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Contact-Triggered Sequential Grasping with an HSA-Driven

Underactuated Gripper for Delicate Produce
Xiaoqian Zhang, Mario Baggetta, Cristina Piazza, and Giovanni Berselli

Traditional end-effectors struggle to balance grip stability, adapt-
ability to irregular items, and bruise mitigation. In this work, a
soft gripper based on handed shearing auxetic (HSA) structures
is presented. The gripper adopts a dual-module architecture
composed of a Target Tracking System (TTS) and a Pinch-
Grasp System (PGS). A passive tendon-driven differential shifts
the grasping center after early contact, compensating for target
misalignment without active sensors. The PGS employs HSA
units to achieve transition from parallel pinching to bending-
based enclosure through contact-induced torque redirection. Both
modules share a single actuator and preserve a minimal transmis-
sion architecture. Finite element simulations and response surface
exploration identify key stiffness and geometric parameters, guid-
ing the rigid-body synthesis of the TTS and actuator selection.
Experiments on objects with varying offsets, diameters, and pull-
out conditions, including pinch-only and side-entry tests, assess
the ability to self-center, pinch, and enclose without additional
control layers. The results indicate that HSA actuation combined
with passive differentials can provide a compact mechanism-
level solution for produce-oriented grasping under representative
benchtop conditions.

Index Terms—Soft grippers, under actuation, handed shear-
ing auxetic actuator, passive differential, contact–induced mode
switching

I. INTRODUCTION

AUTOMATION in fresh produce handling and harvest-
ing places demanding requirements on end-effectors.

Delicate fruit and irregular agricultural items exhibit limited
tolerance to concentrated stresses, requiring tools that combine
grip stability with minimal surface damage [1]–[5]. Conven-
tional rigid grippers often struggle in these scenarios, as their
performance is highly dependent on precise positioning. The
limited contact areas through which they interact with the
object can generate concentrated and non-uniform loads on
the fruit surface [6], [7], increasing the risk of bruising. By
contrast, compliant mechanisms can distribute contact pressure
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Fig. 1. Working principle of the Pinch-Grasp System (PGS) and Target
Tracking System (TTS).

more gradually and tolerate geometric uncertainty and surface
irregularities more effectively [8]–[10].

These advantages are accompanied by important trade-
offs. Fully compliant fingers often provide limited directional
support and reduced usable gripping forces in agricultural
applications. Fin-Ray inspired structures illustrate this lim-
itation well, since their passive adaptation may constrain
motion guidance and leave the fingers susceptible to pull-out
when handling heavier produce [6], [11]. Tendon-driven under-
actuation partially addresses these issues by redistributing
actuation travel, so that non-contacting fingers can continue
to move and passively share forces during grasp formation
[12]–[16]. Related studies have also explored contact-triggered
reconfiguration, where contact at one location passively redi-
rects the remaining actuation travel to other parts of the
system, enabling sequential behaviors such as pinching and
enclosure [17], [18]. Another important challenge concerns
grip integrity under external disturbances and lifting forces,
as harvesting-oriented studies report apple detachment forces
up to approximately 40 N [19]; accordingly, soft coverings,
geometric reconfiguration, and tendon-routing strategies have
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Pinching (with target 
tracking system (TTS))
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Fully closed

Fig. 2. CAD model of the gripper under different target positions and grasping
conditions.

Abstract - A main challenge in agri-tech lies in robotic handling and
harvesting of delicate produce.
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been investigated to improve pull-out resistance and load
sharing [20]–[23].

Handed-shearing auxetic (HSA) structures provide a con-
tinuous, architected medium capable of producing coupled
twisting and extension under torque input [24], [25]. Their
mechanical response can be tuned through geometric de-
sign alone, and electrically driven variants have demonstrated
compact integration without the need for pumps or external
hardware [26], [27]. These characteristics make HSAs attrac-
tive candidates for end effectors where both compliance and
directed deformation are needed.

Building on these observations, this work presents a gripper
composed of two cooperative subsystems: a target tracking
system (TTS) and a pinch-grasp system (PGS). The TTS
passively redistributes actuation travel among three fingers
after early contact, shifting the effective grasping center toward
the target center and facilitating the handling of eccentrically
positioned objects. Compared with prior HSA-based grippers
mainly focused on electrically driven compliant grasping, the
proposed system combines HSA-enabled enclosure with pas-
sive target tracking and contact-triggered sequential grasping.
The PGS exploits contact-induced rotation at the HSA end cap
to transition from an initial planar pinch to a curved enclosure,
thereby improving pull-out resistance while maintaining gentle
surface contact.

Both subsystems are driven by a single motor and rely on a
minimal linkage architecture. Their interaction is summarized
in Fig. 1, which illustrates the sequence from approach to
full enclosure. An overview of the proposed methodology is
provided in Fig. 3, including functional requirements, mod-
eling steps, structural optimization, and prototype validation.
Experimental evaluations involving eccentric targets, object
size variations, and pull-out conditions assess the proposed
concept under representative benchtop conditions.

II. METHODS

Since all three fingers share identical geometry and trans-
mission, this section introduces the overall assembly and
grasping sequence, then the simulation-based design of the
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Fig. 4. Overall assembly: (a) perspective view; (b) top view of cable driven
underactuated mechanism.

PGS, and finally the simplified mechanical drive analysis used
for actuator sizing and range definition. The complete assem-
bly is shown in Fig. 4. The main drive shaft winds two tendon
branches, which serve the closing and opening functions,
respectively. Because the two branches wrap around the shaft
with different numbers of turns, the available tendon travel
differs between closing and opening motions. A preloaded
spring, highlighted in brick red in Fig. 4, maintains tension
in the tendons and prevents slack, which could otherwise
lead to unintended object release. The total prototype weight
is approximately 757 g, of which the three HSA cylinders
account for about 120 g.

A. Grasping Sequence and Control Logic
The operating sequence mechanism is in Fig. 5a, and its as-

sociated control logic is summarized in Fig. 5b. Limit switches
(LS) at the end of each linear guide define the fully open
configuration. In this state, all fingers rest at their outermost
positions along the rails, and the preload (PL) subsystem is set
to its minimum preload, ensuring that the initial interaction
with the object remains compliant and tolerant to contact
uncertainties.

From the initial pose, the main shaft rotates in the closing
direction. In the physical implementation, the “red” closing
tendon and the “green” opening tendon are two ends of the
same line. As the shaft winds the closing side, it releases the
opening side at nearly the same rate. With the inner mechanical
stops on the main chassis taken as reference, the distance
between the i-th finger and its inner stop is defined as ∆Di

finger.
The sum

∑3
i=1 ∆Di

finger decreases as the closing tendon is
pulled, corresponding to inward sliding of the fingers along
the guides.

Continued shaft rotation drives the fingers toward the object.
The target may be near the geometric center of the gripper,
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but in practice it is often offset. As soon as one finger
touches the object, the corresponding carriage is blocked on its
rail. Due to the underactuated tendon routing, the remaining
fingers continue to move inward and adapt to the actual target
position, while the first-contact finger stays in place.

Each finger is equipped with a film pressure sensor (FPS).
When all three fingertips have reached the object and the sum
of their readings exceeds a prescribed threshold, the system
interprets this as a transition into the pinch phase. In the
experiments, this condition was set as

3∑
i=1

Fi ≥ 1 N,

where Fi is the normal force measured by the i-th sensor. At
this point, the PL subsystem is activated. The PL adjusting
tendon is pulled by a displacement ∆lAPL, and the preload
of the internal springs increases. This adjustment raises the
maximum pull-out resistance while keeping the contact forces
within acceptable limits.

The main shaft then continues to rotate in the same direc-
tion. Because the object blocks further sliding on the rails,
the relative position of each finger along its guide remains
almost unchanged. In the default grasping configuration, the

additional tendon travel is converted by the handed shearing
auxetic (HSA) structure into bending at the distal end. The
fingers curl around the object and move from a pinch con-
figuration to a more enveloping grasp. The increased tendon
tension in this phase is transmitted to the PL module, so that
the springs in the double pulley arrangement are stretched by
approximately 2∆lAPL. In parallel, the fingertip force readings
continue to grow. When the average force per finger reaches
a higher threshold,

F̄ =
1

3

3∑
i=1

Fi ≈ 10 N,

the grasp is regarded as successful for the given test conditions,
and the main servo stops.

Reopening follows the reverse sequence. The PL servo first
returns the PL setting to its minimum value. The drive shaft is
then rotated counterclockwise so that the opening tendon pulls
the fingers outward along their rails. Due to the underactuated
topology, fingers that have already reached the LS position
remain blocked, and the residual tendon travel is redistributed
to the remaining fingers. Once all three LS switches have been
triggered, the system has returned to the initial open pose, and
the main servo is stopped again.

B. Simulation Based Design of the PGS

The pinch and grasp system (PGS) relies on three HSA-
based fingers, each formed by a continuous flexible body rather
than a chain of discrete rigid links. To evaluate the influence
of design parameters on performance, a finite element model
of a single finger was developed in Ansys 2022 R1. The simu-
lation focuses on the PGS alone and explores the relationship
between selected design variables and several performance
indicators. The main components of the model, including the
input variables, boundary conditions, contact pairs, material
assignment, and output probes, are summarized in Fig. 6.
The equivalent tendon loading is represented by concentrated
spring forces to reduce computational cost.

Two design variables are investigated. The first is the stiff-
ness of the spring in the PL module, used to adjust the preload
range in the physical prototype. This preload influences the
passive compliance of the finger during gripping and pull-out.
A smaller preload leads to a more compliant response and a
more uniform force profile during extraction, whereas higher
preload results in a sharper force increase near the end of the
pull-out. The adjustment range enabled by this spring therefore
defines the lower bound of the achievable compliance under
load.

The second design variable is the initial angular position of
the driven end cap relative to the fixed frame. In the model,
this position is defined as an angle around the HSA end
face. Angles pointing outward along the HSA perimeter are
treated as negative, and angles pointing inward are treated as
positive. This starting angle controls both the effective stroke
and the evolution of mechanical advantage during actuation.
A large positive angle gives a short motion range with an
earlier transition to high force, whereas more negative angles
provide a wider stroke but a slower force build-up. Since the
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HSA segment requires increasing drive force as it bends, the
cap angle must be selected so that the available torque remains
compatible with the HSA demand over the full motion range.

Material properties and contact definitions follow the phys-
ical prototype and the expected interaction between HSA,
springs, fingernail, and the test object. The motion is divided
into two substeps that mimic the experimental procedure: the
first corresponds to approaching and forming the grasp, and
the second to pulling the object out of the grasp. To reduce the
computational cost associated with explicitly modeling the full
cable path, the tendon action is represented by direct spring
elements acting on the drive point of the end cap, oriented
along the actual tendon direction, for parameter selection and
local performance comparison within the PGS.

A design of experiments (DoE) study was carried out
on this model, and the results are summarized in Fig. 7.
The analysis monitors three main outputs: maximum gripping
force, maximum pull-out force, and fingertip displacement.
Panels (a), (c), and (e) in Fig. 7 show how these outputs
vary with the initial cap angle and spring stiffness. In the
range explored, the optimal initial cap angle for both force and
displacement is consistently around −10◦, largely independent
of the chosen spring stiffness, and was therefore selected as
the nominal setting for the prototype.

With the initial angle fixed at −10◦, the maps in Fig. 7(b),
(d), and (f) are used to select a suitable spring stiffness. In
the physical layout, the relaxed spring length is constrained
to approximately 50 mm. Under these constraints, a stiffness
of about 1 N/mm yields a maximum compression of 5.2 mm
in the simplified model. When mapped to the full assembly,
which is equivalent to six springs acting in parallel, this
corresponds to a total compression of roughly 31.2 mm,
compatible with the mechanical limits of the housing.

For the selected design, the maximum spring reaction force
sets the minimum drive force required for a single HSA

M
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Fig. 7. Design variable selection and partial output acquisition, i.e., actuating
torque required and adjustment range from preload, based on a simulation-
based design of experiments (DoE).

module in the simplified model of the PGS. The simulations
indicate that this force remains close to 5.15 N across the range
of spring stiffness values considered, which facilitates actuator
sizing. This value is later used in the mechanical analysis of the
target tracking system. This value refers to a simplified single-
cylinder design model and is not directly comparable to the
experimental peak pull-out force of the assembled gripper. The
structural checks in Fig. 7(f) confirm that the peak stresses in
the HSA body remain below the material strength, indicating
that the selected parameters do not compromise durability.
The pull-out behavior predicted by the model is illustrated in
Fig. 7(c). For the selected configuration, the maximum pull-
out force over the trajectory in the simplified single-finger
model used for design comparison lies between 2.3 and 2.7 N,
depending on the chosen preload. The fingertip displacement,
shown in Fig. 7(e), is approximately 18.5 mm and is used later
as a reference when designing the motion range of the target

Initial position 
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Fig. 8. Simulation result under the selected design variables.



5

ΔDi
finger

θcable

lfr

FAR=5.15N

DV2

 Initial position

(a) Actuation (b) Reset

Fig 8(a)
 Contact

Fig 8(b) Grip
dpp=38mm

θpp

vpp

Mmotor  /  vmotor

daxl

Fcable  /  vcable

vPGS

Actuation section
of fishing line

 Reset position

dRST

Reset section
of fishing line

DRST lRST

Pulley for reset

Travel limiter
=-10 deg

Fig. 9. Drive mechanism used for grasping and resetting: (a) closing layout,
(b) reset layout.

tracking system.
Figure 8 collects representative snapshots from the simula-

tion under the chosen design variables. The sequence is con-
sistent with the experimental grasping process, from approach
through initial pinch and bending to pull-out.

C. Mechanical Design of the Drive Mechanism

The underactuated layout of the gripper operates on two
levels. First, the three fingers share a common tendon path
while sliding along their individual rails. Second, within each
finger and rail assembly, an additional underactuated stage is
implemented. The structural design of this stage governs the
sequence of the approach and grasp phases in the pinch and
grasp system (PGS). The same mechanism is also used during
reopening and reset.

Figure 9 presents a simplified view of the drive mechanism.
In the closing path, six tendon segments leave the main shaft,
pass around guiding pulleys, and then act on the fingers
in directions that are not perfectly aligned with the desired
gripping force direction. Denoting the direction of the resultant
gripping force as the FAR axis, the i-th tendon leaves its last
pulley at an angle θi with respect to this axis. In the present
design, these angles are approximately

θi = {80◦, 120◦, 120◦, 120◦, 120◦, 70◦}.

Each tendon segment carries a tension Fcable,i. Its contribu-
tion along the FAR axis is Fcable,i cos θi, so the total gripping
force can be written as

FAR =

6∑
i=1

Fcable,i cos θi. (1)

To simplify the relation between tendon tension and gripping
force, an equivalent angle θeq is introduced. Under the assump-
tion that all tendon segments carry approximately the same
tension Fcable, the expression becomes

FAR ≈ Fcable cos θeq, (2)

and the required tendon tension can be estimated as

Fcable ≈
FAR

cos θeq
. (3)

This relation provides a simplified estimate of the average
tendon load associated with a target gripping force. This
projection-based relation is used here as a pre-contact sizing

approximation. After object contact, tendon directions and
load sharing evolve with finger deformation and contact con-
straints.

Once the required tendon tension Fcable is known, the
minimum torque and speed for the motor can be evaluated.
For a shaft with diameter daxl = 8 mm, the minimum torque
at the motor output is

Mmotor,min = Fcable
daxl

2
. (4)

The linear speed of the tendon is related to the rotational speed
of the shaft by

vcable = ωmotorr = vmotor πdaxl, (5)

where r = daxl/2, ωmotor is the angular speed, and vmotor is
the rotational speed in revolutions per unit time. Solving for
vmotor gives

vmotor =
vcable

πdaxl
, (6)

which directly links the shaft speed to the desired closing
speed of the tendons. Equations (4) and (6) together provide
a first-order basis for motor selection once a target gripping
force and closing time are specified, with friction in the
tendons, pulleys, and guides neglected in this estimate. In the
prototype, the main shaft was actuated by a 360◦ continuous-
rotation MG996-class servo with a rated torque of approxi-
mately 20 kgf · cm (≈ 1.96 N · m), which is well above the
calculated minimum requirement.

The PGS also incorporates a fingertip sliding mechanism
to accommodate objects of different sizes. The intended ap-
plication is medium-sized apple/pear-like fruit with diameters
of 60 to 90 mm, evaluated using a 10 N/finger final contact
level and a ∼ 40 N pull-based retention reference. To support
this diameter range, the closing stroke of the gripper should
accommodate the expected variation in object diameter.

Each fingertip can slide passively along its guide by a
displacement ∆Dfinger = 18.5 mm. This travel is defined by
the distance lfr between the mechanical stop on the base and
the limit piece on the fingertip carriage. When one fingertip
touches the object first, its motion along the rail stops, but the
tendon tension continues to increase and eventually overcomes
the static friction at the limit interface, causing the fingertip
carriage to slide along the guide. The combined remaining
sliding travel of the two opposing fingers is

∆Dtotal = 2∆Dfinger = 37 mm. (7)

For the target objects, the diameter variation is approximately
30 mm, denoted ∆Dobject. The design satisfies

∆Dtotal ≥ ∆Dobject, (8)

thereby ensuring that the mechanism can adapt to objects in
the 60 to 90 mm range without losing symmetry or contact
quality. From the CAD model, the maximum gripper aperture
is approximately dgrp = 165 mm, while the nearly closed
configuration leaves a residual finger gap of about Dgap = 17
mm.

The reset path of the mechanism uses a separate tendon seg-
ment with a spring to enable passive self-centering behavior.
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The initial tension is set high enough to keep the tendons taut
and to draw the pulleys and carriages back toward the center
once the main drive motor is released. This enables passive
reset without additional sensing or active control beyond
releasing the main drive.

III. EXPERIMENTS

The gripper integrates a target tracking system (TTS) and
a pinch and grasp system (PGS), both driven by a single
actuator and coordinated through the control logic in Fig. 5a.
To evaluate subsystem performance and grasping behavior in
representative scenarios, dedicated experimental fixtures were
developed, as shown in Fig. 10. The lower frame constrains the
gripper at its mounting interface and supports interchangeable
targets at prescribed positions, while an upper frame is added
when pull-out loading is required.

Three experimental setups were used. In setup 1, a sus-
pended spherical target was used to evaluate the passive target-
tracking capability of the TTS under centered and intentionally
off-centered conditions. The influence of tendon preload was
examined by varying the preload displacement ∆x of the PL
spring. Setup 2 quantified the pull-out performance of the PGS
using a controlled extraction rig, with pull-out force measured
by an in-line load cell. Besides the default pinch-and-grasp
(PG) mode, a pinch-only (PO) mode was implemented by
fixing one gear in each finger to the corresponding TTS
carriage with a screw, thereby disabling HSA bending while
preserving translational pinching motion. Additional tests were
also conducted at side-entry orientations of 45◦ and 90◦ under
the same loading protocol. Setup 3 evaluated representative
real objects using the same grasp-pull protocol, focusing
on enclosure formation, force sharing, and retention under
subsequent pull-out loading.

Both qualitative and quantitative evaluations were con-
ducted. Qualitative snapshots illustrate the grasping sequence,
side-entry behavior, pinch-only configuration, and enclosure
behavior (Fig. 11), while quantitative measurements report
gripping and pull-out forces (Fig. 12–Fig. 14). Contact forces
were monitored using film pressure sensors mounted on the
inner finger surfaces. All sensors and actuators were controlled
via an Arduino UNO, with data logged on a host computer.

For each quantitative condition, 20 grasping cycles were
executed to account for stabilization of the HSA response,
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TTS performance test

EXP Result 2
PGS performance test

EXP Result 3
Object and stiffness-variant test

Central position

(c)

(b)

(a)

(f)

(e)

(d)

(h)

45°

(i) (k)

(l) (o)

(m) (p)

(n) (q)

(g) (j)

Noncentral position Pinch only mode Pear Apple

G
rip

O
verview

Frontview

Pull-out

Pinch

dobj=160mm

Big bottle

Nylon grip Grip & pull

Bottle

Fig. 11. Key stages of the gripper during the experiments, including
centered and off-centered grasping, side-entry tests, pinch-only mode, pull-out
behavior, representative real-object grasps, and a nylon-based stiffness variant.

and five trials were extracted for analysis. The reported results
are presented as mean curves with error bands. Side-entry
peak pull-out values are summarized in Table I. For the real-
object tests, visible damage was assessed by post-grasp visual
inspection.

IV. RESULTS

Figure 11 summarizes the qualitative grasping sequences
observed across the three experimental setups. Quantitative
force results are reported in Fig. 12–Fig. 14.

In setup 1 with a centered spherical target, all three fingers
establish contact nearly simultaneously and progress toward
enclosure, resulting in balanced force profiles. Peak gripping
forces approached the prescribed 10 N/finger level. Increasing
the preload leads to a steeper and more repeatable force
rise, while lower preload produces a more compliant response
with higher variability. In off-centered tests, the final grasp
consistently recenters with respect to the target. An additional
constrained-TTS comparison for this setup is provided in the
supplementary material. Two fingers may contact earlier, while
the remaining finger continues to move until full engagement
is achieved.

Setup 2 evaluates pull-out behavior relative to the intended
pull-based retention target of about 40 N. In the default PG
mode, the maximum pull-out force reaches approximately
45 N for an 80 mm spherical target in the assembled three-
finger gripper. The additional 45◦ and 90◦ side-entry tests yield
comparable mean peak pull-out forces, approximately 46 N
and 47 N, respectively. No evident gravity-induced degradation
in grasp formation or pull-out resistance was observed across
the tested approach orientations. The force evolution indicates
a gradual release without abrupt jump-out, reflecting the
combined contribution of enclosure and fingernail interaction.
In the PO mode, the front-view contact geometry becomes
V-shaped, and the corresponding pull-out curve exhibits a
pronounced force valley before nail engagement. Under the
same gripping threshold, the maximum pull-out force remains
around 25 N, substantially lower than in PG mode. For the
80 mm spherical target, increasing the preload from 2 N (∆x
= 1 mm) to 5 N and then to the fully compressed spring
condition (∆x = 11 mm) increased the peak gripping force
from 8.5 N to 9.2 N and 10 N, and the corresponding peak
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Finger 1
Finger 2
Finger 3
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Fig. 12. Gripping force results for experimental setup 1 (TTS), showing the
influence of target offset and preload setting.

TABLE I
BENCHMARK SUMMARY OF THE PROPOSED GRIPPER AND

REPRESENTATIVE HARVESTING-ORIENTED GRIPPERS.

System Object Mode Cond. Main result

Proposed
gripper

80 mm sphere PG 0◦/45◦/90◦ Peak pull-out force ≈
45/46/47 N

80 mm sphere PO 0◦ Peak pull-out force ≈ 25 N
Pear / apple / bot-
tle / large bottle

PG 65–160 mm
tested

Peak pull-out force: 42 / 47 /
45 / 35 N; no visible damage

Chen et al.
(2022)

Apple Pull 65–95 mm Detachment force: 8.88–39.6
N; 80% picking success; 0%
fruit skin damage

Wang et al.
(2023)

Apple Twist-
pull

Apple har-
vesting

Detachment / damage / har-
vesting rate: 75.6% / 4.55%
/ 70.77%

Visentin et
al. (2023)

Strawberry Pull Small fruits Force range: 0–4 N; 82%
correct picking rate

pull-out force from 39 N to 42 N and 45 N. An additional
nylon-printed HSA variant reached a substantially higher peak
pull-out force of about 98.4 N, but exhibited visibly reduced
conformability and a marked increase in average finger force
during extraction before nail engagement, as highlighted in
Fig. 11(q) and indicated by the dashed curve in Fig. 13(a).
Compared with the TPU fingers, the contact force no longer
remained close to the prescribed gripping level during the later
stages of extraction.

In setup 3, representative grasps on real objects illustrate the
intended underactuated behavior. Symmetric objects lead to
balanced three-finger enclosures, while asymmetric early con-
tact on horizontally placed objects does not prevent completion
of the grasping sequence. In all cases, non-contacting fingers
continue to move and complete the enclosure, improving
force sharing while limiting local overload. Fig. 14 reports
the corresponding gripping-force profiles, while the pull-out
results are summarized in Table I. No visible surface damage
was observed on the tested objects under post-grasp visual
inspection. Grip success rate was 100% for all tested objects,
and retention success rates were 100%, 100%, 95%, and 75%
for the pear, apple, bottle, and large bottle, respectively. Based
on the CAD-defined lower bound and the tested objects, the
practical retainable size range was approximately 17–160 mm.
The upper bound was inferred from the large-bottle grasp
in Fig. 11(m), with dobj = 160 mm, and was taken as
the approximate upper practical grasp limit under the current
finger geometry.

V. DISCUSSION AND FUTURE WORK

For both centered and off-centered targets, the three fingers
converge toward a common enclosure, and the measured

Grip fishing line

Pull-out rope

(g), (h), and (i) are refered to figure.11

Gripping force peak (stop gripping)
& pull-out start

98.4 N
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(q)
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Fig. 13. Setup 2 force results in PG (a) and PO (b) modes. The dashed curve
denotes the nylon-printed HSA variant; side-entry peaks are summarized in
Table

I.

Bottle

(a)

Big bottle

(b)

Pear

(c)

Apple

(d)
Fig. 14. Gripping force results for experimental setup 3 on representative real
objects, including a bottle, a large bottle, a pear, and an apple.

contact forces reach comparable levels once the pinch-to-
grasp transition is completed. In pull-out tests with an 80 mm
spherical target, the resistance to extraction increases smoothly
and reaches a peak of approximately 45 N before release,
without abrupt force drops or sudden jump-out behavior.

The range of objects successfully grasped in the experiments
spans object sizes from roughly 65 mm to 160 mm. This range
reflects the tested objects and the combined contribution of
the sliding-based target tracking mechanism and the compliant
enclosure provided by the HSA-driven fingers. Rather than
relying on precise initial alignment, the gripper adapts its con-
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figuration after early contact, allowing the remaining fingers to
continue their motion until a mechanically balanced grasp is
formed. The comparison with the nylon-printed HSA variant
suggests a trade-off between retention and compliant load
redistribution: increasing structural stiffness can substantially
raise pull-out resistance, but at the cost of reduced conforma-
bility and a less controlled increase in contact force during
extraction.

The influence of tendon preload is primarily observed dur-
ing the transient phase of force development. Lower preload
settings lead to a more gradual and compliant force increase,
accompanied by larger trial-to-trial variability, whereas higher
preload produces a steeper initial rise with improved repeata-
bility. In all cases, the maximum gripping force remains
comparable, indicating that the upper force level is governed
mainly by the actuation capability of the HSA-based PGS
rather than by the preload level itself.

From a design perspective, the current prototype demon-
strates the feasibility of integrating passive target tracking and
contact-triggered enclosure within a single-actuator architec-
ture. The overall size of the mechanism is still influenced
by the dual-HSA finger layout and the associated sliding
rails. Future work will therefore explore more compact finger
architectures, such as single-HSA designs constrained by rigid
elements, while maintaining the same functional sequence.
The present validation focuses on pull-based retention and
grasp stability. A wrist-enabled detachment strategy introduc-
ing combined torsion–tension loading will be considered in
future work. Quantitative bruise assessment also remains an
important direction for future study. The present experiments
do not isolate shear slip resistance as a separate interface-
level metric; instead, retention was evaluated at the system
level through pull-out tests. Under the same 80 mm spherical
target and pulling protocol, the PG mode maintained retention
up to approximately 45 N, whereas the PO mode showed
an early loss-of-grip region and a lower peak value of about
25 N, indicating that the enclosing grasp improves resistance
to tangential slip during extraction.

The results support a feasible pull-based mechanism-level
approach for produce-oriented handling under representative
benchtop conditions, with reduced dependence on precise
positioning and without additional sensing or control layers.
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