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Bioinspired and Hierarchically Textile-Structured Soft 
Actuators for Healthcare Wearables

Mengxin Yang, Jing Wu, Wenjie Jiang, Xiaorui Hu, Mohammad Irfan Iqbal,*  
and Fengxin Sun*

Soft pneumatic actuators possess the increasing potential for various health-
care applications, such as smart wearable devices, safe human-robot interac-
tion, and flexible manipulators. However, it is difficult to translate the existing 
technologies to commercial applications due to their inefficient volumetric 
power, sophisticated control with high operation pressure, slow production, 
and high cost. To overcome these issues, herein, a caterpillar-inspired actuator 
using hierarchical textile architectures based on simple fabrication and low-
cost strategy is designed. Unlike the existing textile-based pneumatic actua-
tors, the designed actuators are constructed by combining boucle fancy yarns 
with a novel trilayer-knit architecture. The as-prepared actuators concurrently 
possess fast response (1100° s−1), large bending actuation strain (1080° m−1), 
high-power density (272 W m−3), mechanical robustness, easy-programmable 
motions, and human-tactile comfort, which outperforms currently reported 
textile-based pneumatic actuators. Furthermore, due to the geometrical transi-
tion of the engineered hierarchical structure, the developed actuators exhibit 
superior dual-stiffness effect with stress evolution, providing a facile approach 
to addressing the conflict of flexibility and force output in soft fluidic actuators. 
This concept as a paradigm provides new insights to develop soft actuators 
with outstanding design flexibility, adaptability, and multifunctionality using 
engineered textile-structure, which has great potential for real-world applica-
tions in medical rehabilitation, physiotherapy, and soft robotics.
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1. Introduction

Soft actuators with high flexibility, excel-
lent compliance, superior power density, 
and safe interaction are finding unique 
advances in performing complex tasks, 
such as internal surgical operations,[1,2] 
agricultural harvesting,[3] flexible manipu-
lators,[4,5] and wearable devices,[6] that are 
not possible with conventional linkage 
rigid robots.[7–14] Recently soft actuators 
stimulated by pneumatic pressure have 
attracted wide interest in developing soft 
actuators and robotics due to their rela-
tively simple and rapid actuation.[15–17] 
The most common materials used in 
designing pneumatic soft robotics are sil-
icon-based elastomers, polyethene elastic 
films, and rubber.[5,18–20] However, the 
manufacturing of these elastomers gener-
ally requires replacing different matched 
molds to cast the actuators with different 
structures and morphologies,[21] thereby 
achieving desired actuation performance 
and motion styles, which induces costly 
manufacturing and time-consuming fab-
rication.[22–24] Despite the high elasticity 
of these elastomers enhancing the actua-

tion strain and compliance of designed actuators, the relatively 
low force output and load capacity of such actuators have lim-
ited them in practical use for many tasks.[25] 3D printing has 
been emerging as a convenient approach for fabricating dif-
ferent types of actuators;[26–28] however, the limited processing 
scale and narrow material adaptability of the printed actuators 
restrict their versatile applications.[27] Moreover, these actuators 
are not suitable for next-to-skin wearable interactions due to 
their poor human-touch comfort.

Textiles are a type of traditional soft materials that can be 
found in everyday applications in the form of clothing, curtains, 
beddings, shoes, filters, and face masks have emerged as a 
promising candidate for designing soft actuators for healthcare 
wearables,[29,30] due to their flexibility, lightweight, breathability, 
and comfort tactile-feeling characteristics.[31,32] Recent advances 
in pneumatic textile-based actuators serve as the foundation of 
ease-fabrication and low-cost production methods for the actua-
tors.[33–35] A typical mechanism in previous work is to combine 
conventional fabrics (such as woven and knit) or construct 
asymmetric layers by folding and pleating fabrics to act as  
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assistive roles (such as anchoring or active roles) for regu-
lating the actuation of the textile actuators.[30,33,36] Despite the 
inherent anisotropic mechanics of woven and knitted fab-
rics,[37,38] the existing textile-based actuators still tend to expand 
in all directions when pressured, resulting in a large volume 
change even in the unexpected dimension and a low actuation 
strain (Figure S1, Supporting Information). As a result, a large 
surrounding space is occupied for operating the actuators, and 
the actuation efficiency and output forces are thus low. There-
fore, instead of combining the conventional structure blocks, 
developing desirable novel structures for high-performance tex-
tile-based actuators will be of great significance to accelerating 
the development and practical application of soft actuators.

To overcome the above-mentioned drawbacks, the hierarchi-
cally designable textile structures, ranging from yarn to fabric 
levels, provide good potential, but few studies have been car-
ried out regarding unconventional structures for textile actua-
tors to date. Fancy yarns have been widely used for functional 
textiles because of their controllable structure using industrial 
wrapping[39] and embedding technologies,[40] and the uncon-
ventional shape characteristics enable the fancy yarns with tun-

able mechanical performance.[41] Moreover, diverse knit archi-
tectures with multiple unit loops can be an ideal candidate for 
modification,[42,43] thereby developing novel composite struc-
tures to realize unique properties for the new generation of 
textile-based actuators. However, neither fancy yarn structures 
nor modified knit architectures have been considered for devel-
oping fabric-based actuators yet.

Herein, for the first time, we report a caterpillar-like pneu-
matic actuator with a hierarchical structure design from boucle 
fancy yarn to a trilayer-knit architecture. The hierarchical tex-
tile structure enables caterpillar-like actuators with a very high 
deformation in high-elastic zone but quite low deformation 
in low-elastic zone, and thus maximally convert the supplied 
pressure into effective actuation strain and work output, which 
mimics the caterpillars that consist of many small segments 
with intermediate elastic skin part and nondeformable exoskel-
eton part (Figure 1a). The elastic skin can bend and stretch to 
enable caterpillar dexterous crawling, while the exoskeleton 
acts as protection for entrails during the crawling. Inspired by 
the caterpillar motion, the proposed actuators with anisotropic 
deformation achieve outstanding performance on high-power 
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Figure 1.  Bioinspired design and functional diversity of the caterpillar-like actuators. a) Anisotropic uniaxial deformation of the actuator for bending 
actuation inspired by the caterpillars. b) Application of the caterpillar-like actuators to soft gripper with different deformations via altering yarn modulus 
and knitting directions (scale bar: 5 cm). c) Application to assistive wearables for strengthening the human muscle motions.
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density, fast response speed, large bending actuation strain, 
and multi-modal deformations, such as bending, spiraling and 
twisting, for versatile applications without the need for energy-
intensive and complex control systems (Figure  1b,c). This 
research could contribute to the real-world application of new 
generation of textile-based actuators and expand the healthcare 
wearable market.

2. Results and Discussion

2.1. Hierarchical Structure Design and Fabrication

To critically address the current limitations and achieve the 
balanced performance of textile-based actuators in flexibility, 
actuation force/strain, power density, usability, and control-

ling complexity, a hierarchical-structured design of textiles is 
elaborately integrated to fabricate the caterpillar-like actua-
tors. Modern textile technologies enable easy fabrication of 
the featured hierarchical structures from boucle fancy yarns 
to complex knitted fabrics (Figure 2a; Figure  S2, Supporting 
Information). The boucle fancy yarns are spun based on a 
sheath-core structure with polyurethane (PU) filaments as core 
and twisted polyester (PET) fibers as sheath. PU filaments are 
selected due to its outstanding superelasticity, and PET roving 
is used to spin the sheath layer because PET is low-cost and 
the most commonly used synthetic material with relatively high 
strength and modulus in regular wearables (Figure  S3, Sup-
porting Information). During the spinning process, the PET 
roving is drawn and twisted in a programmed routine, followed 
by wrapping on the negatively feeding PU filaments, thereby 
forming a bead-like structure resulting from the contraction of 
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Figure 2.  Fabrication and characterization of the hierarchical textile architecture. a) Schematic illustration of the hierarchical fabrication process of 
the caterpillar-like actuators. b) Photo image of boucle fancy yarns and the optical micrograph images of the yarns under original state and stretched 
state of 120% elongation (scale bar: 400 µm). c) Mechanical property of the boucle yarn, showing the dual-stiffness tensile property with respect to the 
critical point P ≈ 120% strain. d) Photo image of the front and back sides of the trilayer-knit architecture. The laying-in yarns (white) are interlocked 
by the looped boucle yarns (green). e–h) Comparisons between conventional double knit and trilayer knit. e) and g) reveal the property origination by 
loop unit and topological knit architectures. f) and h) show the typical mechanical properties of double knit and trilayer knit in terms of anisotropicity 
and dual-stiffness property.
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the PU filaments in a free state (Figure  2b). Remarkably, this 
fancy structure endows the yarn with a unique dual-stiffness 
property with a high-elastic stage and a high-modulus state sep-
arated by the critical point P, where the “beads” on the yarn just 
disappear along with a snap-through transition from bending 
deformation to stretching deformation of the PET fibers in the 
boucle yarn (Figure 2c). Such a remarkable dual-stiffness prop-
erty plays a vital role in balancing the flexibility and actuation 
force of soft actuators, providing a simple approach to break 
boundaries of softness and rigidity in inflatable actuators.

As a basic unit of textiles, the boucle fancy yarns can be 
naturally used to fabricate 2D fabrics by weaving and knitting 
techniques. Different from conventional knitted or woven fab-
rics, we combine the weaving and knitting design principle by 
looping the boucle yarns to form a double-knit structure and 
interweaving PET yarns as laying-in yarns to interlock with the 
knit structure, forming a unified tree-layered composite archi-
tecture, which is termed as trilayer knit in this study (Figure 2d; 
Figure S4, Supporting Information). Such a trilayer knit archi-
tecture is quite different from conventional double knitted 
architectures. As shown in Figure  2e, double knit originates 
from a loop unit, from which the topological structures gen-
erate by continuously interlacing a single yarn. From the view 
of textile technology, the double knit is fabricated by a single 
system of yarn, which limits the variation of the mechanical 
property of the knitted architectures in wale and course direc-
tions in terms of yarn properties. As a result, the knitted fabric 
shows similar large strains in wale and course directions due 
to the loop deformation and yarn slippage (Figure 2f). Whereas 
the designed trilayer structure displays a typical two-system-
yarn construction with the looped PET/PU yarn and laying-in 
PET yarn (Figure  2g), endowing the fabric with super-aniso-
tropic mechanical properties. As can be seen from Figure  2h, 
the trilayer knit shows remarkably higher Young’s modulus in 
course direction than that in wale direction (≈100 times higher 
when strain <200%). A typical two-stage stretching process 
can be observed in the whole tensile process of trilayer knit in 
course direction (Figure S5, Supporting Information). For more 
intuitive and clearer comparisons with the tensile property 
of wale direction, we just show the stretching stage of course 
direction before the breaking of PET yarns occurs in Figure 2h. 
More interestingly, the trilayer knit also shows a dual-stiffness 
feature in wale direction and its modulus can be approximately 
represented by two linear segments, that is, a low modulus 
(0.0011  MPa) in low strain state (<200%) and an over 50-fold 
higher modulus (0.0648  MPa) in large strain state (>200%). 
This can be ascribed to the combined effects of the sequence 
deformations of the local displacement of stitches and dual-
stiffness yarn in a topological knitted structure.[37] The low 
modulus at the initial stage is linked to the stitch extensions 
of the fabric and the high-elastic elongation of the boucle yarns 
enabled by the applied forces and moment (Figures S6 and S7, 
Supporting Information). Once the PU core is completely com-
pliant with the PET sheath of the boucle yarn and each stitch 
is drawn up to the maximum geometry deformation, the strain 
will be restricted by the twisted PET sheath part of the yarn, 
resulting in the high modulus upon stretching, which can also 
be verified by the stress nephogram of the finite element anal-
ysis, as shown in Figure  S8 (Supporting Information). There-

fore, the super-anisotropicity and dual-stiffness property of the 
designed trilayer knitted architecture is considered to provide 
good potential for critically addressing the problems in bal-
ancing the actuation strain, actuation force, power density, and 
deformation speed of existing soft actuators, which will be fur-
ther discussed in the following section.

2.2. Actuation Performance of the Textile Actuators

The trilayer-knit fabric can be integrated with inside bladders 
to assemble a caterpillar-like trilayer-knit actuator (details in 
Experimental Section). During the fabrication process, a PET 
yarn is used to sew the 2D fabric into designed shape, such 
as 3D tube. The PET yarn is thereby leveraged as the strain- 
limiting yarn to achieve bending actuation. The trilayer-knit 
actuator can generate large bending strain (over 216°) with 
an ultrafast speed (up to 1100°  s−1) when operated by air pres-
sure of 50 kPa (Figure 3a; Figure S9, Supporting Information), 
which outperforms most of currently reported textile-based 
actuators (Table  S1, Supporting Information). The power den-
sity (PD  =  P/V) of 272  W  m−3 is estimated by the actuation 
power (P = mactuatorG∆h/t = 0.0109 W) and actuator volume of 
4.02  ×  10−5  m3), where mactuator  =  8  g is the mass of actuator, 
G is gravitational acceleration, ∆h = 6.7 × 10−2m is vertical dis-
placement of actuator’s barycenter, and t = 0.49 s is the actua-
tion time (Figure 3a). Such a high-power density is comparable 
to human skeletal muscles (50–248 W m−3).[17]

In contrast, the conventional double-knit-based actuator 
shows significantly smaller bending strain and a longer 
period of actuation time, but larger expansion in radial direc-
tion, thereby displaying low-energy transmission (Figure  3b; 
Movie S1, Supporting Information), while the novel trilayer-knit 
actuator is free of these problems. This is because the novel 
two-system-yarn architectures where the laying-in PET yarns in 
the trilayer knit restrict the radial deformation of actuators, and 
enhance the longitudinal deformation due to the unidirectional 
slippage of loop yarns. Whereas the slippage of loop yarns dete-
riorates in the double-knit-based actuators as the fabric tends to 
be biaxially stretched upon inflation, and self-locking happens 
at the interlacing points of stitches considering the aforemen-
tioned single system of yarns, thus sacrificing the inherent elas-
ticity of double-knit architectures instead.

The quantitative comparisons are shown in Figure  3c,d. 
Impressively, the trilayer-knit actuator shows an obvious 
increase in the output force when the supplied pressure is 
over 40  kPa, which corresponds to the aforementioned dual-
stiffness features of the trilayer knit, and the actuator can exert 
a high force up to 120 cN on its tip under a supplied pressure 
of 70 kPa (Figure 3c). This force is over ten times of the gravity 
from its own weight (8  g). Meanwhile, the bending actuator 
can rapidly bend to over 120° in 0.31 s under a low pressure of 
50 kPa (Figure S9, Supporting Information) when the strain of 
the trilayer knit remains lower than the critical strain, which 
critically addresses the problems in balancing the flexibility 
(easy deformation) and actuation force (high force output). 
As shown in Figure  3d, the double-knit-based actuator dis-
plays small bending deformation with maximum curvature  
<0.05  cm−1 even the supplied pressure increasing to 60  kPa, 

Adv. Funct. Mater. 2022, 2210351

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202210351 by Jiangnan U
niversity, W

iley O
nline L

ibrary on [18/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2210351  (5 of 10) © 2022 Wiley-VCH GmbH

but a large volume expansion ratio (Figure 3e), resulting not 
only in a waste of operating space but also in energy dissi-
pation for efficient actuation. On contrary, a small volume 
expansion and large actuation deformation can be observed 
in the designed actuator made with trilayer knit, as indicated 
by much higher bending curvature (>0.25  cm−1) under the 
same supplied pressure compared with the double-knit actu-
ator. This can be further validated by the relatively low rate 
of dimension changes (ΔR/R0<0.2) of the trilayer-knit actuator 
in radial direction, but large rate of deformation (ΔL/L0 up 
to 1.0) in axial direction by augmenting the applied pressure 
from 0 to 50  kPa (Figure  3f). It should be pointed out that 
the bending curvature of the bending actuator is mainly deter-

mined by the difference of Young’s modulus from the outside 
to inside of the bending beam. With the increase of the sup-
plied pressure, the strain of the outside increases, resulting 
in higher Young’s modulus (Figure 2h) and thereby inducing 
a smaller difference of Young’s modulus between the outside 
and inside of the bending beam. When the outside Young’s 
modulus approaches to inside Young’s modulus, the changes 
of bending curvature will meet the limited response. There-
fore, the bending curvature of the trilayer-knit-based actuator 
shows a sharp increase with the increase of the supplied pres-
sures from 20 to 40 kPa; whereas, the curvature shows small 
changes when the pressure is over 50 kPa and nearly becomes 
constant when the pressure changes from 60 to 70  kPa 

Adv. Funct. Mater. 2022, 2210351

Figure 3.  Actuation performance of the caterpillar-like actuators. a) Photo images displaying the fast-speed and large bending actuation strain of 
caterpillar-like trilayer-knit actuator within 0.49 s under supplied pressure of 50 kPa. b) Photo images showing the bending actuation of conventional 
double-knit actuator within 3 s under supplied pressure of 50 kPa. c) Blocking force under different applied pressures (original dimensions of the 
actuator: 20 cm in length and 1.6 cm in diameter). d) Bending curvatures of the actuators fabricated by double knit and trilayer knit. e) Volume expan-
sion ratio under different applied pressures. f) Changing ratio of geometrical dimensions of the caterpillar-like bending actuators upon inflation.  
g) Reversible cyclic changes of the blocking force over 50 cycles of the caterpillar-like actuator at different pressures (30 and 50 kPa). h) Wearability 
test by a Martindale abrasion tester, showing the robust mechanical property of the knit fabric compared with silicone elastomer that is generally used 
for pneumatic actuators.
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(Figure  3d). Moreover, the good repeatability and durability 
of the trilayer-knit actuator are proved by the stable actuation 
force tested over 50 actuation cycles (Figure  3g) and wear-
ability test (Figure  3h; Figure  S10, Supporting Information), 
which indicates robust performance of the actuator and can 
be readily used for practical applications.

2.3. Mechanisms and Inverse Design of Multi-Mode Actuation

A theoretical analysis is further developed to analyze the 
bending actuation mechanism and structure optimization of 
the designed actuators via a bi-moduli model. The geometric 
parameters of the bending actuator, i.e., curvature radius ρ, 
infinitesimal central angle dθ, width of low-elastic region wr, 

width of high-elastic region wf, and the diameter W, are illus-
trated in Figure 4a. We here treat the low-elastic region and 
high-elastic region as transverse-isotropic materials, respec-
tively (Text S1, Supporting Information). The actuator possesses 
a strain gradient in radial direction to render a bending defor-
mation due to the different modulus, so that the axial stresses 
in the high-elastic and low-elastic regions are estimated by the 
Equation 1 and Equation 2,
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Figure 4.  Programming actuators with multi-mode actuation. a) Schematic illustration of the bi-modulus problem based on parameter analysis of 
longitudinal section and cross section of a bending actuator. b) Theoretical curve and experimental data for bending curvature evolution under different 
elastic ratios (wr/W means the ratio of the width of low-elastic region with respect to the whole width). c) Predicted bending curvature as a function 
of elastic ratios wr/W at different modulus ratio Ehigh/Elow (ratio of the modulus between low-elastic region and high-elastic region). d) Programmed 
geometry and elastic for multi-mode actuation. Images i–iii show the origin of diverse deformations of the actuator by different yarn moduli and stitch 
directions. e) Conical helical deformation caused by diameter gradient. f) Images from Movie  S2 (Supporting Information) showing the gripping 
process by sequence rolling and spiraling to lift a tape (scale bar: 10 cm). g) Parallel multi-mode motion of the actuator with unit vector trajectory in 
a spatial coordinate (pressure range: 0–50 kPa).
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whereσxis the axial stress of the actuator, Ex
high and lowEx  are 

the Young’s modulus of high-elastic and low-elastic regions, 
respectively, v is the Poisson’s ration. Considering the force and 
moment equilibrium relationships, we derived the following 
relations,

ρ( )( ) ( )+
−

+ =2 1

1

2

2
high low

M

v

v
H w E K w Ef x r x � (3)
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−

( )
3 5 ( )

3 5H w
t

w
t

R R t
wf f f , = +

−
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3 5 ( )
3 5K w

t
w

t

R R t
wr r r ,  

and t = R-r. It can be deduced from the Equation 3 that the cur-
vature radius ρ and curvature κ = 1/ρare mainly determined by 
the designed geometry parameters, (i.e., R, t, wf, wr), and Young’s 
modulus of high-elastic region Ex

high and low-elastic region lowEx  
(Details in Supporting Information). To further investigate the 
effect of the geometry parameters on the mechanical property 
to optimize the actuation performance of the actuator, the rela-
tionship between curvature κ and the width ratio wr/W, (where 
W  =  wr+wf) is simulated by detailed calculation and compared 
with the experimental results under pressures of 30, 40, and 
50 kPa (Text S2, Figures S11 and S12, Supporting Information). A 
good agreement is observed between the simulation and experi-
ment, and the maximum values of the curvature are obtained 
when the ratio wr/W ranges from 0.2 to 0.3 (Figure  4b). This 
result suggests that proper selection of the width ratio of low-
elastic region to the whole region within 0.2–0.3 is very important 
to achieve large bending curvature for the actuators. Moreover, 
the effect of the modulus ratio (Ehigh/Elow) and actuator radius on 
the bending curvature of the actuator are simulated (Figure  4c; 
Figure  S13, Supporting Information). As expected, the bending 
curvature increases with the increase of the modulus ratio, while 
it decreases with the increase of the radius, providing a guidance 
for optimizing bending actuation strain in practical usage.

Based on the experimental results and theoretical anal-
ysis, the as-prepared trilayer-knit actuators can be easily 
programmed to perform different deformations, including 
bending, spiraling, and rolling, by simply regulating the fiber/
yarn modulus, knitting stitches, and trimming angles of the 
fabrics (Figure 4d,e). The fabric with high modulus in elastic 
regions results in a low modulus ratio according to the simu-
lation in Figure 4c, while low modulus in elastic regions can 
induce large bending curvature of the actuator upon infla-
tion. Interestingly, by arranging knitting stitches in an angle 
of ≈45°, we can easily create a tendril-like spiraling actuator 
(Figure  4d) without requiring any complex casting and post-
processing. As a result, various actuators with different config-
urations are assembled to form multi-mode actuation strains 
when driven by a single air source for a variety of desirable 
motions. In addition, the bending curvature of the actuator 
can be further programmed by tuning the radius to realize 
tentacle-like movements according to Equation 3 and simula-
tion results in Figure S13 (Supporting Information). A conical 
actuator is fabricated by adjusting its radius size to achieve 
different bending effects (Figure 4e), with a wide range of cur-
vature changes from 0.14 to 0.23  cm−1 upon inflation under 
different pressures (30, 40, and 50  kPa) (Figure  S14, Sup-
porting Information).

Such a versatile actuator can be used as a soft gripper, and 
a sequential deformation is achieved by reasonably program-
ming the modulus of the fabric and regulating knitting stitches 
without the need of complex control systems (Figure  4f). The 
curling part (section iii of Figure 4d) of the actuator can scoop 
up objects, showing a large contact area with gripped objects, 
thereby providing a more effective grasping capability, espe-
cially for objects with irregular shapes. The spiral part (section 
ii of Figure  4d) displays more complex kinematic morphology 
than simple curling deformation to achieve a high contraction 
stroke to lift the gripped objects following the gripping pro-
cess. The bending contraction and extension portions deform 
in an orthogonal direction to enable transformation in different 
planes and to enlarge the working space (Figure 4g; Figure S15, 
Supporting Information). Furthermore, the actuator is very pli-
able and thus can adapt to the shape, weight, and configuration 
of objects without damaging fragile objects. Versatile applica-
tions of the fabric-based actuator to gripping and lifting dif-
ferent objects such as flowers, bananas, and vases with a weight 
range from 30 to 300 g are demonstrated in Figure S16 (Sup-
porting Information). The actuator of ≈19 g can lift a 300 g vase 
that is ≈16 times higher than its own weight. A real-time feed-
back of the grip force by mimicking human touch feeling is 
also measured by a flexible pressure sensor (FlexiForce) on the 
surface of the actuator (Figure  S16, Supporting Information), 
which shows a stable gripping force under each supplied pres-
sure. The gripping force is closely associated with the curvature 
change of the bending actuator, and the curvature change is 
further determined by the supplied pressure. Since the change 
of the curvature becomes small when the pressure is over 
40  kPa (Figure  3d), the gripping force shows a small increase 
and tends to be stable with the pressure increasing from 40 
to 70 kPa (Figure S16, Supporting Information). The real-time 
measurement and analysis of the gripping force deserves fur-
ther studies by integrating textile-based stress sensors into 
the actuators to design self-sensing and smart textile-based 
actuators.

2.4. Applications for Healthcare Assistive Devices

Unlike rigid exoskeletons that currently exist for assistive med-
ical rehabilitation, high-performance textile-based actuators can 
provide good wearing comfort with inherent breathability, flex-
ibility and good tactile feelings (Figure  S17, Supporting Infor-
mation), and thus the application of trilayer-knit actuators for 
wearable robots greatly enhances the safety of human-machine 
interaction.[44,45] Figure 5a shows a wearable actuator fabricated 
using a trilayer knit to assist arm motions. The actuator with a 
length of 20  cm is worn on a fake arm, producing a bending 
moment over 0.25N  m, while lifting a mass of 225  g with 
respect to the elbow (Figure 5a,b) with only a supplied pressure 
of 40  kPa. The pressure-moment curve displays a good linear 
relationship when the air pressure ranges from 10 to 40  kPa, 
providing a convenient way to regulate and control the actua-
tors in real-world applications. Moreover, the trilayer-knit actua-
tors are also integrated into a glove to assist fingers with flexion 
and extension motions (Figure  5c). The textile-based pneu-
matic glove shows good foldability and conformability, and is  

Adv. Funct. Mater. 2022, 2210351
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promising for helping people with hand limitations to grasp 
objects upon pressurization (Figure  5d,e). To quantitatively 
analyze the grasping capacity of the pneumatic glove, the 
grasp pressure of the glove is estimated by grasping a plastic 
soft material (such as plasticine). Briefly, a healthy participant 
who wears the glove first move the hand toward a plasticine 
cylinder with compression modulus of ≈17.5  kPa (Figure  S18, 
Supporting Information), and then a pressure of 50  kPa is 
supplied to the glove to perform the gripping motion around 
the cylinder while the participant’s hand remains as passive as 

possible. The peak grasp pressure for each finger can be esti-
mated from the maximum strain of the deformed plasticine, as 
shown in Figure 5f. The grasp pressure of the thumb is up to 
4.3 kPa, and a contact force ≈3N can be estimated by the contact 
area of thumb pulp with the maximum deformation (≈7 cm2).  
This force is sufficient to grasp objects up to a weight of 153 g 
under a supplied pressure of 50  kPa for the glove when the 
coefficient of static friction is set to 0.5. In addition, the textile-
based pneumatic actuator can be conveniently designed as 
massage robotics by leveraging a combination of double knit 

Figure 5.  Applications of the trilayer-knit actuators for healthcare assistive wearables. a) Exerting moment Mb of the actuator on a 225 g fake arm as a 
function of supplied pressure. b) Sequence images showing a concept usage of the actuator for wearable mobility aids (scale bar: 10 cm). c) Pneumatic 
glove driven by the trilayer-knit actuators for assisting finger motions. d) Grasping a water bottle with the aid of the pneumatic glove. e) Foldability of 
the textile-based pneumatic glove. f) The maximum contact pressure of each finger when grasping a cylinder with diameter of 6 cm under a supplied 
pressure of 50 kPa. g,h) Massage robotic realized by the gourd-like textile actuator via a combination design of trilayer-knit and double-knit structures 
for pressuring acupuncture points on human arm from Chinese medicine. i) Easy-regulatable pressure output of the massage robotic on the acupunc-
ture points under different supplied pressure.
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and proposed trilayer knit by sewing the two pieces of fabrics 
on both sides of the actuator’s axial direction using PET yarns 
(Figure  S19, Supporting Information). The different deforma-
tion features of the double knit and trilayer knit result in a con-
cavo–convex morphology of the actuator to form acupuncture 
points upon inflation (Figure  5g), forming an array to imitate 
the physical therapist for acupressure (Figure 5h). Furthermore, 
it also shows great potential for developing standard massaging 
devices because the massage intensity can be regulated and 
tuned by simply changing the supplied pressures (Figure  5i), 
suitable for personal healthcare.

3. Conclusion

Inspired by the motion behavior and anatomy of caterpillar, 
customizable and reconfigurable textile-based soft actuators 
with superior actuation performance, mechanical robustness, 
easy-programmable motions, and human-tactile comfort are 
designed and demonstrated. Theoretical modeling and simula-
tion confirm the important role of the hierarchical textile design 
and anisotropic mechanics of trilayer-knit architectures, which 
allows us to rapidly program, fabricate and realize various 
actuators, thereby coupling the actuators with multiple motion 
styles to produce adaptive soft robotics, such as grippers. A 
great value of the high-performance trilayer-knit actuators for 
portable healthcare wearables with safer, more comfortable, and 
practical features is demonstrated. Our concept presented here 
can also be applicable to other multifunctional wearables that 
need variable stiffness and anisotropic mechanical behavior.

4. Experimental Section
Materials: PU filament (diameter = ≈145 µm; 40 denier) used for the 

core materials of the boucle fancy yarns in this study was purchased 
from Zhuji Likun Chemical Fibre Co Ltd, China. PET roving of 364 tex 
was used for the fabrication of the twisted sheath materials of the boucle 
yarns and for the manufacturing of strain-limiting yarns, respectively. 
Silicone film with thickness of 0.3  mm and shore hardness of 25 was 
used as inner bladders to prevent air leakage.

Spinning of the Boucle Yarn and PET Yarn: The boucle fancy yarns 
with the core of PU filament and the sheath of twisted PET fibers were 
spun using a ring-spinning machine (HJ-JN001, Wuxi Hengjiu Electric 
Technology Co. Ltd, China). Briefly, the PET roving of 364 tex was fed 
into the back roller and PU filament of 40 denier was fed from front roller 
of the ring-spinning machine to produce 15 tex sheath-core boucle yarn 
with a twist factor αtex = 340 at inserted Z-twisted twists of 870 per m. 
The total draft ratio is set to 25, where the back daft ratio is 1.2. The 
PU filament is fed under an applied tension which induces a draft ratio 
of ≈3.5. The spindle speed is set to 8000  rpm, and roller diameter of 
25 mm ×  25 mm ×  25 mm and roller gauge of 18 mm ×  38 mm were 
used. The relative humidity is kept above 65  ±  2% during the yarn 
spinning process. Similarly, the PET roving was fed into draft zone of the 
ring-spinning machine under a total draft of 24 to produce 15 text single-
helical PET yarn, followed by the doubling process, and applying S-twist 
using a two-for-one twister to produce double-helical PET yarn.

Fabrication of the Trilayer Knit: The trilayer knit was fabricated on a 
two-needle-bar knitting machine (KSC-132, Jinlong Technology Co. 
Ltd, China) with a gauge of 16 and knit width of 132 cm (52  inch). The 
boucle yarns and PET yarns were used as loop yarn and laying-in yarn, 
respectively. The boucle yarns were hooked by the front and back knitting 
needle at intervals to interlace with each other to alternatively form the 

front and back loops, and the PET yarn was embedded between loop 
pairs with the needle position of 0.00P. Due to the contraction of boucle 
yarn, the actual wale density is measured as 70 per 5 cm, a little higher 
than the theoretical value. The interval stitches of the trilayer knit can be 
optimized to enhance the stability in course and maintain the elasticity 
in wale.

Fabrication of the Actuator: The shell of the actuator was produced 
by cutting the trilayer knit into 50 mm × 200 mm rectangle shape and 
sewing the sample into a 3D tube using the self-spun PET yarns. The 
flat seam was selected for sewing the tube because the stitches have 
low deformation along the sewn direction, and thus sewn-in PET yarn 
is leveraged as the strain limiting yarn to achieve bending actuation 
of fabricated actuator. Then a silicone bladder with diameter of 16 mm 
and length of 200  mm was inserted into the tube. The lids of plastic 
polylactic acid (PLA) for sealing the both ends of the bladder were 
manufactured using a 3D printer (Allcct-Mars2). The basic dimension 
of the lids is illustrated in Figure S20 (Supporting Information). The lids 
are glued to the bladder at the edge of the end and further tied with the 
knit tube by cable ties to avoid any possible air leakage.

Characterization: An electronic universal tester (AGS-X, Shimadzu, 
Japan) was used to test the tensile properties of yarn with a gauge 
of 100  mm and testing speed of 250  mm  min−1. A Meters CMT6103 
tester (MET, USA) was used to measure the tensile properties of the 
knitted fabrics. In the tensile measurements, samples were clamped at 
a distance of 100 mm and stretched at a test speed of 100 mm min−1. 
The morphological structure of the knitted fabric was observed using 
an optical digital microscope (VHX5000, KEYENCE, Co., Ltd, Osaka, 
Japan). The blocking force of the actuator was measured by an electronic 
balance (FA2004N). The trajectory of the actuator tip in the X, Y, and Z 
directions was captured by a set of digital cameras and drawn with the 
aid of Tracker software (Avanquest USA LLC). KEITHLEY DMM6500 was 
used to measure the pressure exerted by the actuator on the object. A 
high-speed camera (Micro LAB-110, Ametek, USA) was used to capture 
the movement of the actuator after pressurization. In order to quantify 
the actuation performance of actuators, the bending actuation strain 
(Bas), and power density (PD) were defined as:

max,two-end

actuator
Bas

L
θ

= � (4)

actuatorP
m G h

tVD = ∆ � (5)

where θmax,two−end is the maximum bending angle measured from 
the tangent line of the two ends of the actuator, Lactuator is the length 
of the actuator, mactuator is the mass of the actuator, G is gravitational 
acceleration, Δh is vertical displacement of actuator barycenter, V is the 
inflated volume of actuators, and t is the actuation time.

In wearable study, informed consent forms were signed by 
participants and no formal approval from institutional authorities was 
required.

Statistical Analysis: The quantitative data with error bar are 
represented by mean  ±  S.D. based on at least three replicates unless 
stated otherwise. Statistical analysis was conducted on Origin 2018 or 
Microsoft Excel 2019.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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