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Abstract—Soft grippers are highly valued for their adaptability
and safety, but their inherent softness often leads to grasping
failure under heavy loads. Most adhesion-enhanced grippers rely
on single-adhesion strategies tailored for either smooth or rough
surfaces. Lizards, however, effectively navigate in unstructured en-
vironments by seamlessly transitioning between different adhesion
mechanisms based on surface conditions. Inspired by the hybrid
adhesion strategies of geckos and chameleons, this study presents a
bioinspired soft gripper that integrates microwedge dry adhesives
and SMA-driven microspines. The microwedge adhesives provide
controllable adhesion for smooth surfaces, while the SMA-driven
microspines extend for rough-surface adhesion and retract to avoid
interference. An optimization model was developed to determine
optimal link dimensions, enhancing grasping performance in terms
of force and radius. Experimental results on various surfaces vali-
dated its efficacy. Notably, the gripper with non-backed adhesives
achieved 34.9 N payload and 260 mm grasping diameter, marking
improvements of 209% and 117 %, respectively, over the version
without adhesives. In microspine mode, the gripper supported a
20.4 N payload and a 280 mm diameter. In tip clamping mode, the
maximum payload reached 6.2 N when grasping a 2 cm block.

Index Terms—Grippers and other end-effectors, soft robot mate-
rials and design, soft gripper, microwedge adhesive, microspine.

I. INTRODUCTION

OFT grippers, composed of flexible structures or materials,
S offer exceptional adaptability to targets with diverse shapes.
In recent years, they have garnered significant attention due
to their superior adaptability and safety compared with tradi-
tional rigid grippers [1], [2]. Based on actuator integration, soft
grippers can be classified into embedded and non-embedded
actuation types. Embedded actuation methods, including
pneumatic-driven [3], [4], tendon-driven [5], [6], and smart
material-driven systems [7], are commonly used. The additional
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air supply and high-pressure drive requirements limit the appli-
cability of pneumatic and smart materials. Furthermore, these
embedded actuation methods often compromise grasping adapt-
ability. Non-embedded actuation grippers recently attracted
growing interest [8], [9]. The bioinspired Fin Ray structure,
known for passive adaption and non-embedded actuation, has
become a research focus. This structure enables better surface
conformity by wrapping around the force application point.
Despite advancements in soft grippers, significant challenges
remain, particularly their inherent softness, which can lead to
grasping failure under high payloads.

To enhance grasping strength, researchers have investigated
various methods such as interlocking fingers [10], soft-rigid
coupling or variable stiffness mechanisms [11], [12], and ad-
hesion technologies integration. Mechanical interlocking re-
quires specialized fingertip interfaces to fully enclose the object,
which limits the range of graspable objects. Soft-rigid cou-
pling involves integrating rigid components into the soft fingers,
with variable stiffness mechanisms allowing the adjustment of
gripper stiffness. Both methods improve grasping strength by
introducing rigid elements, but can compromise adaptability to
various surfaces. In contrast, integrating adhesion technologies
provides an effective solution that enhances grasping perfor-
mance without sacrificing adaptability or reducing the range of
graspable objects.

Existing grippers primarily integrate adhesion technologies,
including electrostatic adhesion, vacuum suction, microspine
adhesion, and dry adhesion [13], [14], significantly improving
grasping force [15]. For instance, Chen developed the FinEA
gripper with electroadhesion pads, achieving a 65% increase in
shear load capacity under 4 kV. However, electrostatic adhesion
requires high voltage, limiting its application environments.
Fang et al. proposed an octopus-inspired vacuum sucker at the
tip of a soft finger to generate suction force and a selective
sucking mode [5], [16]. Vacuum adhesion fails on porous or
uneven surfaces. In contrast, dry adhesion, inspired by hierar-
chical micro/nanoscale fibrillary structures of gecko feet, forms
van der Waals, requiring no energy supply and being relatively
insensitive to surface materials. Various dry adhesives have been
implemented in soft grippers. For instance, Sukho Song et al.
proposed a gripper with mushroom-shaped adhesives capable
of transfer-printing 3D parts [17]. However, these adhesives are
complex to fabricate and difficult to detach as isotropic structure.
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Microwedge adhesives, offering better control over engagement
and disengagement, more closely mimic gecko feet properties.
Mark R. Cutkosky et al. developed a series of shear-activated thin
film soft grippers with microwedge adhesives. These grippers
are compliant and capable of handling soft, brittle, fragile, or
heavy objects with alight touch [18], [19]. However, despite dry-
adhesion-based grippers having significantly enhanced grasping
performance on smooth surfaces, they are ineffective on rough
surfaces. To address this limitation, researchers incorporated
microspine structures for rough surface adhesion. Examples
include climbing robots such as Spinybot [20], RiSE [21], and
LEMUR [22], [23], which can scale rough surfaces like brick
walls, stucco, and outdoor rocks. Recently, Zi et al. [24] devel-
oped a spiny gripper inspired by beetle claws, featuring four
bioinspired branches for achieve adaptive adhesion and detach-
ment on rough surfaces. Similarly, Chen et al. [25] developed
the ReachBot robot for planetary exploration, equipping it with
a spiny gripper at the end of its extendable booms. However,
these spinny grippers are primarily suited for rough surfaces,
limiting their adaptability to other surface types.

In nature, lizard-like animals such as geckos and chameleons
exhibit exceptional climbing abilities and wide movement range.
Their feet combine micro/nanoscale fibrillary structures, effec-
tive on smooth surfaces, with claw-like structures at the toe
tips for hooking onto rough surfaces such as rocks or tree
bark, ensuring stable attachment [26], [27]. Inspired by hybrid
adhesion mechanisms, soft grippers can effectively interact with
unstructured environments. Despite this potential, few studies
have truly integrated these mechanisms into a single device capa-
ble of switching seamlessly between different environments. Hu
et al. developed a soft gripper that integrates flat dry adhesives,
soft actuators, and microspines, enabling adaptable adhesion
on both rough and smooth surfaces [28]. However, the flat dry
adhesives lack controllability for attachment and detachment.

This study presents a dual-adhesion-enhanced soft gripper
that integrates microwedge dry adhesives and SMA-driven
(shape memory alloy) microspines. Inspired by the hybrid
adhesion mechanisms of geckos and chameleons, the gripper
achieves effective grasping and adhesion across object surfaces

with varying roughness. Microwedge adhesives, inspired by the
micro/nanofiber structures of gecko feet, enable controllable at-
tachment and detachment on smooth surfaces. The SMA-driven
microspines, functioning as a claw mechanism, are designed
for rough surfaces and actively extend or retract depending
on the environment, enabling transitions between adhesive,
microspine, and tip-clamping modes. The gripper can envelop
small objects while adhering to large-diameter surfaces. Both
the dry adhesion and microspine components are insensitive to
surface materials, enhancing the adaptability of the gripper to
unpredictable environments.

II. DESIGN, ANALYSIS, AND OPTIMIZATION
A. Bioinspired Design of Soft Gripper

To adapt to complex natural environments, many animals have
evolved hybrid adhesion mechanisms combining adhesives and
claws. As shown in Fig. 1(a), gecko feet feature micro/nanoscale
fibrillary adhesives and claws, enabling adaptation to both
smooth and rough surfaces. Interestingly, the adhesives and
claws exhibit similar attachment mechanics: adhesion occurs
through shear loading, while detachment involves toe exten-
sion and eversion movements. Chameleons similarly employ
zygodactyl structure integrating adhesives and claws to enhance
grasping. Inspired by these hybrid adhesion mechanisms, a
dual-adhesion-enhanced bioinspired soft gripper is proposed,
combining microwedge dry adhesives with SMA-driven mi-
crospines, as illustrated in Fig. 1(b).

This two-finger structure incorporates trapezoidal fin-ray
structures, featuring microspines modules on the top surface and
internally positioned microwedge adhesives. This design mimics
zygodactyl configuration of chameleons. The trapezoidal fin-ray
fingers, with full passive adaptability and non-embedded actua-
tion, provide exceptional surface adaptation.

The microwedge adhesives exhibit controllability similar
to gecko feet. In the absence of shear load, only the tip of
the microwedge contacts the surface, resulting in negligible
adhesion. When a preferred shear load is applied, the mi-
crowedge structure bends, enabling adhesion. Upon release of
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the shear load or when applied in a non-preferred direction,
the adhesive detaches, mimicking the eversion motion of gecko
feet.

The proposed SMA-driven microspine module consists of an
SMA coil and a microspine in a single structure. The SMA coil,
with its two-way shape memory effect, enables the microspine to
extend and retract. The microspine, a sharp-tipped steel needle
with a 0.8-mm diameter is arranged in four sets per finger, as
shown in Fig. 1(b). Top-mounted microspines reduce interfer-
ence with finger bending, unlike previous designs with SMA
actuators on the finger back [28]. Specifically, without power,
the microspine remains fully retracted within base. Conversely,
when energized, the SMA coil extends, causing the microspine
to protrude by 5 mm, facilitating grasping and manipulation of
rough surfaces.

The proposed bioinspired soft gripper operates in three
modes: adhesive, microspine, and tip clamping, as shown in
Fig. 1(c). The adhesive mode is designed for smooth surfaces,
with the microspines retracted to avoid damaging objects. A
motor-driven vertical displacement of the driver board controls
finger opening and closing, adjusting the grasping angle. Ini-
tially, only the microwedges tips contact the surface, resulting
in minimal adhesion. As the fingers close, shear loading from
the fin-ray crossbeam induces microwedge bending, increasing
contact area and enhancing van der Waals forces. This enables
stable attachment to large-diameter objects, which is challenging
for non-adhesive grippers. Detachment is achieved by outward
finger motion, emulating gecko toe eversion. In microspine
mode, energizing the SMA coil causes it to elongate, extending
the microspines, which penetrate rough or porous surfaces to
create mechanical interlocking. For detachment, the SMA coil
is de-energized, and the gripper opens outward, facilitating the
release. In tip clamping mode, the SMA coil remains retracted,
and the rigid outer frame facilitates grasping thin or small rigid
objects, enabling precise manipulation.

B. Maximum Graspable Radius Analysis

Grasping radius and force are critical metrics for evaluating
gripper performance. We simplified the nonlinear behavior of the
finger during grasping and considered only the force interactions
at the contact point between the finger and the object, as shown
in Fig. 2(a). To determine the maximum graspable radius, let OF
signify the screw, E D represent the driver board, OA and AB
denote the bases, and BGJ K characterize the trapezoidal finger
structure. The vertical motion of the driver board E D results in
varying opening angles of the trapezoidal fingers, allowing the
gripper to grasp objects of different sizes. A Cartesian coordinate
system is established with O as the origin, where OA and OF
represent the x axis and y axis, respectively. By solving the
coordinates and corresponding angles of points A, B, C, D, E,
G, J, H, and I, the geometric relationship between the gripper
dimensions and the graspable radius can be determined.

The coordinates of points A, B, D and E are defined as A
(loa,0), B (loa, la), D (lgp, lor) and E (0, log), where
lor changes with the movement of the driver board. Given the
coordinates and link lengths, we calculate the coordinates of
point C, denoted as (., y.). Points B, C, and D form rotating
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pairs, with link BC rotating around point B and link C'D rotating
around point D. Point C' represents the intersection of these two
circular paths, yielding the following equations:

2
=lpc

{(zc —p)’ + (ye —yp)’ 0

(zc —2zp)? + (yo —yp)? =lcp”

Based on the geometric relationship, point C' is always the
upper intersection and its coordinates can be determined ac-

cordingly:
rTo| _ P1yc + p2 2)
Yo (—q2 + /@3 — 4q143)2q1
where
_Yp —YB
P1=——————""
l’D —
1% lD+xD % +ybh — uh
P2 =
Q(ID — .’EB) (3)
g =pi+1
g2 =2p1(p2 —xB) — 2yB
a3 = (p2 —zB)* + s — 3o

Point C', located on link BG, enables the determination of the
coordinates of point G as follows:

[IG] _ [(ZBGmC —lccrp)/lBC @)

e (Isayc —lcayn)/lBe

Angle (5, representing the angular position of link BC relative
to the abscissa, can be calculated as:

®)

where 6 is the angle between vectors P pc and the positive
y-axis, with ¢ = [0, 1]

B = arccos ((xg — xzc)/lsc)

0 = arccos ((yc —yp)/lcp) (6)
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TABLE I
DESIGN PARAMETERS OF THE BASE, LINKS, AND FINGERS

Structure Parameter | Structure Parameter
Base lpa 70 mm Base thickness 35 mm
Base lap 100 mm Finger height/thickness 100 /40 mm
Link Ip¢ 32.5 mm Finger bottom lpg 50 mm
Link lcp 24.3 mm Finger top [ jx 20 mm
Link Ipg 56.9 mm Crossbeam thickness 2 mm
Gripper mass 539 g Crossbeam number 8

For the isosceles trapezoidal finger structure, the [ ;¢ is:

lic = \/((lBG —1yk)/2)" + 82 (7

where s is the vertical distance from JK to G B, representing
the height of the finger. The coordinates of point J are then:

[IJ] _ lﬂfc —ljgcos(m —v = f3)

8
Y ya — lygsin(m — v — f) ®)

where v is the base angle of the trapezoid, defined as v =
arctan(2s/(Ipc — Ik ))-

Assuming the grasped object is a cylinder, with its cross-
sectional circle touching line segment JJG on the inner side of
the trapezoidal finger, and the center H (0, h + R) directly above
point O, the coordinates of the tangent point [ :

Tr| _ P PL Poy
Y1 Pl Pgy

where P s is a column vector.
The radius R of the grasped object is the vertical distance
from the center H to side JG, and is represented as:

_ |Z2(h + R)+2Zs]
/212 + Z22
where 71 =vyj—ya, 42 =xg —xj, and Z3 =ygrjy —
Yyirag.
As the driver board moves, [pg varies, yielding a series of
R values. By comparison, the maximum value, R, .x, is then
identified. Each pair of [ p and [ p g determines a corresponding

Riax. To evaluate grasping performance in terms of both force
and radius, the radius is normalized as:

ra
Ya

9)

R (10)

RIII&X(ZCD7 lDE) — min Rmax
max Ryax — min Riax

NOI‘mRmax (lCDa lDE) =

(1D
where max R.x and min Ry, represent the maximum and
minimum values from the series of R, .x, respectively.

Using the relationship between link C'D, link D F, and radius
derived from (11) and the data in Table I, the results are shown
in the upper panel of Fig. 2(b). The effective range of Ipg is
[49.6, 59.6] mm, and that of l¢p is [20.4, 27.75] mm. The figure
indicates that the link D E has a greater impact on the grasping
radius. Due to the coupled relationship between grasping force
and radius, the two cannot reach their maximum values simul-
taneously. Therefore, further analysis of the grasping force is
required.

C. Grasping Force Analysis

By analyzing the forces on each link, based on the motor input
force and considering the torque balance at point B, a relation-
ship between the grasping force and the gripper dimensions can
be established. Assuming the motor applies a downward force
F on the driver board, the force at point D is F; = F/ cos 6. At
point C, the force perpendicular to link BC' is F,, = F} cos .
Hence, the torque applied by the driving force F' at point B is:

Tig=F, lgc=F - cosp-lpc/cosb (12)

Assuming the force acting upon the finger is F. and originates
from the grasped object, the torque produced by the finger at
point B is:

TOB:FC-ZIB-SiD)\. (13)

Therefore, based on the torque balance at point B (T;5 =
T, ), the relationship between the grasping force F., the input
force F, and the gripper dimensions can be derived as:

F-cosy-lpe

Fe= (14)

cosf -l -sinA

In this context, F, represents the grasping force, ¢ is the angle
between F; and F),, {7 g denotes the distance from tangent point
I to point B, and 1 is the angle between F. and I B. To obtain the
grasping force F¢, the angles ¢, A and link length [; 5 must also
be solved. Based on the perpendicular relationship between link
BC and F,,, the coordinates of F}, can be determined, allowing
the calculation of angle :

(yp —yc)(xp —xc) + (xc — zB)(yp — Yo)

® = arccos

Ipclep
(15)
The angle A between F. and vector P;p is:
Pp, -Pip )
A = arccos <c (16)
|[PF.|l- [Pl

In this study, the vertical grasping force (F})) is considered a
key metric for evaluating grasping performance. Based on the
previously determined F,, F}, can be calculated as:

F, = F,(cosa + psina) (17)

where 1 is the friction coefficient, and « represents the angle
between F, and the positive y-axis.

According to (17), the vertical grasping force (F},) consists of
two components. When « < 7/2, F. cos v acts in the negative
y-direction, contributing to the envelopment of the object. Con-
versely, when o > /2, F, cos «v acts in the positive y-direction,
reducing the vertical grasping force F),. For each set of defined
lengths Icp, IpE, and loE, a corresponding F), is determined.
To ensure the gripper maintains sufficient grasping force at every
position as o g varies, the average value of F), is calculated.

I
_ ﬁ;);’“”‘ Fy(lep,lpk)

F, (18)

lOE max lOE min

Using the same method as (11), the normalized NormFy was
calculated, as shown in the middle panel of Fig. 2(b). Based on
the simulation results, the relationship between link lengths and
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grasping force is determined. The effective range of the links
is consistent with the radius calculation. However, unlike the
radius, link C'D has a greater impact on force.

D. Optimization and Analysis of Link Dimensions

Based on the relationships between grasping radius, grasping
force, and gripper dimensions, we need to optimize the link
dimensions to achieve excellent performance. When /o4 and
lap are undefined, the gripper size can theoretically become
infinite, leading to indeterminate values for both the maximum
grasping radius and maximum grasping force. Therefore, with
loa,lap, and ¢ fixed, the optimal link lengths [ and lcp
are determined by maximizing both grasping radius and grasping
force. The objective function is defined as:

MaxF R(lcp,lpr)= NormF, + NormR,ax (19)

In this function, Norm denotes value normalization within
maximum and minimum thresholds. The first term represents the
average vertical grasping force achievable by the gripper during
the motion of the driver board. The average grasping force is
calculated to ensure balanced grasping performance across the
entire range of [ o g variations, rather than optimizing for a single
position. The second term represents the maximum graspable
radius, and lp g min and lo g max denote the range of motion for
the driver board. Under the real-world application scenarios, the
following constraints are proposed.

In (19), one component may be disproportionately large. To
ensure balanced performance and give equal weight to both
terms, the following constraint is applied:

|NormF, — NormRpax| < 0.05 (20)

The motor is fixed at point O with a constant height of
32.5 mm, setting o g min = 32.5 mm. When the inner surface
JG of the finger exceeds the vertical position, it can no longer
support objects, reducing graspable payload. The maximum o g
occurs when JG is perpendicular to the x-axis, as defined by
the vertical constraint:

loEmax =lap —lpcsin 3

— /2.y — s —loa+1sccos B @D

where § = 7/2 — .
To ensure a rational design of the links, the following con-
straint is proposed:

Ipc +lcp > 1D (22)

Using the dynamic grasping optimization model, the grasping
optimization algorithm is summarized as follows:

The actual design parameters of the gripper, listed in Table I,
are used as inputs for the optimization model. The output re-
sults are obtained as shown in the bottom panel of Fig. 2(b).
The red region indicates the weight constraints. At a friction
coefficient of 0.2, the optimized link lengths lop = 24.3 mm,
Ipp = 56.9 mm can be determined. Under variations in finger
stiffness, the friction coefficient in the model also changes. We
introduce an equivalent friction coefficient defined as ;1 = 0.1k,
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Algorithm 1: Grasping Optimization Algorithm.

Input: input parameters lpa, laB, IBc, lBa, S, v, i, F.
Discretizing lop yields lop(i), i = 1,2, ..., Ny;
Discretizing [pg yields ipg(j), 7 =1,2,..., N;;
for each lcp(i) do
for each Ipg(j) do
calculate o g max by Eq. (21)
Discretizing lOE S UOE minalOE max ] yields ZOE(/{J),
k=1,2,.,Ng
for each log(k) do
calculate coordinates of points C, G, I, J,
calculate angle §(i, 4, k), 0(i, 4, k), (4, J, k);
calculate radius R(3, j, k); calculate F, (4, j, k).
end
Search maximum Ry, (7,7) in R(7, j,k);
FR(i,j) = NormF} (i, j) + NormRumax (i, j);

end

end

Search maximum F'R and itS 4yax, jmax i0 FR(4,7)
Output: imax, Jmax

Return ZC'D, lDE

where k = {1, ...,10}. Different values of k represent different
finger materials or stiffness. Based on the proposed optimization
model, the relationship between & and the optimized linkage
dimensions is illustrated in Fig. 2(c). The results indicate that the
optimal link dimensions exhibit limited sensitivity to changes in
friction, suggesting the robustness of the proposed optimization
strategy.

III. EXPERIMENTS AND RESULTS
A. Prototype Fabrication

The gripper base and links were 3D printed. The actuator
comprises a 35 x 32 mm stepper motor with a thrust capacity of
130 N, coupled with an 8-mm diameter lead screw with a 2-mm
pitch (Chongqging UMot Technology Co., Ltd). The trapezoidal
fin-ray fingers were fabricated via silicone vacuum molding
using a Shore A80 elastomer. The proposed gripper weighs 539 g
with the motor and 318 g without. The design parameters of the
base, links, and fingers are listed in Table I.

The microwedge adhesive was prepared by casting elastomer
material (Sylgard 170, Dow Corning) into a microwedge mold,
created by making cuts in wax using a sharp, lubricated tool
(Leica 819, Low Profile, Microtome Blades). This process
formed negative cavities of a microwedge shape, followed by
post-treatment with chemical vapor deposition [29], as shown
in Fig. 3(a). Each microwedge measures approximately 105 ym
in height, 75 ¢ m in width and inclined at 45°. The microwedge
adhesive unit (9 mm wide, 40 mm long) were aligned along
the gripper crossbeam and bonded to the inner side of the
fingers. Eight adhesive patches were mounted on each finger
with defined spacing.

The microspine structure comprises an SMA coil and a 3D
printed cylinder with an interference fit inside the SMA coil. A
needle, 0.8 mm in diameter with a sharp tip, was inserted into a
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Fig. 3. Fabrication process of the soft gripper. (a) Fabrication of microwedge
adhesives. (b) Finger integrating microwedge adhesives and microspines.
(c) Design and physical diagram of the SMA coil-microspine structure.
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Fig. 4. Grasping performance with various objects. (a) Adhesive mode.
(b) Microspine mode. (c) Tip clamping mode.

hole in the cylinder, protruding by 5 mm. The SMA coil has an
internal diameter of 4.2 mm, an external diameter of 5.8 mm, a
wire diameter of 0.8 mm, and an original length of 10 mm. When
heated, it extends by more than 15 mm. The SMA coil is aligned
coaxially in a base hole, with its lower end straightened and
secured with glue for stability. Four microspine structures were
mounted on each finger, with the SMAs connected in series for
synchronized extension, requiring only two input/output wires,
as shown in Fig. 3(c).

B. Grasping Performance With Different Objects

We conducted experiments to evaluate the grasping and ad-
hesion performance of the gripper on irregularly shaped objects
with varied surface textures. Mounted on the end of a robotic
arm (URS5, Universal Robots), the gripper performed grasping,
lifting, holding, and releasing tasks. In adhesive mode, the
gripper successfully grasped delicate objects such as oranges,
strawberries, eggs, soda bottles, and a 260-mm diameter smooth
acrylic cylinder, as shown in Fig. 4(a). This mode not only
enabled the handling of fragile objects but also demonstrated
effective adhesion to large-diameter surfaces. In microspine
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Fig. 5. Test results on smooth surfaces. (a) Normalized shear and normal
adhesion forces. (b) Gripper with non-backed adhesives grasping 20, 80, and
260 mm objects. (c¢) Performance comparison of grippers without adhesives,
with non-backed adhesives, and with foam-backed adhesives.

mode, the gripper grasped porous rocks, a rough tree trunk (3 cm
in diameter and 40 cmin length), and a sponge (35 x 35 x 20cm)
by extending microspines that penetrated rough surfaces and
hooked onto protrusions, ensuring stable grasping, as shown in
Fig. 4(b). Finally, in tip clamping mode, the rigid outer frame of
the SMA-driven microspines enabled grasping of small objects
and thin cards, as shown in Fig. 4(c).

C. Grasping Performance on Smooth Surfaces

A single adhesive unit was tested using a 6-axis force/torque
sensor. As shown in Fig. 5(a), the measured shear and normal
adhesion forces per square centimeter reached maximum values
of 2.72 and 1.14 N, respectively. Stable attachment was achieved
when the applied load angle was less than 20°, corresponding to
the blue region in the figure. Furthermore, the gripper was used to
grasp acrylic cylinders with varying diameters to evaluate adhe-
sion performance on smooth surfaces, as shown in Fig. 5(b). The
dynamic grasping procedure from the above tests was applied
to determine the maximum grasping payload for each diameter,
with three repetitions. Grippers with foam-backed adhesives,
non-backed adhesives, and without adhesives were tested. The
results are shown in Fig. 5(c).

The results revealed several key findings. First, regardless
of adhesive type, grasping payload initially increased and then
decreased with diameter. For smaller diameters, reduced contact
area led to lower friction, while for larger diameters, the shift in
grasping force direction (from top to bottom) resulted in reduced
payload. Here, the large diameter refers to the distance beyond
the inner side of the finger when it is parallel. Larger diameters
also reduced the loading distance and adhesive contact area at
the proximal end of the finger. Then, grippers equipped with
adhesives clearly outperform those without. Specifically, grip-
pers with non-backed adhesives achieved a maximum grasping
payload of 34.9 N and a maximum grasping diameter of 260 mm,
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(c) Impact of object diameter on payload for rough surfaces.

compared with 11.3 N and 120 mm for those without adhesives,
representing 209% and 117% improvements. For diameters
below 100 mm, grippers with non-backed adhesives outper-
formed those with foam-backed adhesives. However, for larger
diameters, both types exhibited similar grasping performance,
suggesting that foam-backed adhesives influence the bending
deformation at smaller diameters (< 100 mm).

D. Grasping Performance on Rough Surfaces

The performance of a single SMA coil-microspine unit was
evaluated under input voltages of 1.0, 1.2, and 1.4 V (three trials
each). Higher voltages reduced the extension time (from 33.0
to 16.7 s) but increased the retraction time due to heat buildup
(from 80.3 t0 90.6 s). The output force remained stable (= 5.1N),
as measured using the experimental setup shown in Fig. 6(a),
indicating that voltage primarily affects actuation speed rather
than force. Based on the single-SMA results, a 2.5 V, 1.5 A
input was applied to the four-SMA series configuration, yielding
extension and retraction times of 33 and 80 s, respectively. For
rough surface testing, the gripper was tested on acrylic cylinders
with varying diameters covered with 60-grit sandpaper, as well
as cylinders with an 80-mm diameter covered in sandpaper of
varying roughness. The extended microspines interacted with
the rough surface, preventing adhesive damage, as shown in
Fig. 6(c). Comparing the results Fig. 6(b) with Fig. 6(c), it
is evident that the diameter of the grasped object has a more
significant influence on the grasping payload than the surface
roughness. As the sandpaper roughness increased from 60 to
220 grit, the change in the gripped weight was minimal. This
indicates the insensitivity of the gripper to existing surface
roughness variations, with more substantial roughness increases
needed to significantly affect grasping performance.

Test results on rough cylinders with varying diameters
(Fig. 6(c)) show that the maximum payload of 20.3 N in the
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microspine mode with a 40-mm diameter. For 20-mm-diameter
cylinders, the small diameter cause instability, resulting in a
reduced payload. As the diameter exceeded 40 mm, the payload
decreased due to the varying bending states of the fingertips
and varying insertion angles of the microspines. With larger
diameters, the microspines becomes more vertical, diminishing
grasping performance.

E. Grasping Performance Under Tip Clamping Mode

To evaluate the grasping performance under the tip clamping
mode, we employed the rigid outer frame at the fingertip to
grasp wooden blocks with edge lengths ranging from 1 cm to
4 cm, and measured the corresponding maximum payload, as
shown in Fig. 7(a). Furthermore, we conducted the same set of
experiments using trapezoidal fingertip structures, as shown in
Fig. 7(b), and the results of both configurations were compared,
as summarized in Fig. 7(c). In tip clamping mode, the maximum
payload reached 6.2 N when grasping a 2-cm block. The higher
rigidity of the outer frame increases the grasping force, thereby
enhancing stability during the manipulation of small objects and
facilitating more precise operations. Moreover, it prevents direct
contact between the object and adhesives.

IV. DiscussioMm

A comparative analysis with state-of-the-art soft grippers was
conducted, focusing on actuation, adhesion enhancement strat-
egy, payload, and surface adaptability, as summarized in Table II.
The proposed gripper demonstrates superior surface adaptability
and competitive payload capacity for both smooth and rough
surfaces. While performance is slightly lower than grippers
specialized for single-surface operation, this is attributed to the
non-embedded actuation and limited microspine count (four per
finger). Future work will explore stiffness—adaptability trade-
offs and increase microspine density to enhance performance.
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TABLE II
COMPARISON WITH STATE-OF-THE-ART GRIPPERS

Ref. Actuation Enhanced strategy Payload (N) Adaptability
[14] P Adhesive >19.6 S
[13] P Adhesive 28.29 S

[5] T&P Vacuum >40 S
[25] T Microspine >34.2 R
[24] Link&T Microspine 39.7/147.5 R
[15] T Adhesive& Electrostatic ~ >13 S
[28] SMA Adhesive&Microspine 8.9(S)/3.5(R) S&R
Ours | Link&SMA  Adhesive&Microspine 34.9(5)/20.4(R)  S&R

Note: S-smooth, R-rough, P-Pneumatics, T-Tendon. Fingertips in [5] and [13]
are limited to smooth surfaces. In [24], the normal and shear payloads reached
39.7 and 47.5 N, respectively.

SMA coil actuators exhibit lifespans of tens of thousands of
cycles, contributing minimally to overall gripper wear. To evalu-
ate the durability of the microwedge adhesive, 300 grasp-release
cycles were performed by grasping an 80-mm diameter acrylic
cylinder with a 3-kg payload. Adhesion was measured before
and after cycling, as shown in Fig. 7(d), using a test unit taken
from the midsection of the finger, where the load is most concen-
trated. Black and red data represent pre- and post-cycle adhesion,
respectively, indicating minimal degradation. Microscopy after
cycling confirms intact microwedge structures, with only minor
surface contamination removable by alcohol cleaning.

V. CONCLUSION AND OUTLOOK

The bioinspired soft gripper proposed in this paper is en-
hanced by microwedge adhesives and SMA-driven microspines,
demonstrating excellent grasping and adhesion performance
on both rough and smooth surfaces with varying curvature.
The grasping optimization model elucidates the relationships
among grasping force, grasping radius, and gripper dimensions,
allowing the identification of optimal link dimensions. Testing
showed that the gripper with non-backed adhesives achieved the
best grasping performance on smooth surfaces, with a maximum
payload of 34.9 N and a maximum grasping diameter of 260
mm—209% and 117% increases compared with the gripper
without adhesives. On rough surfaces, the microspine mode
supported amaximum payload of 20.4 N and a grasping diameter
of 280 mm. In tip clamping mode, the maximum payload reached
6.2 N when grasping a 2 cm block. Further work will focus
on enhancing the grasping performance and integrating sensors
into the soft fingers to autonomously select between microspine,
adhesive, or tip clamping modes based on object roughness and
size.
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