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Abstract: This study proposes a soft pneumatic actuator with adhesion (SPAA) consisting of a top
fluidic-driven elastic actuator and four bottom adhesive pads for adhering to large cylinders. Finite
element models were developed to investigate the bending properties under positive air pressure and
the effect of “rib” height on the flexural rigidity of the SPAA. A synchronous testing platform for the
adhesive contact state and mechanics was developed, and the bending curvature and flexural rigidity
of the SPAA were experimentally measured relative to the pressure and “rib” height, respectively,
including the adhesion performance of the SPAA with different rigidities on large cylinders. The
obtained results indicate that the SPAA can continuously bend with controllable curvature under
positive air pressure and can actively envelop a wide range of cylinders of different curvatures. The
increase in the “rib” height from 4 to 8 mm increases the flexural rigidity of the SPAA by approximately
230%, contributing to an average increase of 54% in the adhesion performance of the SPAA adhering
to large cylinders. The adhesion performance increases more significantly with an increase in the
flexural rigidity at a smaller peeling angle. SPAA has a better adhesion performance on large cylinders

f.f,‘fﬁtfeosr than most existing soft adhesive actuators, implying that is more stable and less affected by the
Citation: Wang, L.; Jiang, Q.; Weng, curvature of cylinders. To address the low contact ratio of the SPAA during adhesion, the optimization
Z.; Yuan, Q.; Wang, Z. Effects of designs of the rigid—flexible coupling hierarchical and differentiated AP structures were proposed to
Flexural Rigidity on Soft Actuators increase the contact ratio to more than 80% in the simulation. In conclusion, this study improved
via Adhering to Large Cylinders. the adhesion performance of soft adhesive actuators on large cylinders and extended the application
Actuators 2022, 11,286. https:// scope of adhesion technology. SPAA is a basic adhesive unit with a universal structure and large
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grippers use normal and frictional forces to grip objects. If an object is relatively smaller
than the gripper, the gripper can envelop the object to form a shape closure that holds it;

however, when the object is relatively larger than the gripper, the gripper squeezes the
surface of the object to generate frictional forces and grips to lift the object while relying
on the resultant force of normal squeezing and tangential frictional forces. In this case, the
component force of each squeezing force is vertically downward, and this tends to push
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have been employed in grippers [2]. Vacuum adsorption can provide a significant lifting
force on non-porous objects; however, it is unsuitable for low-pressure and underwater
environments [4]. Electrostatic adhesion can produce active adhesion on smooth and
rough surfaces; however, it has a limited performance on non-metallic objects and requires
additional control infrastructure to provide kV level high voltages [5]. Gecko-like dry
adhesions rely on the van der Waals force generated by the close contact between the
gecko-inspired micro-structured surface and the target to maintain adhesion. Moreover,
various adhesive grippers have been developed for different applications.

According to the working conditions requirements, the adhesive gripper is assembled
using several adhesive actuators; therefore, the mechanical properties of an adhesive actua-
tor directly determine the operating performance of the gripper. For instance, rigid grippers
assembled using two or three rigid planar adhesive actuators [6-9] exhibit excellent grip-
ping performance on flat objects (PCB boards, glass sheets, and silicon wafers) but are not
suitable for curved objects (cylinders); while soft grippers assembled using tendon-driven
under-actuated adhesive actuators [5,10-12] or fluid-driven elastic actuators [13,14] exhibit
excellent performance in gripping cylinders. However, the lifting capacity of soft adhesive
grippers when adhering to cylinders decreases obviously with an increase in the radius of
the cylinder. For adhering to large cylinders, the structural rigidity evidently affects the
performance of the adhesive actuator/unit [4,15]. Although the inherent compliance of soft
adhesive actuators can increase their adaptability to a wide range of targets of different
sizes, they also reduce their structure rigidity, which is essential for maintaining adhesion,
thereby reducing the peak adhesion performance [16,17]. By embedding photoresistant
materials with a high elastic module into an elastic adhesive unit, the adhesion force can be
enhanced [18]. In addition, the rigid—flexible adhesive unit can generate a larger area of
adhesion during loading than a single flexible adhesive unit, resulting in a higher normal
adhesion force and the ratio of adhesion force to preload [19]. As to the fluidic—elastic
actuator, it has different flexural rigidity at different positions along its axial direction [13].
Moreover, the effective length of the fluidic—elastic actuator significantly affects the lifting
force of the gripper [20], indicating that the structural stiffness of the actuator can be opti-
mized to improve the performance of the gripper on objects with different curvatures. In
general, the dependence of the adhesion on the structural parameters of the soft actuatoris a
crucial issue. The rigidity of the soft adhesive actuator/unit not only determines the acting
mechanism of the actuator on the underlying adhesion system, but also affects the adhesion
properties of the actuator adhering to the targets. Therefore, to adhere to large cylinders, it
is essential to explore the effect of structural rigidity on the adhesion property of the soft
actuator, which is helpful in guiding the mechanical design and rigidity optimization of
the soft adhesive actuator to improve the adhesion performance on large cylinders.

This study proposes a soft pneumatic actuator with adhesion (SPAA) that combines a
fluidic-driven elastic actuator with a mushroom-shaped microstructured adhesive surface
for adhering to large cylinders. The effect of the flexural rigidity of the SPAA when it
adheres to large cylinders is investigated. Section 2 presents the design of SPAAs with
different bending rigidities and establishes finite-element models (FEMs) to predict their
bending and rigidity properties. Section 3 describes the fabrication of the SPAAs and estab-
lishment of the experimental platform. Section 4 experimentally evaluates the performance
of SPAAs with different bending rigidities when adhering to large cylinders. Section 5
compares SPAAs with existing adhesive actuators and proposes structural optimization
schemes to solve the challenge of insufficient contact through finite element analysis (FEA).
Section 6 provides a brief conclusion and potential areas for future studies.

2. Design and FEMs of the SPAA
2.1. Design of the SPAA
The SPAA (Figure 1a) consists of a top fluidic-driven elastic actuator and four bottom

adhesive pads (Figure 1b). Specifically, the elastic actuator comprises four pneumatic
networks [21,22] (PN, numbered PN1~PN4 from the root to end) connected through the
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inside air channel and an inextensible but flexible layer. As shown in Figure 1c, when a
pressure P applies to the inner side wall of the PN, the resultant force acts on the geometric
center of the side wall. Due to the offset between the resultant force and the inextensible
layer, each PN is subjected to a resultant moment, causing the SPAA to bend to the bottom.
Each PN has a length of 30 mm, a width of 9 mm, a height of 18 mm, and a thickness
of 3 mm. Four adhesive pads (AP, numbered AP1~AP4 from the root to the end) are
equidistantly bonded on the bottom of the SPAA. Each AP consists of the foamed rubber
and a mushroom-shaped microstructured dry adhesive surface [23] with a length of 30 mm,
a width of 10 mm, and a thickness of 3 mm. The SPAA has a total length of 48 mm under
no deformation.
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Figure 1. (a) Design of the SPAA. (b) Schematic illustration. (c¢) Actuation mechanism.

In order to study the effect of the flexural rigidity (EI) of the SPAA when it adheres
to large cylinders, we aimed to obtain a series of SPAAs with significant differences in EI
by changing the geometric parameters of the “rib” (the connection part between two PNs
(Figure 1b)). The reference [21] proposed that the larger the rib width, the lower the EI, but
the effect is not apparent. In this study, the SPAA would generate a slight forced-reverse
bending when adhering to a cylinder, while the pressure on the inner sidewall of PNs
resists this forced bending. In particular, the resistance directly acts on the overlapped part
of the inner sidewall (section I in Figure 1b) and the rib, so we assumed that the area of
this overlapped part has a significant effect on the EI of the SPAA. Finally, we designed
three SPAAs with the rib height & of 4 mm, 6 mm, and 8 mm, and the rest of the geometric
parameters were the same.

2.2. FEMs of the Bending Curvature and Flexural Rigidity

To predict the bending curvature and flexural rigidity of the SPAA under positive pres-
sure, FEMs were established and analyzed using Abaqus/Standard (SIMULIA, Dassault
System, Providence, RI, USA). The hyper-elastic Mooney-Rivlin model [20,24] (C1 = 0.4138,
Co1 = 0.1034, 4 = 2) and the Arruda—Boyce model [25] (1 = 0.5788, Ay = 1.2099) were used
to characterize the top elastic actuator and the bottom foam rubber, respectively.

Figure 2a shows the FEM of the bending curvature of the SPAA. The end of the SPAA
was fixed, and a positive air pressure P (varying from 0 to 100 kPa at 10 kPa intervals) was
uniformly applied to the inner wall. In order to accurately describe the bending state of
the SPAA, we used C1~Cy to characterize the bending curvature of PN1~PN4, respectively.
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We divided the abdomen of the SPAA into four equal parts with five yellow markers
(numbered markerO~marker4 from the root to the end), recorded the simulation results
of the five markers’ coordinates under the SPAA’s bending state, and obtained C1~Cy4
according to C = « /] Where « and /, respectively, represent the central angle and length of
the arc that each PN bends into under positive pressure. Specifically, « can be obtained
by geometric calculation based on the recorded data of markers’ coordinates (the angles
between the connecting line of MarkerO and Markerl~Marker4 and the vertical direction
were numbered as 01~04, respectively, then a1 ~x4 were 201, 2(62 — 601),2(03 — 62),2(04 — 63),
respectively). And / = 12 mm. The simulation results of four PNs” bending curvatures under
the pressures varying from 0 to 100 kPa at 10 kPa intervals (Figure 2b) show that C;~Cy all
increase with an increase in the air pressure, and the relationships are approximately linear
(RE, = 0.9974, RE = 09978, RE, = 0.9963, Rg, = 0.9970). However, C; is obviously
lower than C;~Cj. It is because one side of PN1 is directly fixed to the root, thus limiting the
bending of the PN1. As for PN2~PN4, the bending curvature is similar. Therefore, we used
the mean value of the C;~Cj4 to define the bending curvature C of the SPAA. The simulation
results of bending curvatures of three SPAAs with different rib heights under pressures
varying from 0 to 100 kPa at 10 kPa intervals (Figure 2c) show that bending curvatures of
SPAAs are positively correlated with the pressure, and the relationships are approximately
linear (R3_, = 0.9957, R2_, = 0.9980, R?_¢ = 0.9996). The results indicate that the SPAA
can continuously bend with controllable bending curvature under positive air pressures.
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Figure 2. (a) The finite element model of the bending curvature of the SPAA. (b) The curvature of four
PNs when the SPAA under pressure drive. (c¢) The bending curvature of three SPAAs with different
rib heights under pressure drive. (d) The finite element model of the flexural rigidity of the SPAA.
(e) The flexural rigidity of three SPAAs with different rib heights under pressure drive.
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Figure 2d shows the FEM of the flexural rigidity of the SPAA. Based on the bending
curvature model in Figure 2a, we applied a normal force F = 0.6 N to the end of the
deformed SPAA, recorded the simulation results of the five markers’ coordinates, and
calculated the change of curvature AC of the SPAA before and after the action. According
to reference [21], we defined the flexural rigidity EI = Fd/AC to represent the ability of the
SPAA to resist the bending deformation, where d represents the distance from the root of
SPAA to the force F. The simulation results of flexural rigidity of three SPAAs with different
rib heights under pressures varying from 0 to 100 kPa at 10 kPa intervals (Figure 2e) show
that the flexural rigidity is almost unaffected by the pressure, but is significantly affected
by the height of rib. When the height of the rib increases from 4 to 8 mm, the mean value
of the flexural rigidity increases from 6440 to 14,090 N-mm?, an increase of 120%, which
is much higher than the 10% increase in the flexural rigidity generated by decreasing the
width of the rib from 3 to 0.8 mm [21]. The results indicate that it is theoretically reasonable
to significantly increase the flexural rigidity of the SPAA by increasing the height of the rib.

3. Experimental Setup for Characterizing the Performance of the SPAA
3.1. Fabrication of the SPAA

The top elastic actuator was integrally formed by flexible 3D printing using SLA tech-
nology, which is simpler and more efficient than conditional pouring processing methods.
The machine used is Form3 (Formlabs, Boston, MA, USA). The material used is flexible
resin elastic 50 A with an elastic modulus of 2.89 MPa and a hardness of 50A after cur-
ing [26]. The foam rubbers were equidistantly attached to the bottom of the actuator using
a 3M tape, and the dry adhesive surfaces [23] were attached to the foam rubbers. Three
SPAA samples with rib heights of 4, 6, and 8 mm are shown in Figure 3d.

\ - . . -
\ Vertical rail SARHEE b
\ ’ i Force Pressure
| ’ i sensor regulator

Horizontal rail -

1 \ ¢=

TopView |

Figure 3. Experimental setup. (a) The synchronous testing platform. (b) Assembly layout of the
SPAA, the six-dimensional force sensor and the pressure regulator. (c) Three acrylic semi-cylinders
with radii of 100 mm, 150 mm and 200 mm. (d) Three SPAA samples prepared by 3D printing and
their structural parameters.
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3.2. Setup of the Synchronous Testing Platform

The synchronous testing platform of adhesive contact state and mechanics, as shown
in Figure 3a, was built to evaluate the deformation, rigidity, and adhesion-peeling perfor-
mance of the SPAA on large cylinders. The SPAA was fixed on a two-axis mobile platform
that can move at any angle within 0~100 mm/s in the plane through a rigid cantilever beam.
A six-dimensional force sensor (NBIT, Nanjing, China) was installed between the SPAA and
the cantilever beam to record the force value during the SPAA adhering to cylinders. The
force sensor has a force range of £100 N, a moment range of +5 N-m, and a resolution of
0.10% F-S. A manual pressure regulator (ZKAY, WuXi, China) that can continuously adjust
the pressure in the range of 0~0.2 MPa was series connected in the gas circuit to adjust the
driving pressure. In order to avoid the pressure pulsation caused by the sudden change of
pressure, a lower pressure regulation speed was adopted. The digital indicator showed the
internal pressure value of the SPAA in real-time with a resolution of 1 kPa (Figure 3b). The
smooth and light-transmitting acrylic cylinder with LED light strips illuminating the edges
(Figure 3c). According to the principle of frustrated total reflection [27], the area where
the SPAA contacts the cylinder generated a facula with a significantly higher brightness
than the non-contact area, which is convenient for extracting the contact area by computer
graphics processing. The large cylinders with a radius of approximately two (R = 100 mm),
three (R = 150 mm), and four times (R = 200 mm) of the length of the SPAA were selected
for SPAAs to adhere to. Markers were drawn with a highlighter on one side of the SPAA in
order to extract the coordinate information of Markers through computer graphics process-
ing to calculate the bending curvature of the SPAA. Two high-speed cameras were placed
on the front and side of the platform, respectively. The front recorded the bending and
contact states of the SPAA, and the side recorded the distribution of the contact area.

4. Results
4.1. Bending Curvature and Flexural Rigidity

Figure 4a shows the bending state of three SPAAs with rib heights of 4, 6, and 8§ mm at
0, 50, and 100 kPa, respectively. With the increase in pressure, three SPAAs all bend toward
the bottom, and the curvature increases. Figure 4b shows the experimental results of the
bending curvature of three SPAAs at pressures varying from 0 to 100 kPa at 10 kPa intervals.
It is obvious that the bending curvatures of three SPAAs are positively correlated with the
pressure, and the relationships are approximately linear (R?_, = 0.9953, RZ_, = 0.9982,
R%ZS = 0.9995). When P = 100 kPa, with an increase in the rib height, the bending
curvatures of three SPAAs reach 25.4,21.2, and 16.5 m™1, respectively. It can be verified
that the SPAA can continuously bend under positive air pressure drive and the bending
curvature is controllable. Compared to the rigid [9,28] or under-actuated [10] soft actuators,
SPAAs can actively envelop a wide range of cylinders with different curvatures. The
simulation results in Figure 2c deviate within 7% of the experimental results.

Figure 4c shows the test flow of SPAA’s flexural rigidity, which is similar to the FEM
in Figure 2d. Figure 4d shows the experimental results of the flexural rigidity of three
SPAAs under pressures varying from 0 to 100 kPa at 10 kPa intervals. The rigidity increases
when the rib height increases but remains almost constant when the pressure increases.
As the rib height goes up from 4 to 8 mm, the flexural rigidity of the SPAA increases from
6125 to 13,300 N-mm?, an increase of 117%, demonstrating that it is more reasonable to
significantly increase the flexural rigidity of the SPAA by increasing the rib height than
decreasing the rib width [21]. The above experimental and FEM results in Figure 2 have
the same trend with a high degree of agreement, and the deviations are all within 10%.
Therefore, the FEMs in Section 2.2 can predict the mechanical properties of SPAA.
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Figure 4. (a) The bending state of three SPAAs with rib heights of 4 mm, 6 mm, and 8 mm at 0 kPa,
50 kPa, and 100 kPa, respectively. (b) The experimental results of the bending curvature of three
SPA As with different rib heights under pressure drive. (c) The test flow of SPAA’s flexural rigidity.
(d) The experimental results of the flexural rigidity of three SPA As with different rib heights under
pressure drive.

4.2. Contact State and Mechanical Properties

Figure 5a presents the flow of the adhesion-peeling performance test of the SPAA.
(1) Approach: the SPAA approaches the cylinder fixed vertically at 0.15 mm /s horizontally.
(2) Preload: AP1 comes in contact with the cylinder while the SPAA approaches. When
the preload reaches 1 N, the SPAA stops moving. (3) Adhesion: the SPAA contacts and
adheres to the cylinder gently as the air pressure increases slowly. (4) Peeling: the SPAA
peels off from the cylinder at a speed of 0.15 mm/s with release angles 6}, of 90°, 60°, and
30°. (5) Separate: the SPAA stops moving until it separates from the cylinder completely.
The left pictures of the five stages are the images captured by the side camera. The four
white dotted boxes from top to bottom are the areas of AP1~AP4. The bright spots in dotted
boxes represent the contact areas (based on the principle of frustrated total reflection in
Section 3.2). The right pictures are the images captured by the front camera.

The bending state, contact area, and adhesion force of the SPAA were recorded simulta-
neously during the whole test. Figure 5b shows a typical curve of tangential adhesion force
(Ft), normal adhesion force (Fyp) of the SPAA, and contact areas of four APs (Sap1~Sap4)
versus the time. During the preload, only AP1 contacts the cylinder and generates a normal
squeezing force of approximately 1 N. During the adhesion, AP2, AP3, and AP4 are in
contact with the arc surface orderly as the air pressure increases. Meantime, the SPAA
exerts a small tangential adhesion force to the cylinder away from the root. It is mainly
because the inextensible layer of the SPAA inevitably generates a slight tensile deformation
during the expansion of the SPAA. During the peeling, the SPAA does not peel off the
cylinder once, but generates two peeling processes. In the first peeling, the F; and F,, go
up and Sap1~Saps go down synchronously. When the F; and F,, reach the peak, they fall
back rapidly, Sap1~Saps drop to zero at the same time. In the second peeling, the F; and Fp
increase again but at a slower rate, together with the slight decrease in the Spps. When the
Fi and F;, reach the peak, F;, F,,, and Saps drop to zero at the same time.
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Figure 5. (a) The flow of the adhesion-peeling performance test of the SPAA. (b) A typical curve of
tangential adhesion force (F¢), normal adhesion force (Fp) of the SPAA, and contact areas of four APs
(Sap1~Sapa) versus the time.

4.3. Adhesion-Peeling Performance on Large Cylinders

Figure 6 presents the experimental results of the contact area of four APs (Sap1~Sapa)
during the adhesion stage. Obviously, the Sap, increases the most with an increase in
the rib height. As the rib height increases from 4 to 8 mm, the contact ratio of the end
region increases from 40% to 70%, indicating that a higher rib of the SPAA benefits a more
sufficient contact. A low standard deviation means that the contact area state of each AP
is little affected by the curvature of the cylinder. We also found that AP3 has the lowest
contact area with a 15% contact ratio, indicating that the adhesion performance of the area
near AP3 is also lower than that of other APs.
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Figure 6. The experimental results of the contact area of four APs (Spp;~Saps) during the adhesion
stage of three SPAAs.
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Figure 7 presents the peak forces of F; and Fy, in the first and second peelings of three
SPAAs with different rib heights, and defined as F; peak1, Fn_peak1, Ft_peak2, and Fi_peaka,
respectively (Figure 5b). It is evident that with the rib height of the SPAA increasing, the
peak adhesive forces show an upward trend. As the rib height increases from 4 mm to 8 mm,
the forces Fiy_peak1 and Fiy_peak2 stabilize in the range of 7~10 N and 2~6 N, respectively, and
increase slowly. The tangential adhesion force also increases with the rib height increasing,
but it is significantly affected by the peeling angle 6;,. Specifically, the force F; peak2 at
fp = 30° increases from 6 N to 10~12 N, the most evident increase. The above results mean
that the increase in the rib height is conducive to a more outstanding adhesion performance
of the SPAA on large cylinders, and the effect is more significant when at a smaller peeling
angle. Further, the average increases of Fy, peak1, Ft_peak1s Fn_peako, and Fi peako are 20%,
31%, 102%, and 62%, respectively. The increase in the peak adhesion forces in the second
peeling is 2~5 times that in the first peeling. Since the F; peak2 and Fi,_peako are generated by
the peeling off of the AP4 (Section 4.2), it can be verified that the increase in the rib height
can significantly improve the adhesion performance of the SPAA’s end contact region.
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Figure 7. The peak forces of F; and Fj, in the first and second peelings of three SPAAs with different
“rib” heights peeling off from cylinders with radii of 100 mm, 150 mm, 200 mm at peeling angles of
90°, 60°, 30°.



Actuators 2022, 11, 286

10 of 16

The influence of peeling angle 6, on the peak tangential adhesion force is more
significant than that of the peak normal adhesion force. As the 6, decreases from 90° to
30°, Ft_peak1 increases from 2~4 N to 8~12 N, with an average increase of 290%; the Fi_peak2
increases from approximately 4 N to 6~12 N, with an average increase of 95%; while the
increase in peak normal adhesion force is very small, only 2%. When peeling at 90°, the
Fi_peak1 is only approximately 10%~30% of the F;, peak1, and the Fy peako is equivalent to
the Fj, peako- However, when peeling at 30°, F;_peak is basically the same as the Fy,_peak1,
and the F peqio is 2~3 times of the Fj, peako. In general, the decrease in 60, is beneficial to a
more excellent tangential adhesion performance of the SPAA on large cylinders, and the
effect is more significant when the SPAA has a larger flexural rigidity. In addition, SPAAs
with different bending rigidities show a very stable normal adhesion performance when
peeling at different angles on large cylinders. Cylinder curvature has little effect on the
adhesion performance of the SPAA. As the curvature decreases, the overall adhesion force
decreases slightly, indicating that the SPAA can generate a stable adhesion performance
when adhering to cylinders with large curvatures.

5. Discussion

The SPAA consists of a top fluidic-driven elastic actuator and four bottom adhesive
pads attached with mushroom-shaped microstructured adhesive surfaces. The results of
the bending curvature test verify that its controllable and the SPAA can continuously bend
under positive air pressure. In comparison with rigid [9,28] or under-actuated [10] soft ac-
tuators, the SPAA can actively envelop a wide range of cylinders with different curvatures.
Moreover, novel actuating methods such as electrostatic-hydraulic coupled [29,30], chemi-
cal reacting [31], magnetic field [32] and biohybrid system actuations [33] have been applied
to soft actuators/robots, enabling them to be more flexible, robust and programmable. Com-
bining bio-inspired adhesion with novel actuators is a promising research direction. The
flexural rigidity results demonstrate that increasing the rib height can significantly increase
the flexural rigidity of SPAA. In comparison to the 10% slight increase in flexural rigidity
obtained by reducing the rib weight from 3 to 0.8 mm [21], increasing the rib height from 4
to 8 mm can increase the flexural rigidity of the SPAA by approximately 230%. The results
of the adhesion—peeling performance tests indicate that an increase in the rib height and
decrease in the peeling angle are conducive to a more outstanding adhesion performance
of the SPAA on large cylinders.

5.1. Comparison between the SPAA and Other Adhesive Units

Table 1 shows the adhesion capacity of the existing adhesive grippers consisting
of soft adhesive actuators. These grippers are all parallel structures that rely on two
opposed adhesive actuators to envelop and lift the target. The lifting capacity of the gripper
is a combination of two actuators’ adhesion capacities. In addition, the two adhesive
actuators are mechanically fixed and assembled into an adhesive gripper, so there is a
distance between the two actuators. This distance results in an angle between the tangential
direction of the actuator and the vertical lifting direction, which is the peeling angle defined
in Section 4.2. Furthermore, when the curvature of the gripped surface is constant, the
greater the distance, the smaller the peeling angle. Given the significant influence of
the peeling angle on the performance of the adhesive actuator (Section 4.3), Table 1 also
considers the peeling angle of the adhesive actuator into consideration.
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Table 1. Comparison of the adhesion performance of the existing adhesive grippers consisting of soft
adhesive actuators.

Detach Force (N)/

Sofé Atdheswe TAcltluatlmg Smglf Un;t Size Detach Angle (°)/
ripper echnology mm Radium (mm)
Fluidic—elastic 18/~60/75
[13] actuator (rubber) 60 % 20 9.5/~75/101.5
Fluidic—elastic
[14] actuator (fabric) 3524 4.3/90/14
N 5.5/~45/100
[5] Under-actuated ~35 * 100 12/~55/150
5.5/~45/100
[34] Under-actuated 50 x 32 3.5/=260/200
1.8/~80/400
[35] Shape memory 100 * 15 10/0/62.5

alloy-actuated

By comparison, the structural dimensions of adhesive actuators in Table 1 are all in the
order of 10 to 100 mm, which are similar to the dimension of SPAA. Most performance tests
of the grippers focus on adhering to curved surfaces with a radius of less than 100 mm,
and the lifting capacity of grippers decreases as the radius of the curved surface increases,
which is similar to the SPAA (except for the gripper in the reference [5], where the adhesion
actuator is long, and an increase in the radius of the curved surface increases the adhesion
contact area, thereby increasing the adhesive lifting force). Nevertheless, the mean values
of two peak normal adhesion forces when the SPAA with a rib height of 8 mm peeling
off from a cylinder with a radius equal to 100 mm at a peeling angle of 90° are 9.8 N and
5.4 N, respectively. Both of these two normal adhesion forces of a single SPAA approach
or even exceed the lifting force (the combination of two actuators’ adhesion forces) of
adhesive grippers summarized in Table 1 (except for the grippers in the references [13]).
In particular, when the gripper in the reference [13] adheres to a cylinder with a radius
of 75 mm, the combined adhesive lifting force of its two adhesive actuators reaches 18 N,
which is 1.5~4 times the adhesion performance of a single SPAA. This is mainly because the
radius of the gripped cylinder and the peeling angle of the gripper’s two actuators are all
smaller than those of the SPAA (As mentioned in Section 4.3, a small radius of the cylinder
or peeling angle contributes to an excellent adhesion performance). When the SPAA with
a rib height of 8 mm adheres to the cylinder with a 100 mm radius and peels off at 60°,
the resultant adhesion force reaches 11.8 N. It can be predicted that when two SPAAs are
integrated into a parallel gripper to grip a cylinder with a 75 mm radius, their performance
will reach or even exceed 18 N. The gripper in the reference [5] achieves an adhesive lifting
force of 12 N when adhering to the cylinder with a 150 mm radius, which is slightly higher
than the peak resultant adhesion force of 10.3 N in the first peeling and 9.2 N in the second
peeling of the SPAA with an 8 mm rib height when adhering to the cylinder with a 150 mm
radius and peeling off at 60°, due to the fact that the adhesive actuator of the gripper in
the reference [5] has twice the size of the SPAA. However, when evaluated in terms of the
adhesion strength (adhesive force per unit area), the normal adhesion strength of the SPAA
is approximately three times greater than that of the adhesive actuator of the gripper in the
reference [5].

In summary, most of the existing adhesive grippers are used for gripping curved
surfaces with a radius of less than 100 mm. The adhesive lifting performance decreases
obviously with the radius increase. However, the SPAA shows excellent adhesion perfor-
mance when adhering to large cylinders, and the normal adhesion performance is little
affected by changes in the radius. The magnitude and stability of the SPAA’s adhesion
performance are better than that of the soft adhesive grippers summarized in Table 1.
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5.2. Optimization for High Contact Ratio

Figure 6 shows that the contact ratio between AP2 and AP3 is less than 30%, and
Figure 8a shows that the contact area between AP2 and AP3 is mainly in the middle when
SPAA contacts the curved surface. It is obvious that the adhesion performance of the region
near AP2 and AP3 is not fully utilized.
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Figure 8. (a) The contact state of the SPAA during adhesion. (b) The finite element model describing
the contact of the SPAA. (c) The simulation results of the contact areas of four Aps of the original
SPAA with homogeneous structure. (d) The simulated cross-section of the SPAA in contact with
the cylinder. (e) The optimized SPAA with a rigid—flexible coupled hierarchical structure. (f) The
simulation results of the contact areas of four APs of the optimized SPAA with variable rigidity.
(g) The increase. (h) Illustration of the over-bending angle of PN4 with respect to PN3. (i) The
optimized SPAA with a differentiated AP structure. (j) The contact area and air pressure of each AP
versus 61 (0°~12°) when the SPAA with an 8 mm rib height reaches the steady adhesion.
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To investigate the cause of this defect, a FEM (Figure 8b) that describes the contact
state of the SPAA was established, where the cylinder was fixed on the bottom side of the
PSAA, and the adhesive behavior of the interfacial contact was described by the cohesive
model [24,36]. In the preload stage, the PSAA approached and contacted the cylinder at a
speed of 0.15 mm/s until the interfacial contact force reached 1 N. In the adhesion stage,
the SPAA bent and enveloped the cylinder as the pressure P was applied to the inner wall
of SPAA. The simulation results of the contact areas of four Aps (Figure 8c) agree well with
the experimental results (Figure 8a). The simulated cross-section of the SPAA in contact
with the cylinder is shown in Figure 8d. Obviously, when the SPAA is driven by positive
pressure, the inextensible layer also passively expands from its initial plane into an arc,
driving Aps to bend radially into an arc. As a result, only small raised areas in the middle
of Aps are in contact with the cylinder, although the SPAA has enveloped the cylinder
well. We have exploited the inherent flexibility of soft materials to enable better envelope
adaptation of the SPAA than conventional rigid actuators, but have neglected that flexibility
also reduces the rigidity of the SPAA’s bottom side, which affects the contact adaptation.
Studies on bio-adhesive systems have shown that a hierarchical structure with variable
rigidity facilitates an adequate fit of the gecko toe to the surface [37]. Studies on biomimetic
soft adhesive actuators have improved contact adaptation by adjusting the rigidity of the
dorsal muscles [13]. In conclusion, the hierarchical structure with rigid—flexible coupled
rigidity is beneficial in improving the contact adaptation of the SPAA without affecting its
bending performance.

To solve the inadequate contact of the SPAA, we should increase the radial flexural
rigidity of the inextensible layer by an order of magnitude without affecting the layer’s
axial flexural rigidity. Here, we propose a solution of embedding a rigid discrete layer
inside the inextensible layer of the SPAA. It is important that the rigid discrete layer should
have a high elastic module to resist the bending deformation of the inextensible layer
and a low density to minimize the effect of the local mass difference on the performance
of the SPAA. Carbon plates have an elastic module of approximately 240 GPa and a
density of approximately 1.8 g/cm3. Compared to ordinary steel, such as aluminum alloy,
carbon plates are lighter in weight and higher in bending strength. Finally, four carbon
plates (3 mm * 1.5 mm * 30 mm) were selected and embedded inside the inextensible layer
(Figure 8e). The optimized SPAA has a hierarchical structure with variable rigidity, which
prevents the SPAA’s Aps from expanding radially into an arc under positive pressure
while maintaining the SPAA’s axially flexible bending performance. The FEM results
in Figure 8c,f show that the contact area of the AP2 has changed from an intermediate
distribution (homogeneous SPAA) to a balanced radial distribution along the AP2 (SPAA
with variable rigidity), and the contact area has increased from 70 to 210 mm?, an increase
of 200% (Figure 8g).

The hierarchical structure with variable rigidity helps the APs to make uniform contact
with the cylinder along the radial direction. However, the SPAA does not fully contact
the cylinder along the axial direction. The results of Figure 8g show that AP3 is barely in
contact with the surface, and the contact ratio of AP4 is only about 50%. From Figure 2b,
it can be intuitively obtained that the bending curvature of PN4 (Cy) is slightly greater
than that of PN3 (C3), resulting in an over-bending angle of PN4 with respect to PN3, i.e.,
(IC4 — IC3) /2 (Figure 8h). This over-bending angle directly causes AP4 to squeeze tightly
with the cylinder, while AP3 cannot contact the cylinder.

In order to improve the uniform contact along the radial direction of the SPAA, we
propose a differentiated AP structure design by tilting the AP4 to compensate for the axial
contact imbalance caused by excessive bending of the PN4, as shown in Figure 8i. To clarify
the effect of the tilt angle 61 of AP4 on the contact state along the SPAA axial direction,
the contact area and air pressure of each AP versus 01 (0°~12°) when the SPAA with an
8 mm rib height reaches the steady adhesion (contact areas of all APs reach the peak and
remain stable) on cylinders with radii of 100 mm, 150 mm and 200 mm, respectively, were
simulated, and the results are shown in Figure §j. It is obvious that Sap; and Sap, are
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almost unaffected by 01, while Sap3 and Sap4 rise rapidly to a peak as 6t increases from 0°
to 3°, after which Sap3 is maintained. However, as 61 continues to raise, Saps begins to fall,
and the pressure P also reaches 100 kPa at this point. Since the excessive 0t requires higher
air pressure to drive larger bending deformation of the SPAA to fit AP4 to the cylinder,
the Ot at the point Saps begins to fall increases as the radius of the cylinder increases. The
results of the SPAA on all three cylinders show that a good contact state can be achieved
with 61 between 3° and 6°, and the contact ratio of four APs is between 70% and 100%,
which is a noticeable optimization compared to the SPAA with untitled AP4. Too low a
61 would result in inadequate contact of AP3, and too high a 0t would increase the air
pressure to reach a steady-adhesion state. The final determination is 61 = 5°, at which the
overall contact ratio of the SPAA reaches over 80%.

6. Conclusions

In this study, we designed a SPAA comprising a top fluidic-driven elastic actuator
and four bottom adhesive pads for adhering to large cylinders. The excellent envelope
adaptation of the SPAA to cylinders of various radii and enhancement of the adhesion
performance of the SPAA by increasing the flexural rigidity were demonstrated via FEA
and experiments. To address the low contact ratio of the SPAA, a rigid—flexible coupling
hierarchical structure with embedded discrete carbon plates and differentiated AP struc-
tures were proposed to optimize the contact state. The finite element simulation results
verified that the aforementioned structural optimizations contributed to adequate contact
between the SPAA and cylinders along the radial and axial directions, respectively, thereby
increasing the overall contact ratio to more than 80%. This study demonstrates the influence
of rigidity on the adhesion performance of soft actuators, which is conducive to advancing
research on soft adhesive actuators with characteristics such as variable rigidity and hier-
archical structure, enhancing the performance of adhesion grippers, and expanding the
application areas of adhesion technology.

In future, there are three immediate directions in which this study should be extended.
First, the effects of the contact stiffness of the adhesive layer should be considered to
improve the contact state of the soft adhesive actuator. Second, engineering the bionic
features of hierarchical adhesive structures, reversible adhesion, and intelligent sensing
into reality will be necessary to obviously improve the performance of bionic adhesive
devices. Third, the application of novel actuating methods, such as electrostatic-hydraulic
coupled, chemical reacting, magnetic field, and biohybrid system actuations, to adhesive
actuators/grippers should be explored.
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