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Soft-rigid grippers represent a novel paradigm for grasping
complex objects, combining the high deformability of soft compo-
nents with the high stiffness of rigid components. Recently, bistable
structures, as architected materials for engineering soft compo-
nents, have attracted significant attention for their ability to enable
rapid-response grasping and shape self-locking. However, chal-
lenges persist in utilizing them for handling multi-feature objects,
i.e., irregular-shaped, fragile, and variable-weight objects. Here, we
report a class of soft-rigid grippers comprising customizable bis-
table units and their data-driven design framework to address these
challenges. Specifically, the transition behavior of bistable units can
be tailored by designing their contact blocks (CBs), enabling
grasping-force control of grippers for objects with varying fragility
and weight. The CB design is achieved through an inverse design
framework that employs extremely randomized trees (ERT) models
and differential evolution (DE) algorithms. The trained ERT model
accounts for the strongly coupled nonlinearity of structural defor-
mation, material constitutive models, and contact behaviors during
transition processes, achieving a prediction accuracy of 96.4%.
Additionally, the grippers offer overload protection and shape-
conforming reconfiguration for irregular-shaped objects. This bis-
table unit design offers grippers new ways of grasping complex
objects, promising superb flexibility, scalability, and efficiency in
the design and operation of robot technologies.
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Customizable bistable units for soft-rigid grippers
enable handling of multi-feature objects via
data-driven designf
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New concepts

This work presents a data-driven design framework for developing
bistable units with precisely customized transition behaviors, such as
linear stiffness and stepwise increase in stiffness, through parameterized
contact blocks (CBs). The framework employs extremely randomized trees
(ERT) models and differential evolution (DE) algorithms. The trained ERT
model captures complex nonlinear behaviors, including structural
deformation, materials constitutive models, and contact interactions
during transition, achieving a prediction accuracy of 96.4%. Furthermore,
the customizable behaviors enable grasping-force control of the soft-rigid
grippers comprising pixel arrays of these bistable units, allowing for the
handling of objects with varying fragility and weight. Additionally, by
integrating the snap-through behaviors and state precoding of bistable
units, the grippers offer overload protection and shape-conforming
reconfiguration for irregular-shaped objects. This novel class of
customizable bistable units introduces a new paradigm for grippers
handling complex objects, significantly improving their practicality and
versatility, and ensuring their application in fields such as industrial
production, micro-nano manufacturing, and aerospace.

Introduction

Soft-rigid grippers' ™ represent a novel paradigm for grasping
multi-feature objects, such as irregular-shaped, fragile, and
variable-weight items. Typically, the rigid components of these
grippers primarily facilitate positioning®” and provide a large
loading capacity.® Meanwhile, the soft components need to not
only interact with target objects by conforming to their shapes
but also ensure sufficient rigidity for the effective transmission
of grasping force. These requirements make the design of soft
components particularly critical. Recently, advanced soft com-
ponents have been mainly categorized into two areas: soft
materials design and structural design. Relying solely on the
design of soft materials,” including elastomers,® composites,’
and stimulus-responsive materials,'®™"* may suffer from weak
force-bearing capacity, low interfacial bonding strength, and
long response time. Thus greater emphasis has been placed on
the structural design of soft materials, particularly metamaterials
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such as bistable structures, origami, and kirigami,
which play a crucial role in enhancing the mechanical perfor-
mance and functionality of grippers while simplifying design
complexity. Among these metamaterials, bistable structures, char-
acterized by their snap-through behavior and bistability, enable
rapid-response grasping®' > and shape self-locking.>*** However,
studies on bistable structures for grippers primarily concentrate
on the number and configurations of stable states. There is
limited research on the customized design of transition behaviors
in bistable structures for achieving grasping-force control for
grippers, leading to a vast design space being untapped.
Notably, precise grasping-force control of grippers facilitates
handling objects with varying fragility and weight. To achieve
this control, the grasping mode first needs to be adjusted.
Classical bistable structures adapt their shape to fit the target
object,” which limits their ability to realize grasping-force
control. In contrast, grippers comprising pixel arrays of bistable
units can attain this control by finely adjusting the frictional
force between the tips and the target objects. Given specific
friction coefficients, the grasping force is determined by the
transition behavior of the bistable units. However, current
research on bistable structures faces limitations regarding
transition behaviors due to the highly nonlinear snap-through
behavior, which encompasses structural deformation,*®™28
material constitutive models,***° and additional coupling
behaviors such as contact.**> This complexity also renders
the customizable design of transition behavior highly challeng-
ing. In our previous study, we introduced contact blocks (CBs)**
to achieve stepwise programming of transition states in
assembled bistable structures, providing an effective pathway
for customizing transition behavior. Accordingly, the construc-
tion of an inverse design framework is essential to address the
CB design issue for achieving the target transition behavior.
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Currently gradient-based digital algorithms, such as shape®*
and topology®>*® optimization, perform well under linear elas-
ticity, but they tend to trap into local minima within nonlinear
systems. Besides, heuristic algorithms, such as genetic algori-
thms®”*® and evolution strategies,® navigate global searches
but come with high computational costs. To this end, a
machine learning (ML) based method that utilizes approxi-
mated models*®*! to represent the structure-property relation-
ship has emerged as an effective means to reduce the cost. Also,
an inverse design framework has been reported by utilizing
inverted ML models.**** However, determining the dimensions of
CB’s design variables and effectively combining the advantages of
various optimization algorithms to construct a simple and effi-
cient inverse design framework remains a nontrivial task.

Here, we propose a class of bistable units with customizable
transition behavior for soft-rigid grippers to handle multi-
feature objects. Firstly, we build an inverse design framework
to realize the precisely customized transition behavior of bis-
table units (Fig. 1a). The bistable units exhibit tunability of
transition behaviors by introducing parameterized CB. Further-
more, the inverse design framework is constructed by combin-
ing the ERT model** and DE algorithm, enabling optimal CB
designs corresponding to target transition behaviors. Wherein,
the trained ERT model accounts for the strongly coupled non-
linearity of structural deformation, material constitutive
models, and contact behaviors during transition processes,
achieving a prediction accuracy of 96.4%. As an application of
this approach, soft-rigid grippers comprising pixel arrays of
these bistable units can effectively handle multi-feature objects
(Fig. 1b), ie., irregular-shaped, fragile, and variable-weight
objects. Customizable transition behaviors of bistable units
endow the grippers with tailored grasping behaviors, i.e., pre-
cise grasping-force control, facilitating handling objects with
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Fig. 1 Data-driven design of transition behaviors in bistable units for soft-rigid grippers capable of handling multi-feature objects, i.e., irreqular-shape,
fragile, and variable-weight. (a) Schematic of the assembled bistable units with target transition behaviors, generated using the ML-based inverse design
framework for parameterized CB designs. (b) Application of the approach for soft-rigid grippers, demonstrating three distinct features: overload
protection, shape-conforming reconfiguration, and customizable grasping behaviors.
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varying fragility and weight. Meanwhile, by integrating the
snap-through behaviors and state precoding of bistable units,
the grippers offer overload protection and shape-conforming
reconfiguration for irregular-shaped objects.

Results and discussion

We introduce a parameterized CB model to realize the stepwise
programming of the transition behavior for bistable units by
combining its position, number, and shape (Fig. 2a). In our
previous study, these design strategies were demonstrated to
have various effects on transition behavior.*> To explore the
impact of the parameterized CB, we conduct numerical simula-
tions to conveniently get the transition behaviors (Fig. 2b and
Fig. S4, ESIT). The simulation results indicate that the design of
CB can modulate the transition behavior within the prescribed
strain range from 0.2 to 0.5, which is further validated by the
experimental results. Notably, the initial modulated strain
indicates the starting point of contact with CB during deforma-
tion. Since it remains constant in our study, the starting point
of parameterized CB is fixed (Fig. S1, ESIt). Subsequently,
by varying the geometrical parameters of parameterized CB
(Fig. S3, ESIt), we obtain 6720 simulated stress-strain curves
(Fig. 2c¢). Moreover, these stress vectors serve as training data
for the ML model (Section S2.3, ESIf), which provides a
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computational relationship between the geometrical para-
meters describing parameterized CB and the corresponding
transition behavior (Fig. 2d). Thereby, we represent an arbitrary
CB in the parameter space as a 6-dimensional vector Xcpg =
[W1, Wy, W3, hy, hy, h3]" and the corresponding stress vector as
a 15-dimensional vector 6cg = [0cs(0.2),. . .,0cs(0.5)]F, which
contains the stress values at 14 equally spaced strain points.

To realize efficient training of the sampling data, we adopt
an extremely randomized trees (ERT) model with estimators =
200. Out of the built dataset, N, = 0.8N data points are
randomly selected for training, while the remaining Neg =
0.2N are reserved for testing. Based on the optimized para-
meters of the ERT model (Section $2.3, ESI{), the accuracy of
the trained model is evaluated by calculating the average
relative error err; on the test data as:

1 Nest

o = err(oty), 0

test 0

err(ocg) is the mean square error of a single stress vector,
defined as:

. 1 . _
i _ i,sim ipre
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wherein o™ and 6} are the 15-dimensional vector from the

test data and prediction results of the built ERT model. We find
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Fig. 2 Construction of the extremely randomized trees (ERT) model. (a) The design concept of the proposed parameterized CB model, which considers
the design strategies of CB integrating its position, number, and shape. (b) Comparison of the transition behaviors of bistable units by numerical
simulations and experiments, scale bar: 10 mm. (c) Simulated stress—strain curves for different CB designs used as the dataset. (d) Schematic
representation of the trained ERT model. A 6-dimensional vector Xcg is input into the ERT model that was trained to predict the corresponding stress
vector acp. (€) Comparison of the transition behaviors of bistable units with various parameterized CBs by ERT model-based predictions and numerical

simulations.
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that the trained ERT model accurately predicts the transition
behavior, with err; of only 3.6%. After further assessing
the model’s robustness through test data (Fig. S6, ESIt), the
transition behaviors of two parameterized CBs beyond the
constructed dataset, as predicted by the ERT model and
obtained through numerical simulations (Fig. 2e), show strong
agreement, with errors of 1.7% and 2.0%, respectively.

Based on the trained ERT model, which demonstrates high
prediction accuracy of transition behaviors, the DE optimiza-
tion algorithm is coupled to implement the inverse design
process (Fig. 3a). To meet the target stress vector, we begin by
randomly selecting 60 different stress vectors from our dataset
(the initial population). Predictably, no response in the dataset
closely matches target stiffness behaviors. Next, the initial
population is utilized to produce the mutated individuals
(selection, mutation) and further recombine them (crossover)
to generate the new 60 stress vectors (the next population).
Then, we evaluate the fitness, represented by the mean square
error (Section S2.4, ESIt) of this population for a new selection.
This process iterates until it converges to the optimal geo-
metrical parameters of CB. It is worth emphasizing that popu-
lations during the iteration represent thousands of parameter-
ized CBs, whose stress vectors are determined by using the built
ERT model.

To demonstrate the performance of the method, we set the
target transition behavior as: ¢ = 0.40¢ — 0.03 MPa. The optimal
configuration of CB is obtained after the 59th generation
(Fig. S14, ESIt), with a mean square error of 1.5%. Validation
through experiments (Fig. 3b) allows us to further understand
the basic principles of modulation. Three regions with different
slopes on the upper surface of CB achieve sequential modula-
tion of three zones in the stress-strain curves, respectively.
In addition to this specific design region, the whole transition
behavior and snapshots of the bistable unit with designed CB

(a)
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during loading are shown in Fig. 3c. After the linear stiffness
region, there is also a minor increase in stress values, followed
by a peak stress on,ax and rapidly snap through into the other
stable state (Video S1, ESIt).

The designed units enable us to construct a reconfigurable
soft-rigid gripper to handle multi-feature objects. In the
implementation shown here, the soft layer is in the form of a
4 x 4-pixel array and its components are shown in Fig. 4a. The
bistable units are printed via bi-material fused deposition
modeling of rigid (polylactic acid, PLA) and soft (thermoplastic
polyurethane, TPU) materials, while bases and lids are all
rigid (PLA). It should be pointed out that we design the sleeve
structure to enhance the lateral stiffness (X-direction) and
positioning accuracy of the gripper. More details of the gripper,
e.g., size, can be found in Section S3, ESL.}

We demonstrate that this physical soft-rigid gripper com-
prising bistable units can handle complex objects with three
types of features, i.e., fragility, irregular shapes, and variable
weights, which is challenging for classic grippers consisting of
bistable units. Firstly, the gripper possesses overload protection
for grasping fragile objects (Fig. 4b). We apply a uniaxial
compression to simulate the apple grasping process. The force
threshold that damages the apple is nearly 100 N. Here, as the
loading force exceeds the peak force Fy,,x equals 90 N, the snap-
through behavior of the bistable units causes the gripper to
rapidly transition from transition state (i) to stable state (ii).
Thus, the apple is protected from overload damage (Video S2,
ESIT). Secondly, the gripper can be reconfigured for grasping
irregular-shaped objects (Fig. 4c). Utilizing the height differ-
ence of two stable states (L for stable state (i), while 0.6 L for
stable state (ii)), the gripper is reconfigured by precoding the
stable states of the bistable units. Thereby, the gripper adjusts
the grasping region for objects in different shapes. For exam-
ple, for the object in Fig. 4c(ii), the bump in the center limits
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to and post-assembly operation, scale bar: 10 mm. (b) Overload protection of the gripper for grasping fragile objects, scale bar: 10 mm. The theoretical
curve is obtained by the superposition of units. (c) Shape-conforming reconfiguration of the gripper for grasping irregular-shaped objects, scale bar:
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the normal contact area for grasping. Through precoding the
unit states, a larger contact area around the center can be
realized for a more stable grasp (Video S3, ESIt).

Thirdly, the gripper can customize grasping behaviors to
stably grasp objects of varying fragility and weight. To meet
grasping requirements, the grippers must not only provide the
necessary grasping force F but also satisfy compliance S
(Fig. 5a). Generally, higher compliance S indicates a greater
displacement increment per unit force increment (Ad/AF),
reflecting smaller force increment under a given displacement
and further ensuring the safe handling of more fragile objects
under displacement-control grasping. For example, when
grasping an egg (150 g), the gripper must achieve a force
F > F. within the designable displacement interval (orange
rectangular area) and a compliance S > S. (green rectangular
area) to ensure safety. The linear stiffness behavior, marked as
an orange solid line, through their intersection (brown trian-
gular region) is feasible for egg grasping. Subsequently, we
translate this behavior into the design of the transition behav-
ior for units.

It’s noted that the stress-strain curve of the units during the
translation process is related to the number of loaded bistable
units. Since the contact area between the irregular-shape
objects with the gripper is limited (except in instances where
large-area contact is achieved through the precoding of bistable
units), we adopt a strategy to preconfigure interconnected

This journal is © The Royal Society of Chemistry 2025

bistable units, increasing the number of loaded bistable units
and ensuring that they are loaded with a constant deformation
to achieve the target grasping force (Fig. S11, ESIT). Here, with
all the n = 16 bistable units interconnected and given the
dimension of each unit, the stress required for each unit to
achieve grasping is o, = 0.07 MPa, where ¢, = F./nWb, with b
representing the out-of-plane thickness of the units. Mean-
while, the required compliance is S, = 2.5 mm N~ '. Based on
the same design criteria, we can determine the feasible stiff-
ness for grasping an apple (350 g) and a bulb (70 g), and more
details can be found in Fig. S12 and S13, ESL.{ It should be
noted that our focus is on grasping various objects by utilizing
the transition behavior within the designable interval, i.e., the
strain from 0.2 to 0.5. Additionally, the grasping force is also
determined by the friction coefficient between the tips and all
target objects. We focus on the demonstration of the design
method by giving a uniform coefficient.

Specifically, we select two target transition behaviors of units
to evaluate the gripper’s performance (Fig. 5b). The low stiff-
ness (high compliance) one, o = 0.16¢ + 0.02 MPa, is ideal for
grasping the safety-first egg and bulb. While the high stiffness
one (high force value), ¢ = 0.40¢ — 0.03 MPa, is suited for
grasping the apple. Consequently, the CB 1 and CB 2 designs
corresponding to high and low stiffness behaviors, are developed
using the inverse design method (Fig. S14, ESIt). The upper
surface of CB 1 is steeper than that of CB 2, which reduces the

Mater. Horiz.
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Grasping behavior customization for objects with varying fragility and weight
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Fig. 5 Grasping behavior customization of the soft-rigid gripper for grasping objects of variable fragility and weight. (a) Schematic determining stiffness
behaviors of grippers based on the grasping forces and compliance of objects. (b) The inverse designed CBs based on the target stiffness behaviors.
(c) Experimental validation of the soft-rigid gripper with target linear stiffness, scale bar: 20 mm. The theoretical curve is obtained by the superposition of
the designed units. (d) Multi-trait grasping behaviors for fulfilling more object grasping tasks. () Comparison of target multi-trait behaviors and simulation

verifications.

effect of the contact behavior, leading to a transition behavior
with a lower force level. These are then integrated into soft-rigid
grippers, with the grasping behaviors shown in Fig. 5c. As
expected, the low stiffness (k;) behavior is advantageous for safely
grasping the bulb and egg, while the high stiffness (k,) behavior is
required for grasping the apple due to its higher force capacity.

Notably, to fulfill more object grasping tasks, we can design
customized multi-trait grasping behaviors that combine high
compliance with a large force value F (Fig. 5d). For grasping the
objects (heavy and rigid, light and fragile) shown in Fig. 5d with
a single gripper, a high compliance (S > S) region near F, (the
concave profile) is essential to ensure safe grasping of the egg
and bulb, while maintaining a high force value F, and feasible
compliance for apple grasping. Additionally, for objects that are
both heavy and fragile, e.g., objects with grasping force F, and
compliance S, the high compliance region positions near F,
(the convex profile) to ensure safe grasping at high force levels.
The developed inverse design method enables the realization of
multi-trait grasping behaviors (Fig. 5e) and their validation
through experimental tests (Fig. S15 and S16, ESIt).

To further demonstrate the effectiveness of the customizable
design methods and the versatility of the proposed grasping

Mater. Horiz.

strategy, we design linear stiffness with a wider range of varying
slopes and convex multi-feature behaviors with different force
values (Fig. S17, ESIt). Additionally, various irregularly shaped
and fragile objects, such as glue guns and delicate bananas,
have been successfully grasped. We believe that tailoring the
gripper’s grasping behavior enhances its functionality and
broadens its applicability.

Conclusions

We have presented a novel class of bistable units possessing
customizable transition behavior for soft-rigid grippers to
handle multi-feature objects. Our work first introduces an
inverse design framework, integrating the ERT model and DE
algorithm, to achieve optimal CB designs tailored to target
transition behaviors of bistable units. The trained ERT model
achieves a prediction accuracy of 96.4%, effectively capturing
complex nonlinear behaviors, including structural deforma-
tion, material constitutive models, and contact interactions
during transition processes. Besides, we developed soft-rigid
grippers comprising pixel arrays of these bistable units, which

This journal is © The Royal Society of Chemistry 2025
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exhibit customizable grasping behaviors, overload protection,
and shape-conforming reconfiguration, to effectively handle
multi-feature objects, ie., irregular-shaped, fragile, and
variable-weight. This class of grippers provides a new paradigm
for handling complex objects, promising superb flexibility,
scalability, and efficiency in the design and operation of robot
technologies.

Experimental section
Sample fabrication

The bistable assembled units in Fig. 1 were manufactured by
Ultimaker S5 (Ultimaker B.V., Utrecht, The Netherlands) via the
Fused Deposition Modeling out of the orange PLA filament
(Polymaker, China) and the white TPU filament (Polymaker,
China). The soft layer in Fig. 4 was assembled by bistable units,
bases (PLA), and lids (PLA) via a sleeve connection and glue
bonding.

Uniaxial compression test

The compression tests on the assembled units were performed
under a displacement-controlled load with a rate of 0.1 mm s~
(zwickiLine Z0.5 to Z5.0, ZwickRoell Pre. Ltd, Australia). The
compression tests simulate grasping the apple in Fig. 4 under a

displacement-controlled load with a rate of 0.1 mm s~ .

Numerical methods

The commercial finite element software ABAQUS was used to
model and simulate the deformation process of the assembled
units. This process is treated under quasistatic conditions,
allowing for the effect of geometry nonlinearity. More details
can be found in the ESL{

Objects grasping test

The soft layer is attached to the CTAG2F120 two-finger gripper
(ChangingTek Robotics, China) by elastomer glues. The feeding

rate for grasping various objects in Fig. 5 is 1 mm s .
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