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BMA Gripper: Bistable Multimode Adaptive
Gripper Enabled by a Spring-Latch Mechanism
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Abstract—Bistable grasping devices exhibit high ma-
neuverability and rapid responsiveness; however, existing
bistable grippers often lack the capability for active adjust-
ment of triggering forces and effective interaction with the
environment during grasping. Inspired by the zebra mantis
shrimp, this article proposes a bistable, multimode, and
adaptive gripper named bistable multimode adaptive grip-
per (BMA) gripper. Through a bioinspired design of a mul-
timode bistable actuator and underactuated fingers with
modular fingertips, the proposed gripper achieves rapid
grasping across diverse scenarios. A series of experiments
were conducted to evaluate the performance and func-
tionality of the BMA gripper. Experimental results demon-
strate that the gripper can operate in three distinct grasping
modes: fully active, active bistable, and passive bistable
grasping, effectively interacting with the environment to
achieve adaptive grasping. In the bistable grasping mode,
the gripper requires a minimal energy of only 0.412 mJ for
state transition and can switch from the open state to the
closed state in as short as 0.116 s. In addition, the gripper
achieves a maximum gripping force of 68.4 N at a gripping
distance of 120 mm. These results confirm the significant
potential of the BMA gripper for high-speed adaptive grasp-
ing tasks in various application scenarios.

Received 12 November 2024; revised 21 March 2025 and 9 June
2025; accepted 17 September 2025. Recommended by Technical Ed-
itor Mokrane Boudaoud and Senior Editor C. Clévy This work was
supported in part by the Dreams Foundation of Jianghuai Advance
Technology Center under Grant 2023-ZM01Z005, in part by the National
Natural Science Foundation of China under Grant 62203260 and Grant
92248304, in part by the Shenzhen Science Fund for Distinguished
Young Scholars under Grant RCJC20210706091946001, and in part by
the Guangdong Basic and Applied Basic Research Foundation under
Grant 2023A1515011773. (Corresponding author: Houde Liu.)

Tao Liao, Shoujie Li, and Xueqian Wang are with Tsinghua
Shenzhen International Graduate School, Tsinghua University,
Shenzhen 518055, China (e-mail: liaot23@mails.tsinghua.edu.cn;
lsj20@mails.tsinghua.edu.cn; wang.xq@sz.tsinghua.edu.cn).

Houde Liu is with Tsinghua Shenzhen International Graduate
School, Tsinghua University, Shenzhen 518055, China, and also with
Jianghuai Advance Technology Center, Hefei 230000, China (e-mail:
liu.hd@sz.tsinghua.edu.cn).

Chongkun Xia is with the School of Advanced Manufactur-
ing, Sun Yat-Sen University, Shenzhen 518055, China (e-mail: xi-
achk5@mail.sysu.edu.cn).

Bin Liang is with the Navigation and Control Research Center, Depart-
ment of Automation, Tsinghua University, Beijing 100084, China (e-mail:
bliang@tsinghua.edu.cn).

This article has supplementary material provided by the au-
thors and color versions of one or more figures available at
https://doi.org/10.1109/TMECH.2025.3612897.

Digital Object Identifier 10.1109/TMECH.2025.3612897

Index Terms—Bistable structure, dynamic capture, mode
switching, reprogrammable, two-finger gripper.

I. INTRODUCTION

A S A fundamental function of animals, grasping plays a
crucial role in interactions with the natural world [1],

[2]. Grasping mechanisms have been studied for over 60 years
in academia, yet actively driven parallel grippers remain the
standard in real-world applications due to their ability to generate
substantial grip forces based on the torque provided by their ac-
tuators [3]. However, these grippers face significant limitations,
such as slow grasping speeds, challenges in capturing high-
dynamic objects, and difficulties in interacting with complex
environments [4].

In contrast, numerous organisms in nature have evolved
bistable structures to enhance their survival. Examples include
the flexible actuators in Venus flytrap leaves [5], the rapid beak
closure of hummingbirds to catch flying insects [6], the fast
folding and locking of earwig wings [7], and the lightning-fast
strikes of the mantis shrimp’s hunting limbs [8]. These bistable
structures exhibit unparalleled advantages in rapid response and
force amplification. By setting specific triggering conditions,
bistable mechanisms enable rapid transitions between two stable
states, releasing significant amounts of stored strain energy in an
extremely short time frame, thereby enhancing grasping speed
and force output [9]. Moreover, bistable mechanisms inherently
maintain their shape after transitioning, eliminating the need for
continuous actuation and reducing energy consumption [10].

In recent years, considerable research has focused on applying
bistable structures in grasping devices. Based on the energy
transition mechanisms, these devices can be categorized into
origami-inspired designs [11], [12], [13], flexible material-based
structures [14], [15], [16], rigid deformation structures [17],
[18], and energy-assisted designs [19], [20]. However, most
existing studies have been limited to a single, passive triggering
mode, where any external stimulus instantly initiates closure.
This limitation prevents active control over the triggering of
bistable structures and restricts their ability to adapt to diverse
grasping scenarios.

In addition, the sensitivity and transition speed of bistable
structures are largely determined by their preset structural pa-
rameters and material properties [21], [22]. Once fabricated,
these properties become fixed and unmodifiable [23]. Moreover,
during bistable transitions, current devices often struggle with
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environmental interactions—unintended external interference
can prevent successful closure. Achieving fine-tuned, postfab-
rication control over triggering sensitivity and transition speed
while ensuring reliable environmental interaction during grasp-
ing remains a significant challenge [24], [25].

Biological structures and behaviors have long inspired robotic
design. Notably, the zebra mantis shrimp features a hunting
appendage equipped with a unique spring-latch mechanism that
enables bistable triggering. This appendage extends rapidly
and adaptively grasps prey, demonstrating a high degree of
environmental adaptability and fast grasping efficiency [26]. In-
spired by this physiological structure and predation mechanism,
we propose the bistable multimode adaptive gripper (BMA)
Gripper—a bistable, multimodal, and adaptive gripper designed
for high-speed, adaptive grasping of both static and dynamic
objects. The main contributions of this work are as follows.

1) The proposed BMA Gripper leverages a bistable structure
to enable rapid capture of static and high-dynamic objects,
with reprogrammable trigger sensitivity and grasping
speed without increasing mechanical complexity.

2) The proposed BMA Gripper can freely switch between
three working modes and adapt to different grasping tasks
by manually changing its fingertips.

3) The proposed BMA Gripper is capable of rapid grasping
during environmental interaction, reducing dependency
on detailed target and environmental information, and
avoiding the need for complex planning algorithms.

II. DESIGN OF THE GRASPING AND WORKFLOW

A. Bioinspired Design

The zebra mantis shrimp, known as “Brawler of the Seafloor,”
exhibits exceptionally powerful strikes and ultra-fast predatory
responses [27]. As shown in Fig. 1(a), it possesses two hunting
limbs, each with an agile dual-joint structure. This configura-
tion allows strike-and-grasp or direct envelopment strategies,
depending on prey size [8], [28]. In addition, during predation,
the shrimp’s forelimbs can accelerate from rest to over 20 m/s
in less than 3 ms, a capability closely associated with its spring-
latch mechanism embedded within the retraction muscles of
the hunting limbs. In the preparation phase, forelimbs retract,
storing elastic potential energy in muscle tissues. This energy is
then rapidly released to propel the limbs forward at remarkable
speed. Leveraging this specialized morphology, the shrimp can
capture even evasive prey with instantaneous strikes [30].

As shown in Fig. 1(b), zebra mantis shrimp’s hunting ap-
pendages primarily comprise three key physiological structures:
a spring tendon, a latch tendon, and a double-joint mechanism.
This tendon-driven system exhibits bistable characteristics. Dur-
ing hunting preparation, the latch tendon contracts, stretch-
ing the spring tendon located opposite the first flexible joint.
Subsequently, the latch tendon is locked, maintaining the limb
in a “latch-locked” configuration—defined as the first stable
state. Upon attack initiation, the latch rapidly releases, allowing
appendages to extend swiftly under spring tendon force, striking
prey and transitioning into the second stable state. After impact,
prey is adaptively enveloped by the second flexible joint and

Fig. 1. Bioinspired bistable, multimode, adaptive gripper based on the
zebra mantis shrimp. (a) Zebra mantis shrimp employs dexterous double
joints and retractor muscles to achieve high-speed hunting and adaptive
grasping; the proposed BMA gripper achieves rapid adaptive grasping
through an underactuated double-joint linkage and bistable mechanism.
(b) Physiological structure of the zebra mantis shrimp’s predatory limb,
including spring-latch tendons and double joints. (c) Operational process
mimicking the zebra mantis shrimp’s predatory limb, featuring striking
grasp and enveloping grasp. (d) Two grasping modes of the BMA grip-
per: fingertip grasping and enveloping grasping, corresponding, respec-
tively, to the mantis shrimp’s striking and direct enveloping strategies for
prey of different sizes.

then retracted through the first joint, completing a rapid strike-
and-retrieval sequence, as shown in Fig. 1(c). Furthermore,
as demonstrated in Fig. 1(c), zebra mantis shrimp adjusts its
predatory strategy based on prey size. For larger prey, it performs
a strike followed by envelopment and retrieval; for smaller prey,
it applies a direct enveloping grasp without a preceding strike.

Inspired by the physiological structure and predation mecha-
nisms of zebra mantis shrimp’s hunting appendages, we propose
a two-fingered gripper with integrated bistable and adaptive ca-
pabilities, termed the BMA gripper, as shown in Fig. 2. This de-
sign primarily comprises an electromagnetic-pneumatic actuator
and an underactuated linkage claw mechanism. By employing
electromagnets and tension springs to store and rapidly release
energy, the gripper achieves high-speed extension for object
grasping, effectively emulating the spring-latch mechanism and
adaptive predation behavior observed in zebra mantis shrimp.

As shown in Fig. 1(d), the underactuated linkage claw sup-
ports two distinct grasping modes: fingertip grasping for smaller
objects and adaptive enveloping grasping via inner surfaces for
larger objects. Moreover, BMA gripper incorporates a modular
fingertip design and achieves multiple operational modes by
adjusting activation intervals of its electromagnetic-pneumatic
actuator, enabling effective adaptation to diverse grasping tasks.
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Fig. 2. Overview of the violet gripper inspired by the zebra mantis shrimp. (a) Exploded view of the violet end-effector. (b) Structure of the
underactuated linkage gripper mechanism. (c) Modular fingertip design with decomposition view.

This adaptability is analogous to the biological strategy adjust-
ments observed in the zebra mantis shrimp when capturing prey
of varying sizes. Such bioinspired implementation offers valu-
able insights and design principles for developing high-speed
grasping systems.

B. Hunting Limb-Inspired Gripper

During the predation process of the zebra mantis shrimp,
four primary phases are observed: energy storage, rapid limb
extension, adaptive grasping, and retraction. Inspired by the
physiological structure of its hunting limbs, we developed an
underactuated linkage gripper system—comprising a six-bar
underactuated mechanism and a trajectory-guiding module—to
achieve functions, such as rapid extension during grasping and
adaptive object engagement.

As shown in Fig. 3(a), the underactuated linkage gripper
device consists of two main components: an underactuated
six-bar linkage and a trajectory-guiding module. The joints of
the six-bar linkage are connected via bearings, and TPU elastic
bands are affixed at each linkage joint to provide restoring
elastic forces that maintain the initial configuration. A tension
spring (Spring 1) is mounted on the moving block to supply
the energy required for rapid bistable transitions. The spring
is designed with a quick-swap mechanism, allowing users to
replace it with versions of different wire diameters and lengths,
thereby enabling programmable control of the closing speed
during state transitions. To achieve passive triggering in response
to external stimuli, a modular trigger membrane made of 75 A
rubber is incorporated. Rectangular slots are cut into both ends
of the membrane, which is fixed at the midpoints of linkages
DC and D1C1 using 2 mm thick metal plates. Threaded holes
are provided at connection points G and G1, ensuring secure
attachment of the membrane to the linkage structure. During
grasping, the gripper exhibits compliant contact behavior. This
is achieved through the combined effect of a second tension
spring positioned between linkages AF and AB, and two sets of

Fig. 3. (a) Overall structure of the underactuated linkage gripper in
the BMA gripper, along with its two stable states: open and closed. (b)
Motion diagram of link EC from open to closed in the underactuated
linkage claw, and curve fitting of the roller bearing’s trajectory. (c) Con-
straint on the link’s motion trajectory set by the support and the movable
limit plate, yielding a single solution. (d) Constraint on the link’s motion
trajectory set by the support and the movable limit plate, yielding infinite
solutions when contact compliance is considered.

torsion springs located between linkages CD and DE. A blocking
structure is installed at the end of linkage DE, with the torsion
springs supplying an initial torque to maintain the parallel align-
ment between CD and DE. To realize the desired compliance and
triggering behavior, the inner linkages are designed to initiate
deformation when subjected to an external torque exceeding
0.14 N· m. Based on this design target, the parameters of the
torsion springs are determined via inverse calculation using the
following equation:

M = 2 · E · d4 · θ
10.8 ·D · n. (1)
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The parameters in the equation are defined as follows: M
is the torque, E is the elastic modulus, d is the wire diameter of
the torsion spring, D is the mean diameter of the spring, n is the
number of effective coils, and θ is the torsion angle (initially set
to 0.1745 rad to provide a preload torque for early warning). The
selected torsion spring parameters must generate an initial torque
of approximately 0.15 N· m under structural space constraints,
ensuring that the inner compliance mechanism can be reliably
triggered at the designed threshold.

In addition, the tension spring between linkages AF and AB
provides outer-side compliant contact capability and cooperates
with the inner torsion springs to maintain a vertical fingertip
orientation. When the externally applied force transmitted along
the direction of the tension spring exceeds the preset threshold,
the outer compliance mechanism should be triggered to adjust
the gripper posture. In this study, we set the outer triggering
force threshold at 1.2 N with an initial elongation of 5 mm,
and inversely derived the spring parameters using the following
equation:

F =
E · d4 ·ΔL

8 ·D3 · n (2)

where F is the tensile force, E is the elastic modulus, d is the
wire diameter of the tension spring, ΔL is the elongation of the
spring, D is the mean diameter, and n is the number of effective
coils. The selected spring parameters must satisfy spatial con-
straints while generating an initial tensile force of approximately
1.25 N to ensure that the outer compliant mechanism is reliably
triggered at the designated threshold.

On the other hand, due to the tension provided by the tensile
spring, links AF and AB can be considered as an integrated link
equivalent to link BF. To achieve forward fingertip extension
during gripper closure, a floating trapezoidal four-bar linkage
mechanism was designed, consisting of link EF (frame link,
length 24.5 mm), link EC (driver link, length 100 mm), link FB
(coupler link, length 96 mm), and link BC (output link, length
14.5 mm), precisely controlling the fingertip position. For the
overall motion, the linear travel of the moving block was set to
20 mm, with a maximum finger opening distance of 140 mm to
accommodate grasping of most small- to medium-sized objects.

During the transition from open to closed states, the moving
block drives the gripper backward by 20 mm, while the input
angle θ of the trapezoidal linkage rotates by 42◦, resulting in
nonlinear fingertip motion. Through motion analysis in three-
dimensional modeling software, initial and final states were set,
and the corresponding movement curves recorded. The resulting
trajectory shown in Fig. 3(a) was generated and fitted into the
model, indicating a forward fingertip extension of 22.5 mm for
the proposed linkage dimensions.

To actuate the underactuated six-link mechanism for grasping
tasks, we utilize the trajectory-guiding characteristics of a cam
system. A roller bearing (NTBGT9-8) is mounted on the linkage,
while guiding tracks are incorporated on the bracket and the
sliding limiter to direct the motion of the gripper. As shown in
Fig. 3(b), during the transition from open to closed states, link
EC undergoes rotational motion around pivot point E and linear
translation along the negative direction of the y-axis. The roller

bearing’s initial and final positions are denoted as N1 and N2,
respectively, with intermediate positions represented as N . The
global coordinates of point N during motion can be expressed
as

{
xN (θ) = −d sin θ
yN (θ) = yE(θ)− d cos θ

(3)

where θ is the angle between link EC and the y-axis, xN and
yN represent the horizontal and vertical coordinates of point N ,
respectively, and d is the distance between the roller bearing and
point E. Since the motion of link EC is driven by the moving
block, point E moves linearly and uniformly along the negative
y-axis; thus, its coordinate relationship can be simplified as

yE(θ) = L+
(L− h− L)(θ − 0)

θmax − 0
= L− hθ

θmax
(4)

where θmax represents the initial angle between link EC and
the y-axis, L is the length of link EC, and h denotes the
displacement of the moving block. Consequently, the simplified
global coordinates of point N become

{
xN (θ) = −d sin(θ)
yN (θ) = L− hθ

θmax
− d cos(θ)

θ ∈ [0, θmax]. (5)

When θ = θmax, the linkage is in the open position, and the
roller bearing is at the initial position N1(−d sin θmax, L− h−
d cos θmax); when θ = 0, the linkage is in the closed position,
and the roller bearing is at the final position N2(0, L− d).
The trajectory defined by this parametric equation is plotted
using Python and subsequently fitted onto the support bracket
and movement-limiting plate, effectively guiding the gripper’s
movement, as shown in Fig. 3(c).

However, the trajectory shown in Fig. 3(c) is fixed, resulting
in a unique solution for gripper motion. Merely constraining
initial and final positions is insufficient for achieving adaptive
interaction with the environment. As shown in Fig. 3(d), open
spaces are intentionally created between the two roller bearings
on each side, removing trajectory constraints to allow infinite
possible solutions during movement. PointsLA1,LU1, and LA2,
LU2 represent the initial and final positions of the two roller
bearings, respectively, while LAx and LUx denote intermediate
positions during adaptive interaction with the environment.

Based on the integration of the underactuated six-bar link-
age and the trajectory-guiding module, the underactuated link-
age gripper exhibits multidirectional adaptability, enabling
reliable grasping without the need for precise information about
the target object or surrounding environment. During gripper
closure, the fingertips perform unobstructed motion consisting
of a vertical extension, which allows adaptation to vertical
gaps, as shown in Fig. 4(a). When horizontal contact with the
environment needs to be accommodated, as shown in Fig. 4(b),
the outer roller bearing follows the trajectory LA1–LA2 shown
in Fig. 3(d). For vertical direction adaptation during contact with
the environment or object, as illustrated in Fig. 4(c) and (d), the
inner roller bearing follows the trajectory LU1–LU2 in Fig. 3(d).
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Fig. 4. Adaptive grasping modes of the underactuated linkage gripper
under conditions of limited information. (a) Fingertips extend to grasp
objects when vertically too distant and no horizontal contact occurs.
(b) Horizontal adaptive grasping within narrow spaces. (c) Adaptive
grasping through ground contact when vertically too close to the object.
(d) Internal adaptive grasping for objects with unusual shapes or greater
heights.

C. Actuation Inspired by Muscle Contraction

During the predation process of the zebra mantis shrimp, its
hunting limbs fold and contract toward the body under active
muscular drive. The muscle structure stores elastic potential en-
ergy through contraction and tension, accumulating this energy
within the spring tendons of the hunting limbs via a specialized
spring-latch mechanism. When the moment to strike arrives, the
latch tendon suddenly relaxes, releasing the latch mechanism.
The stored elastic potential energy is then instantaneously dis-
charged, causing the hunting limbs to rapidly extend from the
folded state, strike the prey, and immediately retract for capture.

In response to the specialized spring-latch mechanism within
these muscles, we designed a drive unit using electromagnets
and a pneumatic cylinder, endowing the BMA gripper with three
operating modes: fully active grasping, active bistable grasping,
and passive bistable grasping. As shown in Fig. 5, this drive
unit features a moving block equipped with two iron plates
at its front and rear ends to interact with two electromagnets.
The moving block is further connected to a movement limit
plate via tension springs, which provide the elastic potential
energy for state transitions. In this drive unit, Electromagnet A,
located at the front, can vary its magnetic force in both the active
and passive bistable modes, thereby allowing precise control
over the gripper’s speed and triggering sensitivity. Meanwhile,
Electromagnet B, located at the rear, supplies the magnetic
force needed to counter the backward impact of the moving

Fig. 5. Muscle contraction-inspired actuator design and electromag-
netic control principles.

block during rapid closure of the jaws, preventing rebound and
unintended reopening, and thus enhancing grasping stability.

The muscle-contraction-inspired drive unit occupies a space
of 54 × 140 × 25 mm. It uses the STM32 G431C8T6 as its
microcontroller unit (MCU), with a custom-designed PCB for
control. In order to precisely regulate the voltage of the solenoid
and adjust its triggering sensitivity, we employ the following
voltage divider circuit principle on the PCB:

UOUT = UFB × (RFB1 +RFB2)

RFB1
. (6)

The output voltage of the electromagnet (Uout) is determined
by the total input voltage (UFB) and the resistances (RFB1 and
RFB2). By adjusting these resistances using a potentiometer, the
magnetic force of the electromagnet can be precisely controlled,
thereby regulating the closure speed and trigger sensitivity of
the gripper in both the active and passive bistable grasping
modes (PBGMs). In addition, the voltages applied to both
electromagnets are displayed in real time via a display screen.
Permanent magnets are installed on both sides of Electromagnet
A at the front end, which enables the BMA gripper to achieve a
fixed, nonadjustable passive bistable grasp using a low-tension
tensile spring (0.5 mm wire diameter, 25 mm length) when
Electromagnet A is not activated. When Electromagnet A is
activated, the permanent magnets and Electromagnet A jointly
provide magnetic force, thereby increasing the maximum tensile
force that the gripper can sustain in its stable state. Consequently,
tensile springs with higher tension can be employed, resulting
in a faster grasping speed.

1) Fully Active Grasping Mode (FAGM): The FAGM refers
to the operational process where the opening and closing of the
gripper are entirely controlled by the motion of the pneumatic
cylinder’s piston rod throughout the entire grasping task. In this
mode, the zero position of the moving block is defined when
it is in close contact with Electromagnet A at the front end,
while the final position is defined when the distance between
the moving block and Electromagnet A reaches 20 mm. When
the moving block is at the zero position, the BMA gripper is
in its fully open state, and when the moving block is at the
final position, the gripper is in its fully closed state. As shown
in Fig. 6(a), throughout the operation process in the FAGM,
Electromagnet A remains de-energized, while Electromagnet B
is continuously energized with a voltage set to 5 V, ensuring a
magnetic connection between the piston rod and the rear iron
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Fig. 6. Schematic diagrams of the BMA gripper operating in three working modes, illustrating the relationships between the voltage variations of
Electromagnets A and B, pneumatic input changes, and the positional changes of the moving block. (a) FAGM. (b) ABGM. (c) PBGM.

plate of the moving block. During the preparation phase, the
solenoid valve is energized, and airflow from the air pump enters
through Port A, with Port B open to the external environment.
The piston rod extends, moving the moving block to the zero
position, causing the gripper to fully open, corresponding to
the initial state shown in Fig. 6(a). During the grasping phase,
the solenoid valve is de-energized, and airflow enters through
Port B, while Port A is connected to the external environment.
The piston rod retracts, driving the moving block to the final
position, causing the gripper to close and complete the grasping
task, corresponding to the final state in Fig. 6(a). Furthermore,
the opening and closing speeds of the gripper can be adjusted
by controlling the airflow rate at Ports A and B of the pneumatic
cylinder, effectively simulating motor-driven control through the
pneumatic system.

2) Active Bistable Grasping Mode (ABGM): The ABGM uti-
lizes a bistable structure to achieve ultra-fast gripper closure,
with the timing of closure actively controllable. As shown in
Fig. 6(b), in the preparation stage, Electromagnet B is acti-
vated while Electromagnet A is deactivated. Simultaneously, the
solenoid valve is energized, directing airflow into the pneumatic
cylinder through port A while exhausting through port B. The
piston rod extends forward, pushing the moving block to the
zero position and fully opening the gripper. Subsequently, Elec-
tromagnet A is energized and Electromagnet B deactivated, mag-
netically locking the moving block to Electromagnet A. Next,
the solenoid valve is turned-OFF, airflow enters through port B
and exhausts from port A, retracting the piston rod; however, the
moving block remains secured by Electromagnet A, emulating
the latch-lock mechanism of the zebra mantis shrimp’s hunting
appendage, thereby establishing the first stable state. At this
point, Electromagnet B is reactivated. When active triggering
for grasping is required, Electromagnet A is deactivated, causing
the moving block to disengage from Electromagnet A, thus
releasing the latch. Driven rapidly backward by tension springs
on both sides, the moving block converts stored elastic potential

Fig. 7. Schematic diagram illustrating the trigger mechanism of under-
actuated link closure in PBGM.

energy into kinetic energy, quickly closing the gripper to achieve
grasping and transitioning to the second stable state, as shown
in the final state in Fig. 6(b).

3) Passive Bistable Grasping Mode (PBGM): The PBGM is
developed based on the ABGM by installing a trigger membrane
between the gripper fingers, allowing the gripper to passively
sense external stimuli and trigger closure without active control.
As shown in Fig. 6(c), the preparation phase for the passive
mode is identical to the active mode. When the trigger membrane
receives sufficient external force, it transmits the force to the
moving block, causing it to disengage from Electromagnet A.
This action overcomes the energy barrier, resulting in the rapid
backward movement of the block driven by the tensile spring,
thereby closing the gripper.

As shown in Fig. 7, in this mode, the open state of the gripper
is maintained by the combined magnetic forces of permanent
magnets and front-end Electromagnet A, keeping the trigger
membrane in a tightened state. Since the collision between
the object and the trigger membrane occurs instantaneously,
the membrane can be regarded as rigid at this moment. The
collision-induced impact force F is transmitted to the moving
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block through the linkage mechanism of the gripper, and this
force transmission relationship can be expressed as follows:

F1 = F ′
1 =

F

2
sinφ

F4 = F ′
4 = F1 sinφ

F5 = F4 + F ′
4. (7)

The simplified transmission yields the force F5, which is
transmitted to the moving block to overcome the magnetic force
FC for detachment, as follows:

F5 = F · sin2 φ. (8)

To prevent unintended triggering caused by nontarget
stimuli—such as minor disturbances when the target is a stone
rather than sand—the gripper must possess the capability to
adjust its response threshold to external stimuli, thereby filtering
out unintentional activations. In this device, programmable con-
trol of the gripper’s trigger sensitivity is achieved by adjusting
the voltage applied to Electromagnet A. According to the fun-
damental principles of electromagnetism and Ampère’s law, the
magnetic force generated by the electromagnet can be expressed
as

Fc =
(N · I)2 · μ0 ·A

2 · g2
(9)

where Fc is the magnetic force (N ), N is the number of coil
turns, I is the current through the coil (A), μ0 is the vacuum
permeability, A is the cross-sectional area of the iron core
(m2), and g is the gap distance between the electromagnet and
the attracted object (m). By incorporating Ohm’s law to relate
current with voltage and resistance, the equation can be further
expressed as

Fc =
N 2 · U 2 · μ0 ·A

2 ·R2 · g2
. (10)

Here, U is the input voltage (V), and R is the coil resistance
(Ω). Since Electromagnet A is energized for a short duration, the
temperature rises and its effect on resistance can be neglected.
During the attraction process, parameters n, μ0, A, and g are
considered constant, resulting in a positive correlation between
magnetic force and input voltage. The voltage adjustment range
in the device is set from 0 to 12 V. By varying the input voltage,
the magnetic force can be controlled, thereby adjusting the
gripper’s response threshold to external stimuli, enabling pro-
grammable sensitivity control without altering the mechanical
structure.

III. EXPERIMENTAL VERIFICATION

In this section, we conduct experimental validation to evaluate
the performance and functionality of the BMA gripper. The
overall parameters of the BMA gripper are listed in Table I.

A. Rapid Grasping Experiment Under Diverse
Conditions

BMA gripper, as a device that leverages bistability and pos-
sesses grasping adaptability, is capable of rapid grasping under

TABLE I
BMA GRIPPER OVERALL PERFORMANCE PARAMETERS

Fig. 8. Rapid grasping experiment under diverse conditions. (a)
Grasping under vertical collision with the ground, with target objects be-
ing a beverage bottle and a whiteboard eraser. (b) Grasping by fingertip
extension, with target objects being a Rubik’s cube and a spherical ob-
ject. (c) Grasping under horizontal compression with a wall surface, with
the target object being a beverage bottle. (d) Grasping under conditions
of collision with internal objects, with target objects being a paper box
and a photo frame.

various conditions. As shown in Fig. 8, four grasping scenarios
were designed, and six common objects—namely a Rubik’s
Cube, a spherical object, a duck toy, a cardboard box, a picture
frame, a beverage bottle, and a whiteboard eraser—were selected
for testing. In both the FAGM and the ABGM, 50 grasping
trials were performed for each object and the success rates
were recorded. Specifically, Fig. 8(a) corresponds to the case
in Fig. 4(a) where the object is too far in the vertical direction
and barely contacted, Fig. 8(b) corresponds to the narrow-space
grasping scenario in Fig. 4(b), Fig. 8(c) corresponds to the case
in Fig. 4(c) where the object is too close in the vertical direction
and in contact with the ground, and Fig. 8(d) corresponds to the
grasping of objects with irregular shapes or significant height,
as shown in Fig. 4(d).

Experimental results indicate that the BMA gripper achieves a
minimum grasping success rate of 82% under all four conditions.
Although the FAGM mode exhibits slightly slower grasping
speeds, it offers higher stability and success rates, whereas the
ABGM mode enables ultrafast grasping but generates consider-
able kinetic energy during bistable state transitions, which may
impart significant impact on the objects and consequently reduce
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Fig. 9. Experimental evaluation of the reprogrammable capability of
the BMA gripper using different elastic potential energy components.
(a) Experimental setup for measuring initial tensile force, gripping force,
required voltage of Electromagnet A, and closure time for various elas-
tic components (the tension springs used are listed in Table II). (b)
Relationship between initial tensile force and the nine tension springs.
(c) Gripping force of the nine tension springs under different gripping
distances. (d) Relationship between voltage of Electromagnet A and
initial tensile force. (e) Relationship between voltage of Electromagnet
A and closure time.

the success rate. In practical applications, the grasping mode can
be selected according to specific requirements.

B. Experiment on Reprogrammable Capability
Verification

In order to verify the reprogrammable capability of the pro-
posed BMA gripper, we set up an experimental platform, as
shown in Fig. 9(a). Tests were conducted on the initial tension
of tension springs with different lengths and wire diameters, the
gripping force under different gripping distances, and the initial
tension and closing time corresponding to different voltages of
the front electromagnet A. In this experiment, we connected
a tension tester to the moving block of the BMA gripper and
replaced different tension springs to measure the force required
to maintain the gripper jaws in the open state. As shown in
Fig. 9(b), it can be observed that larger spring wire diameters and
shorter effective lengths store higher levels of bistable energy,

TABLE II
PARAMETERS OF TENSION SPRING STEEL BALL

thus requiring greater force to keep the jaws open. Meanwhile,
as the stored bistable energy increases, once the latch is released,
the jaws close more rapidly, resulting in higher gripping forces
at the same gripping distance.

On the other hand, six different standard blocks with gripping
widths of 20, 40, 60, 80 100, and 120 mm were selected,
and flexible film pressure sensors were attached to the contact
surfaces of these blocks to measure the gripping force. As shown
in Fig. 9(c), among the six gripping distances tested, replacing
different elastic potential energy components allowed the jaws
to achieve a maximum gripping force of 68.4 N, corresponding
to an initial tension of 32.4 N. When the gripping distance is
relatively small (e.g., 20 mm), the magnetic force of the front
electromagnet A provides additional enhancement, causing the
gripping force at 20 mm to be similar to that at 40 mm. Fig. 9(d)
shows the relationship between initial tension and the voltage of
the front electromagnet A. To maintain the jaws in the open state,
as the BMA gripper’s stored energy increases, the force required
to keep the latch closed—adjusted by the front electromagnet
A’s magnetic force—must also increase. Fig. 9(e) presents the
closing time curves under the ultrasensitive state for different
voltages of the front electromagnet A, indicating that the shortest
closing time can reach 0.116 s. As the voltage decreases, the
energy that can be accommodated also decreases, and thus
the closing time becomes correspondingly longer. These ex-
perimental results demonstrate that by replacing the elastic
potential energy components and adjusting the voltage of the
front electromagnet A, the BMA gripper can be reprogrammed
to meet different gripping requirements, thereby showcasing its
excellent reprogrammable capability.

C. Selective Passive Trigger Grasping Experiment

To intuitively demonstrate the reprogrammable capability of
the BMA gripper under the PBGM, an experimental platform
was established to evaluate its performance in selective grasping,
as shown in Fig. 10. Initially, the gripper was maintained in its
initial state, and the voltage of Electromagnet A at the front end
was adjusted to 12 V, 8 V, and 5 V, respectively. Subsequently,
four steel balls of varying sizes and weights (as detailed in
Table II) were dropped from the same height and position to
provide external stimuli of different magnitudes to the trigger
membrane of the BMA gripper, in an attempt to initiate the
bistable state transition. When the voltage was set to 12 V, the
BMA gripper was in its lowest sensitivity state, and the 10 mm
steel ball failed to provide sufficient stimulus to overcome the
energy barrier and trigger the grasp. However, when replaced
with a 12.7 mm steel ball, the stimulus was sufficient to trigger
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Fig. 10. Selective passive-triggered grasping experiments. (a) Exper-
imental setup: the height and position of the steel ball relative to the
trigger membrane are fixed by a position control frame, and passive
grasping tests are conducted with the steel ball weight (magnitude of
external stimulus) as the variable (steel ball parameters are listed in
Table II). (b) Reprogramming the trigger sensitivity by adjusting the
voltage supplied to Electromagnet A, enabling the BMA gripper to selec-
tively grasp objects under different stimulus intensities (examples shown
at voltages of 12 V, 8 V, and 5 V).

the state transition and complete the grasp. The voltage was
then reprogrammed to 8 V and 5 V for subsequent tests. The
experimental results indicated that the sensitivity increased as
the voltage decreased, allowing smaller external stimuli (i.e.,
smaller steel balls) to successfully trigger the state transition.
This experiment demonstrates that the PBGM of the proposed
BMA gripper can be preprogrammed to possess different sen-
sitivity levels, enabling it to establish varied energy barriers
and selectively respond to objects providing different stimulus
magnitudes.

D. Highly Dynamic Object Grasping Experiment

The zebra mantis shrimp can capture moving prey at remark-
able speeds. To validate that the proposed BMA gripper can
achieve similar high-dynamic object capture capabilities, we
conducted a series of experiments using jumping frogs, as shown
in Fig. 11. Initially, the gripper was set to the default PBGM,
with the voltage of front Electromagnet A set to 5 V. The bistable
spring element was adjusted to enable BMA gripper’s fastest
closing and ultra-sensitive state at this voltage, with a tested
initial pulling force of 10.76 N using a dynamometer. When the
jumping frog impacted the trigger membrane, the gripper entered

Fig. 11. High-dynamic object grasping demonstration of BMA gripper.
In the passive bistable triggering mode under three different voltage
settings, the elastic component fixed to the moving block was adjusted
to achieve an ultrasensitive state at each voltage level, enabling the
capture of a jumping frog toy. The dimensions of the jumping frog are
37 × 42 × 17 mm.

Fig. 12. Modular fingertip structures and demonstration of grasped ob-
jects. (a) Comparison of structural differences between flat-object finger-
tips and standard fingertips. (b) Standard fingertips, used for grasping
objects of regular shapes and sizes, such as beverage bottles, shelves,
whiteboard erasers, and rubber duck toys. (c) Flat-object fingertips,
designed for grasping thin objects, such as mini debuggers, combs,
dried sweet potatoes, and cards.

state transition, but the frog exited the capture range before the
jaws closed, despite the closing occurring within 0.267 s.

The voltage was then adjusted to 8 V, maintaining the fastest
closing and ultra-sensitive state at this setting, yielding an initial
pulling force of 16.52 N with a closing time of 0.196 s, yet
capture was still unsuccessful. Finally, we set the voltage to
12 V, achieving an initial pulling force of 32.68 N in its fastest,
ultra-sensitive state. Experimental results showed that the jaws
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Fig. 13. Testing the scooping capability of the BMA gripper’s modular flat-object fingertips for flat objects. Under the ABGM, the BMA gripper
was tilted at a 50◦ angle relative to the ground. Three sets of comparative experiments were conducted with controlled parameters. The scooped
objects, arranged from left to right, include a mini debugger, a comb, a dried sweet potato slice, and a card, with thicknesses decreasing in order.

closed within 0.116 s, successfully capturing the jumping frog.
This experiment demonstrates the critical role of BMA gripper’s
reprogrammable functionality in high-dynamic object grasping,
allowing it to autonomously adjust trigger sensitivity and jaw
closing speed according to task requirements, significantly re-
ducing algorithmic complexity in dynamic object capture.

E. Modular Fingertip Functional Verification

In this study, two types of modular fingertips were designed
for the BMA gripper: standard fingertips and flat-object fin-
gertips. As shown in Fig. 12(a), the standard fingertips are
equipped with flexible high-friction rubber pads made of 75 A
rubber on their surfaces. These pads provide significant friction
during grasping, enhancing the gripper’s ability to hold heavier
objects. However, due to the inherent thickness of the rubber
pads, the fingertip ends require a certain thickness (2 mm in this
study). This thickness limits the fingertips’ ability to scoop up
flat objects, making them more suitable for grasping objects of
regular shapes and sizes, as shown in Fig. 12(b).

To address this limitation, flat-object fingertips were designed
with an end thickness of less than 0.5 mm. However, the reduced
thickness means the surface is limited to the base material of the
fingertips, resulting in lower friction compared to the standard
fingertips. Nonetheless, they are better suited for grasping thin-
ner and lighter objects, as shown in Fig. 12(c). The grasping
performance of the standard fingertips has been discussed ear-
lier. Therefore, the following section will focus on testing the
scooping capability of the flat-object fingertips for flat objects.

To evaluate the scooping capability of the flat-object fingertip,
three experimental setups were designed, as shown in Fig. 13:

1) high-speed and conventional fingertip;
2) low-speed and flat-object fingertip; and
3) high-speed and flat-object fingertip.

In the first set of experiments, the BMA gripper operated in an
ultra-sensitive state at 12 V, with a closing time of approximately

0.172 s. However, when using the conventional fingertip, the
gripper was unable to reliably scoop thin sheets, only sporadi-
cally scooping the thickest mini debugger, with a success rate
of about 10%. In the second set, the BMA gripper was set to
an ultra-sensitive state at 5 V, with a closing time of approx-
imately 0.312 s. Despite switching to the flat-object fingertip,
the gripper still failed to reliably scoop thin sheets—even with
the thickest mini debugger. It was not until the third set, where
the BMA gripper operated in an ultra-sensitive state at 12 V
with a closing time of approximately 0.156 s and employed
the flat-object fingertip, that all four thicknesses of thin sheets
could be successfully scooped, achieving an average success
rate of over 90% over 50 trials. These results demonstrate that,
in the active bistable mode, the BMA gripper combined with the
flat-object fingertip can efficiently perform the task of scooping
thin sheets with a thickness of up to 0.5 mm—a task that is
challenging to accomplish with conventional grippers or those
relying solely on ultra-fast actuation and a fixed fingertip design.

IV. CONCLUSION

Inspired by the physiological structure and predation mech-
anisms of the zebra mantis shrimp, this study proposes a
bioinspired gripper, named the BMA gripper, which incorpo-
rates active, active bistable, and PBGMs. The BMA gripper
also adopts a modular fingertip design capable of performing
specialized tasks, such as scooping flat objects, significantly
expanding its applicability. Future work may further diversify
fingertip configurations to enhance adaptability to various tasks.

To demonstrate the novelty and superiority of the BMA
gripper, extensive experiments were conducted under differ-
ent grasping conditions. Results indicated that the device can
achieve rapid bistable transitions within only 0.116 s in passive
bistable mode, effectively addressing the longstanding challenge
of simultaneously achieving high speed and adaptability in
grasping mechanisms.
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This work broadens the application scope of bistability in
robotic grasping. Although the BMA gripper demonstrates
promising functionality and potential, further optimizations re-
main possible. First, sensitivity reprogramming currently de-
pends on voltage adjustment, potentially causing overheating
issues with prolonged high-voltage use. Second, repeated use
of elastic components may cause fatigue, requiring frequent
replacements, prompting future exploration of alternative elastic
elements. Finally, despite the validations of multimode, high-
speed, and high-sensitivity grasping performance and promis-
ing application scenarios, further research directions, such as
underwater and space exploration, remain to be explored.
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