of the D 
mold actuator between the test (Fig. 6a) and the simulation 
(Fig. 6b) showed that they all undergo similar deformation 
under each load. All of the model-based simulations reveal 
similar deformations, all decreasing with the load increas-
ing (Figs. 6b and 6c), which is in good agreement with the 
experimental results. The notably large tensile deformation 
present in the E-D mold (blue area at 0.28 MPa) is caused 
by the softness of the material making it unable to resist 
large external loads. The load-dependent changes in the 
vertical displacement can be used to predict deformation. 
As expected, the degree of displacement decreases as the 
load increases (Fig. 6d). We also compared the experi-
mental and simulated displacements for each actuator 
(Fig. 6e). As shown in most of the comparisons, the FEM 
simulations accurately predicted the displacement with 
negligible error and were consistently matching with the 
experimental data at different loads.

Fig. 4   Representative force and velocity analysis. a E mold under 1.2 kg at 0.1 MPa. b D mold under 2.6 kg at 0.28 MPa. c S mold under 4.5 kg 
at 0.48 MPa
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Simulations for the five actuators under different loads 
demonstrated that the interaction of the flexible matrix and 
contractile units play an important role in the deforma-
tion performance. The contractile units shorten in length 
and expand in diameter during rotation, resulting in the 
deformation of the actuator when air pressure is applied. 
Notably, contractile units with harder materials produced 
a greater force, while softer flexible matrix materials pro-
duced a greater displacement. For example, the D-S mold 
lifting 13 N loads presented more than 6 mm of displace-
ment, whereas the D mold force only produced approxi-
mately 3 mm of displacement under about 13 N loads at 
their highest pressures. Meanwhile, soft and more flex-
ible matrix materials produced a greater displacement. The 
E-D mold produced a displacement of more than 10 mm 

(0 N), whereas the D mold generated less than 6 mm of 
displacement at the same pressure.

Characteristics of HimiSK actuators

Strain and output force

We quantified the maximum strain for contractile units using 
vernier calipers as shown in Fig. 7a. As expected, the strain 
values of the E, D, and S contractile units were approxi-
mately the same (23%, 21%, and 20%, respectively), and 
ensured a consistency of deformation of the contractile 
units at 0.1, 0.28, and 0.48 MPa, respectively (Fig. 7b). Fig-
ure 7c presents the contraction of the soft actuators, where 

Fig. 5   a Three-dimensional motion of the D mold actuator over time 
under zero load at 0.28 MPa; ΔL represents actuation strain. b The 
dimensionless relation between the maximum force and contraction 
velocity of muscle-like actuators compared with that of a human 

muscle. c The dimensionless relation between the maximum force 
and contraction length of five types muscle-like actuator compared 
with that of a human muscle



183Bio-Design and Manufacturing (2022) 5:174–188	

1 3

the strain values measured for the E, D, and S mold actua-
tors were approximately 4.6%, 3.0%, and 3.4% (Fig. 7d) and 
the output forces were approximately 1.8, 4.6, and 6.2 kg 

(Fig. 7e). These results demonstrate that each actuator has 
specific advantages on different scales, yielding an optimal 
performance of producing high strain and output force. The 

Fig. 6   Actuator simulations. a D mold actuator deformation experi-
ment at the highest pressure; ΔL represents actuation strain. b D mold 
actuator deformation using FEM modeling at the highest pressure. c 
E, S, E-D, and D-S mold actuator deformation using FEM modeling 

at the highest load and 0 load at the highest pressure. d Displace-
ment of five types of actuators at different loads using FEM mode-
ling at the highest pressure. e Comparison of actuator displacements 
between experimental measurements and FEM model predictions
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E, D, and S molds performed optimally at 0–0.1, 0.1–0.28, 
and 0.28–0.48 MPa, respectively (Figs. 7d and 7e). Thus, 
the choice of actuator depends on the strain and force 
requirements.

In order to further investigate the influence of the flexible 
matrix, we compared actuators from the E-D and D-S molds 
with those from the E, D, and S molds. The E-D mold, which 
has the same contractile units as the D mold, experienced 
a strain of 5.20%, which is a 42.3% improvement over that 
of the D mold at 0.28 MPa (Fig. 7f). The E-D mold, which 
has the same flexible matrix as the E mold, exerted a force 
of 22 N, which is an about 22.2% improvement over that of 
the E mold under maximum pressure. However, its output 
force was lower than that of the D mold (Fig. 7g) due to 
the large tensile deformation (Fig. 6c, E-D mold), which 
contributed to the loss of output force. In a similar fashion, 
the D-S mold had a maximum strain of 5.1%, which consists 
a 33% improvement over that of the S mold at 0.48 MPa 
(Fig. 7h). Moreover, when lifting a 65 N load, it exhibited 
a 41.3% improvement in force compared with that of the D 
mold. Figure 7i presents the output force produced by the 
D-S mold and S mold when the output force is approached. 
As clearly seen, the harder materials of the contraction units 
contribute to force generation, while the softer materials 
of the flexible matrix support the force transmission and 
deformation. These results verify the presence of actuation 
and transmission mechanism in the HimiSK actuators as in 
skeletal muscle. The softer materials of the flexible matrix 
can favor the force transmission and contractile unit rota-
tion, thus producing large deformation. This supports the 
idea that the mechanical output generated by skeletal muscle 
depends not only on force generation [30] but also on force 
transmission [31–33]. Accordingly, the D-S mold actuator 
has excellent performance in producing high strain and stress 
(Table 3).

Excluding strain and stress, the maximum power den-
sity, work density, and strain rate of HimiSK actuators were 
measured and compared with those of skeletal muscle and 
pneumatic artificial muscle (PAM). Due to the addition 
of flexible matrix, a gap was observed as compared to the 
PAM. This addition introduced limitations such as increased 
weight and volume, reduced strain, and large deformation 
produced where loads are applied. Nevertheless, the addition 
of a flexible matrix enables the favorable mechanical proper-
ties of the actuator to be realized, which are similar to those 
of skeletal muscle. Future work is planned to address these 
limitations by increasing the number of muscle contractile 
units to reduce the relative occupied volume of the flexible 
matrix, and to improve the force-generating capability using 
the D-S materials system. The development of techniques to 
mimic skeletal muscle tendons can eliminate the problem of 
large deformations where loads are applied, and achieve the 
direct transmission of force.

Force–velocity and force–length

In order to characterize the velocity and force–velocity rela-
tionships of different material actuators, we conducted a test 
on five types of actuators using various loads at different air 
pressures (Figs. 8a–8e). Findings show that the force exhib-
its a consistent decreasing pattern with increasing velocity 
across different levels of activation pressures. As in skeletal 
muscle, the force and velocity produced by actuators are 
roughly inversely proportional. The output force rises with 
increasing activation level, and the maximum force (F0) is 
generated at very low speed during forceful contractions, 
whereas zero force is produced at maximum contraction 
velocity (V0). This force–length characteristic is one of the 
main advantages of this type of soft actuator, just like skel-
etal muscles. These results also indicate that the exceptional 
mechanical properties of the produced force–velocity can be 
attributed to our bioinspired design combining the contrac-
tile units with a flexible matrix. The comparison of veloci-
ties across different actuators that share the same contractile 
units (D is contractile unit actuator and S is contractile unit 
actuator) but have a different flexible matrix are shown in 
Fig. 8f. The velocity of the E-D mold actuator consists an 
about 87% improvement over that of the D mold actuator at 
0.28 MPa, whereas the velocity of D-S mold actuator shows 
an about 73% improvement over that of the S mold actuator 
at 0.48 MPa. These results reveal that a softer flexible matrix 
is favorable for contractile unit rotation and thus facilitates 
the changes of pennation angle, which in turn amplifies the 
velocity of the soft actuator.

The force–length relationship and tetanic force of the five 
types of muscle-like actuator at different actuation pressures 
are shown in Figs. 9a–9e. These results indicate a consistent 
parabolic form across different levels of activation pressures, 
which is similar to that seen in skeletal muscle; the output 
force is larger at higher activation levels. The muscle length 
at the maximum tension is defined as the resting length (L0), 
and the force decreases when the muscle length (L) is greater 
than the resting length. The maximum force is the highest 
value that corresponding to an optimal fiber. This can be 
stretched beyond the resting length, although great differ-
ences were observed between the results of various types. 
High-quality intrinsic biological properties can be obtained 
by varying the contractile units and flexible matrix materials; 
our results verify that the generation of optimal force–length 
properties is associated with the bioinspired design that has a 
similar shape, architecture and structure as skeletal muscle. 
The comparison of force between actuators with the same 
flexible matrix (E flexible matrix actuator and D flexible 
matrix actuator) but different contractile units is presented 
in Fig. 9f. The tetanic force of the E-D mold actuator shows 
an about 30% improvement over that of the E mold actuator 
at the highest pressure, and the tetanic force of the D-S mold 
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actuator constitutes an about 168% improvement over that 
of the D mold actuator at the highest pressure. The results 
demonstrate that the contractile unit with increased hardness 
enhances the capacity of force generation.

Discussion

In this paper, we introduced a new class of actuators 
inspired by skeletal muscle. In contrast to previous pneu-
matic artificial muscles with sole contractile elements, 
the HimiSK actuator consists of a series of contractile 
units and a flexible matrix. We presented five types of 
actuators prepared from different materials but having the 

same shape based on a semimembranosus muscle (E, D, S, 
E-D, and D-S molds). In comparison with current artificial 
muscle designs, the semimembranosus HimiSK actuator 
exhibits several promising qualities. (i) Actuators can per-
form a three-dimensional motion that depends on their 
structure, architecture, and configuration resembling those 
of skeletal muscle, and with intrinsic mechanical prop-
erties that approximate those of biological muscle, thus 
making them unique in the field of muscle-like actuators. 
(ii) By the application of different contractile unit mate-
rials, the pressure bearing capability of these actuators 
is harnessed to increase their capability of force genera-
tion. For example, at the extreme pressure, the E-D mold 
actuator increased the output force and tetanic force by 

Fig. 7   Output force and strain performance of muscle-like actua-
tors. (a) Measurement of a contractile unit. (b) Relationship between 
contraction rate and pressure of contractile units. (c) Contraction of 
actuator. (d) Relationship between the strain and actuation pressure 
of E, D, and S actuators. (e) Relationship between the load and pres-

sure of E, D, and S mold actuators. (f, g) Comparison of strain and 
output force over pressure between D and E-D mold actuator. (h, i) 
Comparison of strain and output force over pressure between S and 
D-S mold actuator
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up to about 22.2% and about 30%, respectively, compared 
with that of the E mold. Moreover, the D-S mold actua-
tors increased their output force and tetanic force by up to 
about 41.3% and about 168%, respectively, compared with 
D mold actuators. High force can therefore be produced 
by using harder contractile units. (iii) The capability of 
actuators for deformation can be exploited by the applica-
tion of different flexible matrix materials. For instance, 

the E-D mold actuators increased the strain by up to about 
42.3%, and their velocity was improved by about 87% of 
that of the D mold. Meanwhile, the D-S mold actuators can 
increase their strain by up to about 33.3%, which improves 
their velocity by up to about 73% compared with that of 
the S mold. High displacement and velocity can therefore 
be produced with a softer flexible matrix, which principle 

Table 3   The parameters of skeletal muscles and results for three types of soft actuator

*The stress of a soft actuator is written as � = F∕S (where F represents the output force, and S represents the maximum cross sectional area). 
#The power density of soft actuator is expressed as P = Fv∕m (where F represents the output force, v represents the velocity, and m represents 
mass of actuator). &The work density is written as W(in) =

∑10

i=1
∫ pΔvdv∕Va (where p represents the relative pressure, v represents the volume 

change, and i represents the number of contractile units, Va represents the volume of actuator), the p and V are collected from simulation. +The 
strain rate is formulated as �(t) = v(t)∕L

1
  (where v(t) represents the velocity, and L1 represents the initial length of soft actuator)

Type Mass (kg) Stress (MPa) * Strain (%) Power density 
(W kg −1) #

Work density 
(kJ m−3) &

Strain rate (% s −1) +

Skeletal muscle Typical – 0.1 20 50 8 Max. > 50
PAM – – 3.4 15 10e3 500 –
Soft actuators E mold 0.20 0.018 4.6 0.47 2.93 10

E-D mold 0.20 0.022 5.2 0.83 9.87 5
D mold 0.21 0.044 3.0 1.17 7.76 4
D-S mold 0.21 0.066 5.1 2.76 19.70 16
S mold 0.23 0.063 3.4 1.38 17.37 10

Fig. 8   Relationship between the force and velocity of five muscle-like 
actuators. (a–e) Force–velocity properties of E, D, S, E-D, and D-S 
molds under different actuation pressures. (f) Comparison of velocity 

over the flexible materials of D contractile unit actuator and S con-
tractile unit actuator
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provides an important design and optimizing strategy for 
soft actuators.

The force–length and force–velocity properties of an 
actuator are independent on its building materials. Our 
results prove that the above design strategy using a structure, 
architecture, and configuration similar to those of biologi-
cal muscle is important for optimal mechanical properties. 
Although the actuator force, velocity, and displacement are 
largely dependent on their material, contractile units play 
a primary role in force generation, and the flexible matrix 
significantly affects subsequent force transmission and 
deformation, the interaction of contractile units, fluid, and 
flexible matrix eventually influence the final force, velocity, 
displacement, and three-dimensional motion of the actuator.

The above findings support the idea that the mechanical 
output of skeletal muscle is based not only on force genera-
tion [30] but also force transmission by the interaction of 
contractile units and flexible matrix, and their architecture, 
structure, and morphology [31–33]. In the present study, the 
D-S mold actuator demonstrated excellent performance in 
producing high strain and stress due to the capability of the 
contractile unit for high force generation and that of the flex-
ible material for high force transmission and displacement.

A better understanding of the mechanical behaviors 
will benefit the improvement of muscle-like actuator per-
formance. Many directions of research are anticipated in 

the pursuit of improving mechanical performance through 
exploring new materials, structures, and actuation methods, 
such as smart materials, hydraulics, and valve control-asso-
ciated driving. Nonetheless, one outstanding issue remains 
in that current actuator is cannot directly transmit force 
because of the flexible actuator ends, which can undergo 
large deformation after applying external loads, thus allow-
ing the output force to be lost, such as in the case of the E-D 
mold actuator. There may be an efficient method for improv-
ing actuator performance by adding bio-muscle tendons [34, 
35] made of flexible and non-stretchable materials, which 
avoid elastic deformation at two ends, allowing the force 
to be transmitted from the flexible matrix to external loads. 
The combination of proposed HimiSK actuators with favora-
ble mechanical properties and bio-tendon development may 
prove a promising direction toward next-generation muscle-
like actuators. To expand the use of muscle-like actuators, 
the prevailing issues will be addressed in future work.
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