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A B S T R A C T   

Human skin, especially the skin above rotating joints, has numerous creases and folds, so it can stretch and shrink 
with the movement of the musculoskeletal system. When we bend our fingers or elbows where there are joints, 
not only the rotating of bone joints occurs but also obvious stretching of the covered skin. However, most designs 
of soft actuators for wearable rotation-assistance of joints do not take into account these bending and stretching 
coupled deformations but focus only on the bending deformations. This situation results in different degrees of 
buckling of soft actuators when bending with joints due to inconsistencies in deformation. This study demon-
strates detachable pneumatic soft actuators (DPSAs) in a single design for wearable fabrics capable of generating 
self-adaptive bending and extending deformation when rotating the joint. The DPSA is that of a pneumatic soft 
linear actuator with temporary bonding fasteners uniformly distributed to one side of the soft actuator. The 
bonding fasteners enable the DPSA to easily attach to the stretchable fabrics and further to conformably fit the 
joints of the human body. The self-adaptability of DPSAs enables the fabrics to not only actively rotate the human 
joints but also passively accommodate large skin stretches, without buckling even at large offset distances. 
Moreover, DPSAs in a single design are capable of good interchangeability and reusability supported by tem-
porary bonding fasteners. Applications for both robotic glove and elbow assistance are finally demonstrated by 
utilizing identical DPSAs.   

1. Introduction 

The market for wearable devices, especially the need for mobility 
assistance and rehabilitation, is growing rapidly due to aging and related 
diseases such as stroke [1–4]. These wearable devices are capable of 
providing external mechanical forces to assist the desired joint move-
ment of users. Conventional exoskeletons serving as the external bones 
of the user are mainly composed of orthotic materials such as plastic and 
metal, which are compact but heavy and uncomfortable to wear. They 
also require the complex design of joints to customize for the individual 
user. In contrast, soft robotic wearables made of soft and smart materials 
to serve as external muscles are inherently compliant, flexible, and light 
in weight for better wearing comfort [5]. In addition, soft robotic 
wearables are capable of generating large deformations in various mo-
tions, such as bending, extending, and twisting. This flexibility creates 
numerous possibilities for applications [6–9]. 

Soft wearables for mobility assistance can be roughly divided into 
two types based on the relative positions of the wearables on the joints. 
One is fixed under the joint, and the other is attached to the outer surface 

of the joint. Several problems arise when soft wearables are located 
beneath the joint [10–14]. Due to their positions within the range of 
motion of the joints, they can hinder the movement, especially for 
bending motions such as making a fist or bending the elbow. Addi-
tionally, these soft wearables may interfere with perception by covering 
texture receptors on the fingertips and palms. On the other hand, 
attaching to the outer surface of the joint largely alleviates the problems 
above. This situation includes many actuation types, such as shape 
memory alloy (SMA)-based soft actuators [15–18] and pneumatic soft 
actuators [19–28]. Attaching the soft actuators to the outside surface of 
the bending mechanism introduces an offset distance between the 
neutral planes of the structures. The offset distance results in these soft 
actuators containing constraining layers that buckle and cannot bend 
due to the insufficient extending deformation being inconsistent with 
the stretch of the skin over joints [22–28], especially when large, 
non-uniform stretches occur (Fig. 1A and 1B). Therefore, the inconsis-
tency between the actuator and the joints makes these soft bending 
actuators seldom used in applications with large offset distances, such as 
elbow joints. 
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Soft wearables with actuators segmented by the positions of multiple 
joints can have better coupling with body parts but cannot fundamen-
tally solve the issues described above [29–31]. In addition, it is 
time-consuming to redesign and refabricate for different sizes of body 
parts. Therefore, there is a need to design self-adaptive wearables that 
are not affected by either the size or shape of human joints. Another 
need is for a single design for soft wearables capable of multiple appli-
cations to greatly reduce the cost. Further advantages of a single design, 
such as interchangeability and reusability, can be accomplished by 
introducing a dismountable design. A dismountable design can be ach-
ieved by using temporary bonding fasteners [32], popular in clothing to 
replace buttons or zippers, as a temporary bond to attach the soft ac-
tuators to the desired positions. 

To address these issues, this study describes a design for self-adaptive 
wearables that are not affected by either the size or shape of human 
joints, and that enables multiple applications with a single design. The 
design was accomplished by conglutinating the small-sized temporary 
bonding fasteners evenly and discretely to one side of a single type of 
commonly used pneumatic soft linear actuator to form the detachable 
pneumatic soft actuators (DPSAs). The bonding fasteners enable the 
DPSAs to conformably attach to the surface of the human joints via 
stretchable fabrics, thus to produce self-adaptive bending-extending 
deformation for multiple wearable applications. After wearing the fab-
rics to the joints and attaching the DPSAs, the bonding interface between 

DPSAs and the fabrics automatically becomes the discontinued con-
straining layer. The DSPAs utilizing the discontinued constraining layer 
enable the fabrics to be capable of actively deforming to rotate the body 
joints and also passively adapt to the large stretches of the skin caused by 
joint motion. Moreover, the temporary bond allows identical DPSAs to 
be reutilized for different applications and to easily replace failed ac-
tuators. Finally, identical DPSAs were introduced to the design of both a 
robotic glove and elbow assistance. 

2. Design and fabrication 

Flexion of the human joints causes significant stretching of the skin. 
Experimental data show that the stretching of the skin is uneven and 
large, and the maximum stretching ratios at a finger joint and an elbow 
joint can reach about 40 % and 60 %. Therefore, it is needed to design 
soft wearable actuators that cannot only provide joint bending force but 
also accommodate the large and uneven stretches of the skin (Fig. 1A 
and B). The proposed basic actuator is a linear actuator in a serpentine 
configuration consisting of alternately arranged flat segments and 
curved segments. Flat segments serve as inflating chambers, and curved 
segments link these segments all together. Under pressurization, flat 
segments inflate and squeeze the adjacent inflated flat segments, which 
leads to a linearly extending deformation of the actuator (Fig. 1C). One 
side of the actuator is attached with uniformly distributed temporary 

Fig. 1. Design and working principle of DPSA with adaptive deformation. (A,B) The skin stretch ratio caused by flexion of the forefinger (A) or the elbow (B) with a 
sample size of five individuals. When the finger flexes (about 178◦) or the elbow rotates (about 138◦), the incremental distance between every two adjacent marks 
along the outer contour of the finger or elbow as the amount of stretching of the skin between the two marks. Scale bars are 30 mm. (C) The cross-sectional view 
shows the soft linear actuator before (top) and after (bottom) pressurization. (D) The RFs on each segment enable the DPSA to be easily fixed on the substrate. (E) The 
nonstretchable substrate enables the DPSA to generate pure bending deformation. (F) The stretchable substrate enables the DPSA to generate the bending-extending 
coupled deformation. (G) Concept application for wearables (fasteners and fabric gloves are not indicated). 
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bonding fasteners as the temporary bond to form the DPSA, which in-
herits the linear actuator’s softness and compliance while being easily 
attached to many substrates (Fig. 1D). 

The temporary bonding fasteners used in this study are reclosable 
fasteners (RFs, Dual Lock, 3 M), and other temporary bonds such as 
hook-and-loop fasteners also work. Once attached to a substrate, the 
DPSA under pressurization can produce bending deformation to the side 
with RFs and adapt well to the stretch of the substrate. That is, an 
unstretchable substrate enables the DPSA to produce pure bending 
deformation, and a stretchable substrate enables the DPSA to produce 
bending and extending coupled deformation (Fig. 1E and F). Further-
more, the discrete RFs enable the DPSA to easily conform to various 
shapes and surfaces. These characteristics of the DPSA cater to the needs 
of wearable devices for motion assistance. As one example of wearable 
gloves, DPSA can adapt well to the stretch of the finger skin when 
bending a finger, that is, DPSA can adaptively bend and extend at finger 
joints but only extend at phalanges (Fig. 1G). 

To design a compact DPSA, the projection of the DPSA in the length 
direction is designed in a squared shape with both height and width 
determined as 10 mm. The gap between the neighbor segments, wall 
thickness, and chamber thickness are all determined as 1 mm (Fig. 1C).  
Fig. 2 shows the main fabrication process of the DPSA. First, the outer 
mold and an inner core made of acrylonitrile butadiene styrene (ABS) 
were fabricated via 3D printing. The inner core was designed with the 
same shape as the air chamber. Then, the inner core was positioned on 
the mold through the locating points, the mold was filled with liquid 
polymer (Dragon Skin 30, Smooth-on), the assembly was covered with 
cover mold, and the assembly was cured at 60 ℃ for 4 h. Afterward, the 
cured assembly was immersed in acetone to dissolve the mold, cover, 
and inner core (Fig. 2A). After that, the holds on the actuator that let the 
acetone flow in and out were patched up with liquid polymer and cured 
again. Finally, the RFs were bonded using adhesive (Sil-Poxy, Smooth- 
On), and a tube was attached to the actuator (Fig. 2B). 

3. Results and discussion 

3.1. Extending deformation of DPSA 

The first experiment was conducted to evaluate the effect of the 
pressures applied to the linear extension rate of the DPSAs. The actuator 
with a length of 140 mm was hung vertically by fixing its one end and 
actuated using pressures ranging from 0 kPa to 90 kPa in increments of 

10 kPa. The results are shown in Fig. 3A for the extension rate of the 
DPSA at different applied pressures. The results show that the extension 
rate goes up along with an increase in the applied pressure, and the 

Fig. 2. Fabrication process of the DPSA. (A) Fabrication of the soft linear actuator. The outer mold and the inner core are assembled, the liquid polymer is poured, the 
liquid elastomer is thermally cured, and then the assembly is fully soaked in acetone to melt both the inner and outer molds thoroughly to obtain the soft linear 
actuator. (B) The RFs were bonded to each segment on one side of the linear actuator and a tube was attached to the actuator. 

Fig. 3. Performance evaluations of the extending deformation. (A) The elon-
gation of the DPSA (without substrate). The variable l0 is the length of the 
vertically hung actuator at 0 kPa, and l is the length of the extended actuator 
under pressurization. The inset shows the elongation of the DPSA at 90 kPa. (B) 
The linear blocking force of the DPSA (without substrate) at different extension 
rates. The inset shows the experimental setup. Scale bar: 30 mm. 
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increase rate gradually slows down. The results also show that the 
applied pressure of 90 kPa results in a corresponding extension rate of 
112 %, that is, more than double its original length. 

The following experiment was conducted to measure the extension 
force of the DPSA. The actuator with the fixed bottom end was placed 
vertically inside a cylindrical tube to guide the actuator to extend 
straight upward. The other end of the DPSA before pressurization is 
directly against a solid bar rigidly fixed to a load cell (SMT1–5 N, 
Interface) with positions controlled by a universal tensile tester (AGS-X 
Series, Shimadzu). The DPSA was first pressurized at a constant pressure 
of 90 kPa, and then the load cell slowly moved upward at 3 mm/s, which 

is slow, in order to ensure that the actuator can be fully inflated at any 
instantaneous position. The force measured by the load cell is recorded 
in Fig. 3B, and the results show that the extension force starting at 3.3 N 
without extension significantly decreases as the load cell goes upward 
until 0.78 N at an extension rate of around 20 % and then slightly 
decreased afterward until 0.34 N at 100 %. 

3.2. Bending–extending coupled deformation of DPSA 

A key feature of the DPSA is that it can adapt to stretchable sub-
strates. A method is demonstrated to measure the deformation of the 

Fig. 4. Performance evaluations of the bending–extending coupled deformation. (A) The radius of the curvature of the bending deformation of the DPSA with 
different substrate elongations at various applied pressures. The inset shows the experimental setup. (B) Photographs of the deformation of DPSA with a substrate 
elongation of 0 %, 30 %, and 50 % at 30, 40, 50, and 60 kPa, respectively. (C) Blocking forces of the DPSA with a substrate elongation ranging from 0 % to 50 % in 
increments of 10 % at 90 kPa. (D) Photographs of the deformation of the hinges with attached DPSA at an offset distance of 2 mm, 10 mm, and 20 mm at various 
applied pressures. (E) Bending angle of the hinge under various offset distances of DPSA at various applied pressures. (F) Torque-angle relationship of the hinge under 
various offset distances. All scale bars are 30 mm. 
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DPSA to different stretchable ratios of the substrates, and the schematic 
of the experimental setup is shown in the inset in Fig. 4A. A rigid fixer 
with a small hole is attached to each fastener of the DPSA, and they were 
threaded with a nylon string along the longitudinal direction of the 
DPSA. Extension of the DPSA is limited ranging from 0 % to 50 % in 
increments of 10 % by manually adjusting the location of the stopper at 
the end of the string. During the test, the DPSA initially extended 
straight as pressure increased and then started to bend after reaching the 
stopper. The experiments were conducted on a horizontal flat surface to 
exclude the effect of gravitational force. Results show that the DPSA can 
adapt to substrates with different stretchable ratios to obtain the cor-
responding deformation (Fig. 4B). Results also show that a larger 
extension ratio will result in a larger radius of bending curvature at a 
specified pressure, and a larger pressure will result in a smaller radius of 
bending curvature at a specified extension ratio (Fig. 4A). 

The blocking forces of the DPSA were also measured. The experiment 
was conducted for tip deflections of DPSA, at 90 kPa, varying from 0 mm 
to 25 mm by adjusting the height of the load cell in increments of 5 mm. 
One end of the DSPA is fixed and the whole actuator is placed on a 

smooth plate to neglect the effect of the friction on the extending 
deformation of the DSPA. The schematic of the experimental setup is 
shown in the inset of Fig. 4C. When inflating the DSPA, the force 
generated by the free end along the vertical direction is measured and 
plotted in Fig. 4 C. The results show that a larger extension leads to a 
smaller blocking force, and the blocking force decreases rapidly as the 
deflection increases. 

One application for accommodating stretchable substrates in wear-
ables is that the soft actuators can be attached to body joints at different 
offset distances. This capability of the DPSA was evaluated by attaching 
an actuator with a length of 70 mm to rigid hinges with different offset 
distances (i.e., vertical distances from the joint center to the surface 
where the DPSA is attached) as 2 mm, 10 mm, and 20 mm. The rigid 
hinge consists of two links, and a joint is hung vertically by fixing the 
upper link. Both ends of the DPSA were fixed to the two links via RFs, 
respectively, and the actuator together with the links was winded by a 
nylon line to prevent it from being distorted sideways. The bending 
deformation of the rigid hinges at different applied pressure is described 
in Fig. 4D. Results show that the amount of the maximum bending 

Fig. 5. Design and performance evaluation of the soft robotic glove. (A) The DSPA with uniformly distributed RF segments (case-1) and the DSPA with a monolithic 
RF sheet (case-2) enables a hinged finger to achieve a maximum bending deformation of about 122.8◦ and 90.8◦ at 90 kPa, respectively. (B) The bending angle of the 
finger changes as the applied air pressure increases in both cases. (C) Torque measurement related to the topmost joint of the finger at different applied pressures. (D) 
Schematic of DPSAs easily bonding to or separating from the desired fabrics worn by the body parts for reuse and exchange. The inset shows the corresponding 
operation. (E) Fabric glove with bonded DPSA on each finger. (F) Grasping hollow cylinder with a diameter of 50 mm using the DPSA glove installed with force 
sensors. (G) Pressure map of grasping the cylinder. (H) Grasping an egg, a tomato, and a bottle half filled with water by wearing the glove. All scale bars are 20 mm. 
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deformation is inversely proportional to the magnitude of the offset 
distances, where the bending angles are 158.5◦, 123.7◦, and 70.1◦ at 90 
kPa for an offset distance of 2 mm, 10 mm, and 20 mm, respectively 
(Fig. 4E). The torque of the hinge at the different bending angles at 90 
kPa was also measured by placing the same load cell each time 
perpendicular to the link that can rotate. The torque was calculated by 
multiplying the distance between the joint center and the load cell, and 
the amount of force was measured by the load cell. The results show that 
the torque decreases as the bending angle increases, and the maximum 
torques obtained at the initial position were 74.7 N⋅mm, 62.6 N⋅mm, 
and 27.9 N⋅mm for an offset distance of 2 mm, 10 mm, and 20 mm, 
respectively (Fig. 4F). 

3.3. Application to a soft robotic glove 

The proposed DPSA allows for attaching to the dorsal side of the 
joints of the human body through stretchable fabrics, such as finger and 
elbow joints, and accommodating to body movements via adaptive 
bending and extending deformation. The fabrics are sewn with many 
evenly distributed small pieces of RF. When wearing these fabrics, 
DSPAs can be directly bonded to the fabric covering the skin through its 
RFs or can be separated from the fabric through shearing force. A single 
DSPA with evenly distributed RF segments (case-1) was attached to a 
finger structure with three joints mimicking a human finger (Fig. 5A). 
Upon pressurization at 90 kPa, the DSPA enables the finger structure to 
reach a bending deformation of about 122.8◦. As a comparison, a DSPA 
with a monolithic non-stretchable RF sheet (case-2) was attached to the 
same finger structure, which results in a bending deformation of about 
90.8◦, that is, the deformation is lost by 26.1 % (Fig. 5B). The torque of 
the finger structure at a zero bending angle was also measured using a 
similar experimental setup for the torque test of the DPSA. The results 
show the torque generated by the finger increases as the applied air 
pressure increases (Fig. 5C). Moreover, the torques generated by the 
DSPA of case-1 and case-2 are around 0.09 N⋅m and 0.04 N⋅m, that is, 
the torque produced by case-1 is 2.25 times that of case-2. Overall, when 
attached to joints, the DSPA with evenly distributed RFs can produce 
significantly more bending deformations and torques than the one with 
a monolithic non-stretchable RF sheet. 

Five DPSAs were then applied to the design of a soft robotic glove 
where a DPSA is fixed on each finger of the glove by RFs. The glove is 
made of moderately stretchy fabric, and the RF is cut into small pieces 
and sewn evenly on the dorsal side of the glove’s fingers (Fig. 5D and E). 
The DPSAs can easily bond to or separate from the desired fabrics for 
reuse and exchange. To measure the magnitude of the force from the 
glove applied to static objects, a hollow cylinder with a diameter of 
50 mm was selected as the target object to simulate grasping the actual 
object because a hand can easily hold more than half the circumference 
of the cylinder (Fig. 5F). A total of eighteen force sensors (DF9–40, 
Leanstar) were attached to the ventral side of the glove, and these sen-
sors were located at the phalanges and the upper part of the palm that 
come into contact with the grasped objects. Fig. 5G depicts the corre-
sponding pressure map at 90 kPa for grasping the cylinder with the only 
force generated by the DPSAs. Most pressures ranging between 1.3 N 
and 1.8 N were located in the front part of the fingers, which is also the 
part that mainly comes into contact with the grasped object. To enhance 
the friction between the glove and objects, a thin layer of elastomer 
membrane (Ecoflex 35, Smooth-on) was attached to the tip of the glove 
fingers. The grasping performance was also evaluated by wearing the 
glove to grab different objects, including a raw egg (60 g), a tomato 
(150 g), and a cup of water (250 g) (Fig. 5H). 

3.4. Application to elbow assistance 

To further demonstrate the performance of the DPSA, parallelized 
DPSAs for high-force generation were used to bend an elbow-like 
mechanism with a larger offset distance. An elbow-like mechanism 

with the real scale was fabricated and put on an elastic armband with 
sewed RFs. Instead of sewing a whole piece of RF onto the armband, the 
RFs were distributed evenly and discretely on the band in pixelated 
small pieces. Then, a total of eight DPSAs in parallel in the longitudinal 
direction were attached to the armband (Fig. 6A). Under pressurization, 
the eight parallelized DPSAs enable the arm to bend around 90◦ at 90 
kPa (case-1) (Fig. 6B). As a comparison, the eight parallelized DPSAs 
were then attached to the elbow joint through a monolithic RF sheet 
(case-2), which results in a very small bending deformation of about 2.5◦

(Fig. 6C). Fig. 6D further shows the bending angle of the arm to the 
applied pressure for both cases. The results show that as the applied 
pressure increases, the bending angle of the robotic arm for case-1 also 
increases, and it can be approximated as no bending deformation occurs 
for case-2. Compared with the small deformation of the finger structure, 
the arm hardly has any bending deformation, because a much larger 
offset distance results in these soft bending actuators containing non-
stretchable constraining layers that buckle and cannot bend due to high 
inconsistency between the stretch of soft actuators and that required by 
the skin. 

The torque of the robotic elbow at a zero bending angle was also 
tested using a similar experimental setup for the torque test of the DPSA. 
The results show there is a positive correlation between the applied 
pressures and the generated torque, and the maximum torque for case-1 
at 90 kPa was about 0.41 N⋅m (Fig. 6E). However, it is worth noting that 
the total torque was less than the value of the number of DPSAs multi-
plied by the torque of one actuator. That is because, due to the round 
cross-section of the mannequin arm, the DPSAs placed on the side 
cannot directly deliver all their forces to bend the arm. That is, the force 
generated by the actuators on the side is not in the plane of motion of the 
robotic elbow, so only their vertical force components contribute to the 
bending deformation, as shown in the inset in Fig. 6B. 

4. Conclusions 

In summary, this study demonstrated a DPSA with the purpose of 
improving a soft actuator’s adaptability, conformality, and usability for 
wearable applications. The DPSA was formed by bonding RFs uniformly 
distributed to one side of a soft linear actuator. The RFs enable the 
DPSAs to be easily attached to the fabrics to provide a conformal fit to 
the user’s body part. The fabrics attached with DPSAs, through evenly 
distributed RF segments instead of a single piece of RF, are capable of 
not only actively deforming to flex the body joints efficiently but also 
passively adapting to the stretching deformation of the skin caused by 
joint motion. Accordingly, the DPSA is not constrained by the offset 
distance between the joint and the DPSA. The user can apply it for a 
broadened application range. Moreover, the high-force requirement can 
be satisfied by using parallelized DPSAs. In addition, DPSAs in a single 
design supported by temporary bonding fasteners are capable of good 
interchangeability and replaceability to reduce the complex design 
process and save fabrication costs. As demonstrations, wearable fabrics 
with DPSAs were designed for both the soft robotic glove and elbow 
assistance. Although the great differences in the joint dimensions of the 
finger and elbow resulted in obvious offset distances, the DPSAs bent 
them successfully, even when a single design was used. Future work will 
focus on optimizing the structural design of DPSAs and improving their 
pressure resistance to output a stronger actuating force for even more 
practical applications. 
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