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Negative stiffness and bistability are desirable properties to improve
the speed and power of actuators, dissipate energy in shock
absorbers, and provide stable switching mechanisms. However,
most negative stiffness mechanisms cannot deliver large strain
capacity, high force density and long fatigue life simultaneously
due to plastic strain accumulation. We propose a new class of
metamaterial featuring rolling flexible beam deformation that
enables control over strain responses in architected materials.
In addition, multiple rolling beams can be incorporated in a unit
cell to significantly amplify the force density and metamaterials
with rolling beams can be used as passive flexible structures or
bistable actuators. The elastic properties of these metamaterials are
examined through tensile tests and finite element analysis. Negli-
gible changes in the force—displacement response are observed
after more than 10000 cycles. The performance of electroactive
rolling versions are evaluated using dielectrophoretic liquid zipping
actuation, demonstrating power amplification through snapping.
Moreover, the rolling mechanism enables this bistable design to
facilitate both linear and rotational motions, or a combination of
both. This is demonstrated in applications including an efficient
perching mechanism for drones and rapid-response grippers, illus-
trating the wide potential impact of this rolling contact metama-
terial mechanism.

1 Introduction

Mechanical metamaterials have emerged as transformative
tools in materials science and robotics by enabling the control
of mechanical properties through the design of micro-archi-
tectures and unit cells. In soft robotics, flexible metamaterials
allow for simplification of control through rationally designed
continuous deformations and mechanical properties such as
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New concepts

We introduce rolling bistable passive and active elastic strips in mechan-
ical metamaterials to overcome limitations of conventional negative
stiffness mechanisms which cannot simultaneously deliver large strain
capacity, high force density and long fatigue life due to plastic strain
accumulation. Through a heuristic rational design, we present rotating
walls that form a bistable unit cell through rolling contact. Using
experimental tests and numerical simulations, we characterize both
passive (externally driven) and active (through electrostatic zipping actua-
tion) rolling contact metamaterials and study the effect of different
geometrical parameters on its performance. Displacement controlled
cyclic tests show long cyclic life with negligible changes in peak forces.
In addition to large strain and long cyclic life, the number of rolling strips
can be increased for greater force density. The highly tuneable features of
the presented bistable passive and active rolling contact mechanism
facilitate wide application from active metamaterials to low energy
manipulators.

negative Poisson’s ratio and negative stiffness.””> Among several
advanced properties achieved by metamaterials, negative stiffness
and bistability offer a foundation for the realization of adaptive,
energy efficient and responsive systems that enable functionalities
such as energy dissipation and shock absorption,>® program-
mable nonlinear mechanical response,”® shape morphing,”™**
and mechanical energy storage'> or shape adaptation for specific
functionalities, such as tuning of the electromagnetic response.'?
These attributes are increasingly being applied to robotic systems,
where rapid, controlled transitions enabled by snapping are
leveraged for locomotion, gripping, and actuation tasks'*'® that
are also observed in natural systems such as the Venus flytrap and
Mantis shrimp.'®"”

Within the domain of robotic systems - including actuators
and active metamaterials - negative stiffness and bistability
contribute significantly to the amplification of force and
power,'®'° with snapping helping to reduce the transition time
between two states, leading to increased speed and effi-
ciency.’ > At the same time, bistability alleviates the need
for energy consumption to maintain the system in a stable
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configuration against disturbances.>>>* Multiple stable modes
are also desirable for switch and memory storage applications,
such as MEMS and binary micro-actuators,”>>° self-holding
valves,*'** and shape memory.*?

Existing bistable and negative stiffness mechanisms mostly
fall within limited geometrical categories: curved or buckled
beams and shells such as dome-shaped shells and sinusoidal-
shaped beams, in which the application of a mechanical load or
other types of stimuli (such as magnetic field, electric field,
temperature change, or pressure) contributes to switching

the direction of curvature®* % compliant mechanisms where

flexible hinges provide localized deformation”***'; and origami
and kirigami that enable large area and volume changes.”'***4
Also, bistable mechanisms exist for which two hinged non-
collinear elements are constrained with an elastic spring.*>*®
Three important measures emerging from the design of any
bistable mechanism are the maximum force through the dis-
placement range (force capacity), the maximum strain (strain
capacity), and the number of cycles before failure due to fatigue
(life cycle). All bistable mechanisms in these geometrical cate-
gories are designed on the basis of a trade-off between force
capacity, strain capacity, and life cycle.

Long life cycle is an important factor in the design of meta-
materials, especially if the replacement process is non-trivial,
such as meta-biomaterials and meta-implants for biomedical
applications.”” " In these cases, the fatigue life is associated
with peak stresses and strains within the microstructure, which
limit the maximum force and strain at the macro scale.
In existing negative stiffness designs, such as prestressed
(buckled) or curved beams and shells, high cycle lifetimes
are achieved by limiting deformation to low strains at both
micro and macro scales.'®**** However, fatigue performance
degrades considerably if higher forces and strains are required,
and multidisciplinary studies are required to optimize fatigue
life in these conditions.’**> Compliant hinged metamaterials
can improve the life cycle, but force capacity will be small and
achieving long life cycles is still challenging due to stress
concentrations at the hinges.*' Further, if hinges are modified
with flexible materials to mitigate stress concentration, key
features of negative stiffness and bistability may disappear.>®
Combining high strain capacity, high force capacity, and high
fatigue life at the same time remains an unresolved challenge.

To address this challenge, it is important to alter the existing
deformation mechanism in metamaterial micro-architectures
for a mechanism that achieves large deformations within a
controllable, and useful, range of peak stresses. Current meta-
material micro-architectures are mainly made from bar ele-
ments that sustain axial load or beam elements that sustain
bending moments. Truss lattices, like face-centered cubic
tessellations and 2D beam assemblies such as honeycombs
(Fig. 1a) are prime examples of the use of bar and beam
elements, respectively. In addition, these deformation mechan-
isms can be exploited in larger deformation mechanisms in
other embodiments. For example, compliant hinges of rotating
cube tessellations and origami structures can be modeled as
thin beams of short span, where bending (primary) leads to
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rotational (secondary) deformation (Fig. 1a). These bar and
beam elements are strongly prone to fatigue failure at stress
concentration points and joining interfaces. Moreover,
the force capacity and the strain capacity in these structural
elements act in opposite ways, that is, a large strain capacity
is achieved at the cost of reducing the force capacity, and
vice versa.

We propose here a metamaterial mechanism that addresses
the challenges highlighted above and achieves capabilities that
have not been simultaneously demonstrated: large strain capa-
city, large and tuneable force capacity and long life cycle.
To overcome the undesirable interplay between force and
strain, a rolling contact of flexible strips is introduced
(Fig. 1b), in which large bending of the strips is the primary
deformation mechanism. While peak stresses are controlled by
tuning the radius of curvature, the rolling amplifies the strain
capacity, independently of stress. Previously, rolling contact
has been used to create Rolamite as a linear constant-force
sensor’” and for developing rolling joint mechanisms,”® ®° also
used in chiral rotating metamaterials.®® However, the combi-
nation of linear and rotational motion with bistability has not
been previously achieved. Here, the proposed metamaterial
consists of two flexible strips positioned back to back and
constrained together at one end, while the other end is bent
and attached to a wall that provides the contact surface for
rolling. To maintain these prestressed strips and walls in place,
a constraint connects the walls, while allowing their rotation
within predefined limits (see SI-1 for further details). This
prestressed configuration (Fig. 1c) is in a stable state that
features strips rolling into the channel created by the walls
through the application of a compressive load in the rolling
direction. During the rolling process, the walls initially form a
converging channel, hence the bending curvature of the strips
increases (i.e., stress and strain energy increase). After passing
through the minimum channel width section, the walls begin
to rotate and form a diverging channel, which reduces the strain
energy along the rolling direction. This generates a negative
stiffness effect, until reaching the second stable position.

In this research, we introduce details of the proposed
mechanical metamaterial and investigate the role of different
geometrical parameters on its performance. We explore the
actuation capability of the metamaterial using electrostatic
forces as a potential architecture for an artificial muscle.
We also show the versatility of this metamaterial design in
achieving bistable linear motion, rotational motion, or combi-
nation of both as demonstrated in a perching mechanism and a
rapid snapping gripper. We also demonstrate multi-strip
design as an important strategy to maintain peak stress levels
low while achieve higher force capacity, while existing bistable
mechanisms such as curved shells, curved beams, and compliant
hinge mechanisms suffer from high stress points (Fig. 1f).

1.1 Design of rolling contact metamaterial

The geometrical parameters required to define the unit cell of
the rolling contact metamaterial are presented in Fig. 1d. Each
unit cell has an initial stable length L and width W made by two
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Fig. 1 Metamaterial design. (a) Frequently used primary and secondary deformation mechanisms in different classes of metamaterials, (b) main
components of the bistable rolling metamaterial with (c) initial and compressed configurations and energy states 1 and 2. (d) The parameter definitions in
a unit cell and (e) its representation in a compressible lattice. (f) Geometrical comparison of the (i) rolling bistable metamaterial with (i) curved shell,
(iii) curved beam, and (iv) compliant hinged bistable metamaterials.
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strips of length / and thickness ¢. For a single isolated unit cell,
the wall lengths in the convergent (/) and divergent (/4)
sections could be different, however in the tessellation of
Fig. 1e (I. = l4) the angles of the walls can be independent
inside the convergent (0.) and divergent (04) sections (0. # 0q,
see SI-1). Each wall has a thickness T and the center of rotation
is considered at the center-line of the wall; therefore, the
contact surface has an eccentricity e = 7/2, which implies that
the practical minimum width of the channel at the contact
surfaces is W — 2e. To understand the role of different geome-
trical parameters, experimental quasi-static tensile tests and
numerical simulations are performed. The characterization
study covers independent parameters including width W, angle
0 and eccentricity of the wall e. The thickness of the wall T and
eccentricity e are dependent, hence T is not characterized
separately. In addition, an approximate statistical-analytical
model is developed and presented in Supplementary Informa-
tion (SI-1) that studies the relationship between length of strip
and other parameters, which can also be used for parameter
optimization.

2 Results and discussion
2.1 Mechanical characterization

Mechanical tests are performed on a rig (SI-2) that allows the
evaluation of configurations with varying width W and angle 0,
when equal angles on convergent and divergent sides are
considered. Three sets of stainless steel strips with thicknesses
of 100, 150 and 200 micron (see Section 4 for details) were
tested using the rig, for widths ranging from 40 to 90 mm at
every 10 mm step,and angles from 6 = 5° to 6 = 45° with 5° steps.
The free end of the strips was connected to a load cell at L =
23 mm and measuring the axial force F, (Fig. 2a). The results
are visualized according to width and angle, as shown in Fig. 2b
where the maximum force for each value of W and 0 is high-
lighted. The range of displacement in tests was 180 mm, which
is equal to 78% strain for the given dimensions. The two factors
affecting the transition of the strips through the minimum
width section are buckling and yield stress. In these experi-
ments, as the length of the strips were long compared to
thickness, buckling was the main failure mechanism that
precluded transition through the minimum width section and
reaching the second stable point (highlighted in grey).
Force-displacement diagrams are presented in Fig. 2c-e for
W =70, 80, and 90 mm at ¢ = 200 micron, respectively. Force—
displacement curves at constant width but different angles
overlap each other on their negative stiffness interval and pass
through the zero-force point at the same displacement. In
addition to experimental tests, finite element analysis is used
for further characterization where half of the model with
symmetry conditions (a rigid wall with no friction replicating
back-to-back contact between two strips) and considering geo-
metrical nonlinearities is studied using two explicit dynamic
steps with details presented in SI-3. The results of these
numerical simulations are verified with experiments, as shown
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in Fig. 2¢(i) for three angles at 6 = 5, 10, and 15 degrees. The
trends of strain energy, maximum stress value in the strip
(Smax), and the reaction force in the transverse direction (F,)
are evaluated using simulations. The position and maximum
value of the strain energy (Fig. 2c(ii)) are the same, while the
position and value of Sy, and F, change with the angle
(Fig. 2c(iii)). While axial forces F, become negative as the strips
roll past the pivot point (the point of minimum channel width),
transverse forces F are always positive and have larger values
than F, (Fig. 2c(iv)). Fig. 2f highlights the effect of the channel
width over the axial forces, for constant thickness and angle.
Smaller channel widths lead to higher curvatures and larger
stresses; therefore, higher minimum and maximum axial forces
(Fy) and stiffness (both positive and negative) are expected
when the width reduces. The absolute values of maximum
and minimum forces F, and F,  increase when the angle
increases and when the width becomes smaller (Fig. 2g).

The change of F, _is significantly larger than the variation
of F,  when the angle increases, and the absolute value of
F, _ increases approximately linearly with increments of the
angle (Fig. 2h). In addition, the displacements at which F,
and F,  are respectively maximum, change considerably with
the angle (Fig. 2i). One critical feature of the performance of
bistable metamaterials in robotic applications is the work done
on the system to achieve the target displacement (strain). Fig. 2j
depicts the effect of the width and angle on the work done. The
net work done on the metamaterial is negative when both angle
and width are small. This means that the metamaterial will
deliver net positive work, although it requires an activation
energy to pass through the energy barrier. The effect of the
eccentricity (e) is also investigated using numerical simula-
tions. As thickness of the rotating wall reduces the effective
width of the channel, therefore, the effect of increasing the
eccentricity e is expected to be similar to the reduction in
channel width W in terms of force and strain energy as shown
in Fig. 2k and 1, respectively, for three different values of
eccentricity e = 0.0, 0.03, and 0.1. In Fig. 2k, a Gaussian data
smoothing is applied on five data point intervals. In addition to
the geometrical parameters, the constitutive material of the
strips also significantly affects the mechanical performance.
The maximum force (Fmay) ratio of an arbitrary material with
respect to steel is equal to the bending rigidity (EI) ratio of the
strips, as confirmed by further experiments in SI-1.8.

While force-displacement results in a tension-compression
cycle overlap for a single unit cell, the behavior could be
different in a lattice. Therefore, a lattice demonstrator with
three rows of seven cells is assembled using 150 micron thick
stainless steel strips where W = 45 mm, L = 70 mm, and 60 = 30
degrees. The initial length (4) of each row in compressed
configuration is 50 mm (Fig. 3a). When stretched into the
second stable position, the final length (J;) of each row is
160 mm, resulting in a total strain capacity of ¢ = 2.13 (¢, =
0.71 per row). The force-displacement diagram of the lattice
(Fig. 3a) is shown for one tension-compression cycle (see SI-5).
The force-displacement curves of the lattice do not overlap
in this case, resulting in hysteresis, with hysteresis area in

max
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Fig. 2 Mechanical characterization. (a) Definition of forces and coordinates system in the unit cell. (b) Peak axial force as strips transition through
channel for different widths W, angles 0 = 0. = 04 and thicknesses t = 100, 150, 200 micron. Successful transitions shown in color and buckled failures
shown in grey. (c) Experimental data and numerical simulations (Abaqus 2023) to characterize the (i) axial force F,, and FE analysis results to characterize
(ii) strain energy, (iii) maximum stress in strips and (iv) the transverse force F,, for t = 200 micron and W = 70 mm case. (d)~(f) show the evolution of axial
force with displacement for different angles 0: (d) W = 80 mm and (e) W = 90 mm and for different widths (f) 0 = 25°. (g) and (h) show trends of axial peak
force F, vs. width W and angle 0 respectively. (i) shows displacements corresponding to force peaks and (j) shows work done on the bistable mechanism
at different angles 0. (k) Effect of wall eccentricity e on force—displacement, and () strain energy profile.
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stage 3 > stage 2 > stage 1. The negative forces at each stage
indicate that the lattice passes an energy barrier and moves to a
new stable mode. These results show that the metamaterial has
an effective bistable behavior by using rolling contact with a
large strain capacity (¢ > 2). In terms of deformation sequence,
additional degrees of freedom, including rotation, emerge in a
lattice (see SV-3) due to asynchronous snapping of unit cells in
a row caused by imperfections in assembly and manufacturing.
To control the sequence and mode of deformations in lattice
metamaterials, two approaches exist: passive and active.
Passive approaches can utilize the rational use of imperfections
within a tessellation to achieve a desired deformation sequence
and shape.®® In active approach, a transduction method will be
employed to tune the deformed shape of the lattice globally or
locally.®® While active approach is more complex to implement,

Mater. Horiz.

it provides the flexibility to perform adaptive spatial control
within the lattice to achieve a multitude of shapes and defor-
mation sequences.

It is next important to ascertain whether it is possible to
combine low fatigue (high cyclic life) and high force density
features with high strain capacity, which has been the limit of
bistable metamaterials and mechanisms so far. As the strips
are the only components undergoing bending deformation in
rolling strip structures, the fatigue behavior of the metamater-
ial is inherited from the fatigue behavior of the strips.
To investigate the fatigue life, displacement controlled cyclic
loading for 10000 cycles is performed on a unit cell with
100 micron stainless steel strips (W = 60 mm, 0 = 25 deg.) with
the displacement range covering the maximum and minimum
forces (i.e. showing full transition between two stable states).

This journal is © The Royal Society of Chemistry 2026
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Fig. 3b shows that the difference in the maximum and minimum
load at both small and large number of cycles is negligible,
confirming the effectiveness of using low fatigue metallic strips
to achieve high life cycle for the metamaterial.

Prior studies consistently show that bistable/negative-
stiffness systems can remain operational over thousands of cycles
while exhibiting notable cyclic degradation in force- or energy-
related performance metrics. Shang et al. reported bistable auxetic
mechanisms in acetal resin that preserved bistability up to
10000 cycles without catastrophic failure, yet the attainable
load amplitude deteriorated substantially, reaching 40% reduc-
tion after 1085 cycles in some geometries.*' Similarly, cyclic
tests on 3D-printed PLA negative-stiffness metamaterials
showed a marked decline in per-cycle energy absorption, with
reductions of 25-50% after 30 cycles depending on unit-cell
geometry.®* For thin CFRP tapes (0.25 mm thickness), peak
stress also decreased measurably under repeated loading: an
initial peak stress of 4 MPa was followed by more than 10%
reduction after 10000 cycles.”® Comparable fatigue-induced
efficiency losses have been observed even at nanoscale actua-
tion using biomolecular systems, where actuation efficiency
drops by 20% by 10000 cycles.®® Collectively, these results
provide fatigue comparisons based not only on ‘“survival” or
bistability retention, but also on cycle-dependent decay of peak
force/stress and energy/actuation efficiency, which can be sub-
stantial and strongly design-dependent. In this case, the advan-
tage of rolling strip mechanisms in low fatigue and long life-
cycle is evident, where negligible change in peak forces after
10000 loading cycles were observed (Fig. 3b).

The force density of the unit cell is defined as the maximum
force (Fmax) per volume (V = W-L-b, where b is out-of-plane
width). An important advantage of the rolling mechanism is the
possibility of adding rollers in parallel, which allows for ampli-
fication of the force within the same volume. To achieve
parallel rolling, the strips should have a length difference.
Fig. 3¢ shows five metal strips (¢ = 100 micron) with 10 mm
variation in length ranging from 180 to 220 mm. The ends of
five strips are aligned and clamped together, resulting in
prestress and forming a bow shape. When the ends are
constrained in a unit cell, a multi-strip roller is formed.
Force-displacement diagrams of individual unit cells for
strips of different lengths are presented in Fig. 3d where L is
constant for all five cases (W = 60 mm, 0 = 25 deg.).
As geometrical parameters and thickness of strips are the
same, the force-displacement diagrams are similar but with a
shift in displacement equal to the difference in length, which
is 10 mm. When five strips are combined (Fig. 3e), the
maximum and minimum force values are approximately five
times those of single strips. As the length difference between
strips are equal and the number of strips is odd, the displace-
ment at which force becomes zero in the combined set is equal
to that of the individual strip with / = 200 mm. While a set
of five strips with different lengths is investigated here, it is
possible to reduce the length increment and increase the
number of combined strips to achieve much higher force
density.
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While stress and strain are dependent in most mechanical
metamaterials and engineering structures, this rolling mecha-
nism and geometrical features allowed the independency of
stress from strain. A statistical-analytical approach is presented
in SI that allows calculation of the strain (SI-1.5) and stress
(SI-1.6). The methodology shows that peak stress depends on
the elastic modulus of the strip’s material E, thickness of the
strip ¢, and maximum curvature of the strip, which depends on
the width W and angle 0. In addition, maximum strain depends
on the length of the strip [, length of the wall (. + [4), and angle
0. Therefore, stress and strain can be tuned using geometry and
material independently.

As a conclusion, these results confirm the attractive proper-
ties of the bistable rolling strip metamaterial including large
strain capacity, long cyclic life and high force density. These
characteristics can provide a significant improvement in the
performance of different passive and active structures for
diverse applications including robotics. To facilitate use in
robotics we next propose and demonstrate electrostatically actu-
ated bistable active metamaterials for future artificial muscle
applications.

2.2 Actuation study

In addition to engineered mechanisms - including those pre-
sented above - natural striated muscles also present negative
stiffness®® and multistability.”” The hierarchical structure of a
natural muscle, from the macro scale skeletal muscle to the micro
scale sarcomere, is presented in Fig. 4a. The proposed bistable
metamaterial lattice mimics the sarcomere structure, where strips
are analogous to myosin and rotating walls mimic the role of
actin, against which the myosin moves (Fig. 4b). Focusing on the
actuation mechanism, the rolling contact acts similar to zipping,
where the gap between the strip and wall decreases to zero as the
structure compresses and the zipping point progresses along the
wall. Dielectrophoretic liquid zipping (DLZ)®® is an electrostatic
actuation mechanism that exploits zipping to generate mechan-
ical forces and is a good candidate for the creation of an active
bistable metamaterial using rolling contact. In addition, DLZ
allows developing a proof of concept actuator in mesoscale for a
potential MEMS actuator based on the proposed metamaterial.
Moreover, a bistable architecture in previous electrostatic actua-
tors based on DLZ and HASEL*"**% in large scale was missing,
hence, this bistable meta-actuator can fill the gap.

To achieve the electric field required for zipping actuation, a
voltage is applied between the strip and the wall. Fig. 4c
illustrates the modification required on the wall to achieve
DLZ actuation. Metallic strips are conductive and act as one
electrode, facilitating connection to electrical ground in this
case. To provide a counter electrode on the wall, its surface is
covered with a conductive tape, over which is applied an
insulating layer to stop short circuits. To create the electric
field, a high voltage (10 kV) is applied between the wall (positive
electrode) and metal strips (ground electrode). A drop of
dielectric liquid (in this case silicone oil) is applied at the
zipping gap between the strip and the wall, amplifying the
electric field and electrostatic forces significantly.
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Fig. 4 Actuation mechanism and performance. (a) hierarchical structural of biological muscle. (b) Bioinspiration from the muscular sarcomere
in active rolling contact bistable lattice metamaterial. (c) The modification of the walls for DLZ actuation. (d) Actuation demonstration of a bistable
unit cell in (i) initial, (i) actuated, and (iii) resting configurations. (e) Variation of displacement and current with time for different channel widths W.
(f) The actuation performance data including strain, work, power and instantaneous power (snapping) for different widths (W) and (g) for different
angles (0g).
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The aim of actuation study is understanding the role of
geometrical parameters on the actuation performance. There-
fore, actuation study is performed on a unit cell, which repre-
sents the lattice. Using experimental isotonic tests (constant
load), the effect of geometrical parameters on the actuation
performance was studied where a range of widths from 35 to
65 mm (5 mm interval) was covered using 70 micron stainless
steel strips (0. = 5°). Actuation across a range of angles from
04 =5° to 04 = 45° (5° interval) were also studied. As the unit cell
represents the lattice, the lengths of the wall in convergent and
divergent sections were equal (/. = l3). The initial and actuated
states of the unit cell are shown in Fig. 4d (see SI-6) where a
10 g mass is lifted. Depending on the geometrical parameters
and the external load, five cases were observed: (1) the mass is
lifted, the unit cell snaps, and the final displacement (dy) after
voltage cut-off remains the same as actuation displacement
(dact), (2) the mass is lifted and the unit cell snaps but dy < dae,
(3) the mass is lifted and the unit cell snaps but the mass
loading is heavy enough to drop to initial position after actua-
tion is removed, (4) the mass is lifted but the work done by
electrostatic forces is not enough to pass through energy
barrier, hence no snapping, and (5) the mass is too heavy to lift.

Fig. 4e presents the displacement and current profile with
respect to the time to lift a 5 g mass where a voltage of 10 kv
was applied for 10 seconds. The smallest width (W = 35 mm)
provides the highest stored elastic energy; therefore, the strain
rate after snapping is also the highest and actuation and final
displacement are equal. As width increases, the actuation
displacement and strain rate after snapping reduce. The strips
are like a spring and the energy barrier is like the latch (similar
to cascading effect’®); hence, the higher the stored strain energy
in strips, the higher the speed and power after snapping.
However, electrostatic forces must be large enough to push
the compressed strips through the energy barrier. In terms of
final displacement, the W =55 mm case shows d¢ < d,. where
the drop in final position occurs 1-2 seconds after the voltage
was removed, which can be explained by the self-locking
behavior of DLZ actuators.”* For W = 65 mm, the snapping is
not effective as stored energy becomes much smaller and the
mass immediately drops after voltage cut-off. This class of
actuator acts like a capacitor and the current due to the leakage
of insulator is correlated with the area and displacement. This
suggests that leakage current may be used for simultaneous
sensing of actuator displacement.”>”* This ability of actuation,
self sensing, and use of bistability as a binary mechanical
memory paves the way for the use of this active bistable
metamaterial for intelligent matter applications.”

The performance of the DLZ actuation is evaluated for
different widths (while 04 = 45 deg. for all cases) and different
angles (while W = 40 mm for all cases) where strain, work,
power and instantaneous power are evaluated. In case of
bistable actuators, the sudden change in strain rate at the
snapping point causes an increase in instantaneous power.
All results are reported for two suspended masses of 5 g and
10 g. When increasing the widths (Fig. 4f), all four performance
indicators in general show a declining trend, while the power
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trend shows a maximum at 40 mm widths before declining.
When angle increases (Fig. 4g), all four actuation performance
indicators increase. These results show that the best perfor-
mances could be achieved for the smallest width W and largest
angle 64. In these tests, the length of converging and diverging
parts of the wall were equal (I. = l). If [. is minimized, the
average power will further increase. The average power figures
reported here (up to ~6 mW) are much higher than previous
DLZ-based actuators (less than 2 mW)”>7® as a result of the
large strain capacity of the mechanism and snapping that
significantly increases speed of actuation. Using high voltage
actuators on or in human body is a future possibility if suitable
insulation is used and the peak electrical current is below safety
limits for the human body.*°

In this study, there was no voltage applied between the strips
as a short circuit occurs due to lack of insulation. If an insulator
such as PVC tape and a droplet of dielectric liquid are applied
to the strips and a voltage is applied, zipping actuation is
initiated which returns the mechanism to its first stable mode.
The actuation mechanism will be similar to RoboHeart con-
traction mechanism previously studied.”®

2.3 Utilizing linear and rotational motions simultaneously:
bistable perching mechanism

Perching mechanisms are used by birds to save energy and
to rest in a stable stationary state and a similar approach has
been pursued for bio-inspired aerial robots.”” Stable perching
enables resistance against both linear loads and moments
(Fig. 5a); however, replicating the effective perching mecha-
nism of birds in aerial robots can lead to complex and heavy
designs.”® Bistable mechanisms have been introduced to
reduce perching complexity by passive activation of gripping
claws when they make contact with the target’® and to increase
the linear load capacity using locking mechanisms,®® but
mechanisms that focused on hanging from the target have
not supported moment loading. Using spring-loaded claws®"*?
or curved-tape bistable perching mechanisms,* moments can
be resisted but increasing the gripping (linear) force capacity
requires higher stiffness and higher activation forces that
demand activation by drone impact on the target and risking
the survivability of drone. Using the proposed rolling contact
bistable mechanism, these challenges can be overcome because
the linear motion of the strips can be combined with rotational
motion of the walls to achieve activation and grasping. Hence,
the drone equipped with our rolling contact perching mecha-
nism can hold stable on a target both vertically and at an
incline (Fig. 5b).

Fig. 5c illustrates the details of the perching mechanism
design in initial and final configurations. The mechanism
includes a foot that connects to the drone at one end and
connects to the rotating walls through hinges at the other end.
A linear sliding slot controls the range of motion using a sliding
stopper plate, which is is connected to the rolling strips. The
distance between the wall hinges is the width (W) discussed
previously, which imposes the limit for the maximum diameter
(D) of the target that the mechanism can grasp. The perching
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Fig. 5 Bistable rolling contact perching mechanism. (a) Bird perching resists both axial load and moment. (b) Perching mechanism based on bistable
rolling mechanism supports both axial load and moment. (c) Design details of the bistable rolling perching mechanism. (d) An assembled model of the
perching mechanism with a set of five metal strips. (e) The grasping configuration of the perching mechanism (i) immediately after snapping and (i) at the
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mechanism is activated when the target contacts the sliding
stopper plate and the strips and pushes them in past the
snapping point. While the activation mechanism is passive
and contact-based, resetting the mechanism requires an actua-
tor such as a servo motor to pull retraction tendons connected
to the walls. As initial and final configurations show, the walls
act as rigid claws and once the target pushes the strips/stopper-
plate into the negative stiffness zone, the mechanism rapidly
snaps and grasps the target (see SI-7).

To characterize the performance of the perching mechanism,
an example was assembled (Fig. 5d) using five 200 micron thick
stainless steel strips where the foot (W = 60 mm) and the walls
were 3D printed using PLA. The friction and flexibility of the
contact surface can play a significant role in mechanical perfor-
mance, therefore two types of surface were considered: hard
contact (PLA) and soft contact (silicone pads - Ecoflex 30). The
gripping force capacity was tested on a tensile test machine where
targets with different diameters were installed. Fig. 5e illustrates
the configuration of the perching mechanism immediately after
snapping post-contact (i) and at the lowest rest position (ii). The
force-displacement results for different target diameters are pre-
sented for both hard (Fig. 5f) and soft contact (Fig. 5g) cases. One
important feature of this bistable rolling mechanism is the ability
to set the activation displacement. The larger the activation
displacement, the larger the activation force. In these tests, the
activation displacement was approximately 4 mm and 7 mm for
hard and soft contact, respectively, resulting in average activation
forces of approximately 3 N and 7 N. In hard contact, for target
diameters up to 40 mm, the grasping force at the beginning of
contact (Fig. 5e(i)) is less than or equal to zero while stiffness is
negative, which means that the perching mechanism will pull the
drone down to the stable perching position (Fig. 5e(ii)). However,
for the 50 mm target, the force post-contact is initially positive but
stiffness is negative, which means that drone should exert a
downward force (12 N) to reach the rest position. In the soft
contact case, the target diameter where negative force and stiff-
ness exist post-contact reduces to 20 mm while the stiffness
remains negative up to 40 mm diameter, while for the 50 mm
target, both stiffness and force are positive, which is not desirable.
Therefore, hard contact is more desirable for grasping force in
terms of range of target diameters.

Once the stable perch has been reached, we reverse the
direction of displacement (i.e., perching mechanism is moved
upwards) and the force changes as the perching mechanism
resists opening. In this condition, the highest grasping force
capacity recorded is for a hard contact and a 40 mm target,
showing 56.9 N resisting force. In the soft contact case, the
shear deformation of silicone pads results in a change in the
maximum grasping force displacement compared to the hard
contact, and a maximum resisting force of 52.3 N for a 30 mm
target is observed. Hence, the hard contact provides a better
performance in terms of grasping force compared to the soft
contact case, with a specific force (i.e., mass normalized) of
514.9 N kg™' being achieved. However, these figures can be
further improved by making the feet of the architected material
from stiffer and lighter materials, and also by increasing the
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number of strips. The effect of different number of strips was
also evaluated with samples with 1 to 5 strips (Fig. 5h and i for
hard and soft contact, respectively). As expected, the absolute
values of the forces and stiffness increased by increasing the
number of strips, while the maximum grasping force increased
about 11 N by adding each additional strip. One strip generated
a specific force of 183.2 N kg™, which increased by increasing
the number of strips. Therefore, the optimum configuration
would have the largest number of strips and the lowest foot and
walls mass.

In addition to the grasping force, a major benefit of the
presented perching mechanism is the moment capacity to
support the drone’s angular position while resting on the
target. Fig. 5j presents the moment capacity of hard and soft
contact perching mechanisms for different target diameters.
It is evident that the soft contact has a major advantage in
terms of moment loading, with the moment capacity of the soft
contact being 2.54 times larger than that of the hard contact for
a 40 mm target. Therefore, the selection of a hard versus soft
contact will depend on the mass and dimensions of the drone.

2.4 Utilizing rotational motion: rolling contact bistable
gripper

One advantage of the bistable rolling contact mechanism is the
potential to generate both rotational and linear motion. While
the use of pure linear motion was demonstrated in passive/
active lattice cases and the combination of linear and rotary
motion was shown in perching mechanism, it is possible to
utilize the rotational motion only for rapid bending applica-
tions such as fast bistable grippers. Many different types
of grippers for different applications have been developed.®*
A bistable gripper with rapid actuation and long cyclic life is of
great interest within the robotics community. To achieve a
rotational motion, one wall of the mechanism should be fixed
and the other wall free to move (Fig. 6a). The activation
mechanism is a tendon connected to an actuator, such as servo
motor, that applies a tensile force F, directly on the walls and
rotates them until they become parallel, after which snapping
occurs. Similarly, the return mechanism is based on a retrac-
tion tendon returns the strips to the initial stable state. Each
wall in a unit cell rotates by an angle 0 = 0. + 04, while the
rotational angle transferred from one cell to the next is 2(6 + ¢)
where ¢ is the inclination angle of the contact surface.
Considering the results in Section 2.1, the unit cell of a gripper
mechanism is initially in its second bistable mode (open state),
which transits through the energy barrier by applying a
moment M; and returns with a moment M. To design the
gripper, it is important to ensure the return moment (M) in the
mechanism is high to facilitate a high load capacity of
the gripper. This is achieved by introducing angular and
translational stoppers, with their position selection described
in details in SI-8. Angular stoppers define the limit of the
rotation angle 6, while translational stoppers limit the displa-
cement of strips to ensure they are at a position that generates
the maximum return moment (My). Note that the transverse
force F, is much larger than F, (see Fig. 2¢) and consequently
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return moment (My), hence the load capacity of the bistable
mechanism in rotational motion could be potentially larger
than in the case of linear motion applications.

Fig. 6b shows a gripper finger made of three cells in initial
and final configurations where 0 = 30° and ¢ = 5°, which results
in a rotation angle of 70° per cell. Each cell weighs 54.4 g, and
uses three pairs of stainless steel strips with ¢ = 100 micron and
1=73,75,77 mm and 3D-printed wall segments. To evaluate the
gripping performance of the bistable mechanism, two arrange-
ments for installing fingers were considered: co-axial (Fig. 6¢)
and tandem (Fig. 6d) using two cells per finger. Gripping tests
were undertaken on a range of objects using a robotic arm
(see SI-8) including successfully grasping and lifting cylindrical
mug, annular spool, and rectangular boxes (Fig. 6e and f).

2.5 Discussion

The rolling mechanism proposed here solves an important
issue of bistable negative stiffness metamaterials by combining
high force, high strain, and durability. These important features
introduce some challenges for manufacturing and scalability.
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Fig. 6 Bistable gripper design. (a) Initial and final configurations of a gripper cell and nomenclature, plus strain energy and forces in each configuration
(bottom). (b) Initial and final configuration of a three cell gripper finger with 8 = 30° and ¢ = 5°. (c) Coaxial gripper configuration. (d) Tandem gripper
configuration. (e) and (f) Gripping demonstration of four objects with different geometries, (e) before actuation and (f) after actuation.

Creating a tessellation of the proposed unit cell at the microscale,
especially for multi-strip cases, is challenging. However, there are
many applications such as dynamic systems and reusable energy
absorption®*® and programming/encryption®® at the larger scale,
where the unit cell size can be on the order of millimeters. Using a
combination of available manufacturing and assembly processes,
functional homogeneous tessellations up to the decimeter/meter
scale can be manufactured.

While manufacturing multi-strip units at the microscale is
challenging, creating rolling prestressed single strip mecha-
nisms has been demonstrated®® using optical tweezers that
enable micro-assembly. In addition, the rotational hinge at the
microscale could be created using rotational compliant
hinges®” or compliant flexure hinge mechanisms.**°° There-
fore, miniaturization of the proposed rolling metamaterials
could be a topic of future studies. Considering these manufac-
turing and assembly challenges, scalable production and batch
manufacturing is viable for mesoscale unit cells.

Like any other material or structure, environmental fac-
tors such as moisture, temperature, and corrosion affect the

This journal is © The Royal Society of Chemistry 2026
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performance of this metamaterial. If the metamaterial is made
at the microscale, moisture might generate capillary forces
that affect its force-displacement profile, disturb electrostatic
actuation, and finally degrade the structure and performance
by oxidation. However, at large scales such as mesoscale, the
capillary forces are less of a concern. With higher or lower
temperatures, the state of prestress in strips will affect the
force-displacement profile, but bistability is governed by geo-
metry and will be preserved. Corrosion is a concern for most
metallic systems and the choice of material for the rotating
walls and strips and the clamps between them should be
studied to determine if any kind of corrosion, such as galvanic
corrosion between strips and the walls, is a concern. On the
manufacturing side, the bistability and rolling mechanism are
generally robust, unless large misalignment between strips and
walls disrupts rolling or causes stress concentration at the end
constraints, resulting in plastic deformations or shortened
life cycle.

In terms of constitutive material of the strips, a range of
different materials can be used. It is important to note that the
highest force density is achievable with materials with highest
strength that allow large stress and curvature values in rolling
strips, which is the reason for choosing the metallic strips in
this study. For a constant maximum force or stress, the larger
the strength of the material, the smaller the unit cell size or
number of strips. To select other materials such as polymers or
shape memory alloys (SMA) for rolling strips, the methodology
developed in Supplementary Information SI-1.6 explains how
the maximum stress in the strip for a certain angle 0 and width
W can be calculated. Knowing the maximum stress, the selec-
tion process would be: (i) choosing a material for a single strip
that has a yield stress above the calculated maximum stress
(0y > Omax), O (ii) choosing the material that has a fatigue limit
stress above the calculated maximum stress (6e > Omax)-

This metamaterial can be actuated beyond just electrostatic
means, though its rolling-contact zipping points naturally lend
themselves to electrostatic zipping. Other actuation methods
could include the use of SMA or shape memory polymer (SMP)
to rotate the walls and initiate snapping. SMA and SMP
actuators can have very large specific power (up to 50 kW kg ™"
due to high stress values), while their strain and work density
are limited to 0.09 (10000 k] m~>) and 0.49 (2850 k] m ),
respectively.”’® Pneumatic and DEA actuators also follow
them by 2000 W kg~' and 600 W kg™ " specific power, and
strain/work density of 0.5 (500 k] m~*) and 0.79 (3500 KJ m?),
respectively.”®® In liquid amplified electrostatic actuators,
HASEL actuators reache peak power density of 614 W kg™ with
strains <0.42,°"” while DLZ provides a much larger strain
capacity up to 0.99 and peak power of 103 W kg™~ ".°®* Bandwidth
is also an important factor in actuation performance, where
snapping can increase the actuation speed and frequency.
While SMA and SMP generate high power, they need time to
cool down when used in cyclic actuation, hence, reducing
bandwidth. Therefore, electrostatic and liquid amplified actua-
tors are more suitable for faster actuation than SMA. Therefore,
right actuation mechanism can be integrated into the bistable
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metamaterial to achieve the desired performance depending on
the application. Displacement and force control for this type of
actuator are difficult to operate. The system consists of binary
actuators, which function resembling switches or logic gates,
operating in two distinct states.

Future studies exploring this mechanism will cover different
aspects such as dynamic response analysis and impact absorp-
tion, multi-parameter optimization, miniaturization and micro-
scale manufacturing, large scale manufacturing, and other
actuation methods and transduction mechanisms.

3 Conclusion

Here we present a novel rolling contact mechanical metamater-
ial as a solution for high force and high strain bistable device
with long life cycle. Previously, long life cycle in bistable and
negative stiffness metamaterials was achieved by sacrificing the
force and/or strain, while with this proposed design, force and
strain are not sacrificed. The principal working mechanism is
bending and rolling of elastic strips inside a channel created by
two rotating walls. While a unit cell is bistable with negative
stiffness, a tessellation of the unit cells generates multistable
metamaterial structures that provide hysteresis in a tension-
compression cycle.

The long cyclic life and large strain are the result of the
rolling mechanism. Rolling of strips can continue as long as
their length permits within the range of walls, while the
maximum stress in the strips depends on the channel width
and angle. Therefore, peak stress that affects cyclic life can be
limited without sacrificing strain. Using multiple strips, peak
forces are multiplied by the number of strips without altering
the unit cell volume, hence amplifying the force density and
stiffness. Test results confirmed consistency of peak force
values and bistability up to 10000 cycles, while other bistable
metamaterials lose their performance significantly at below
1000 cycles.*"®*

The rolling mechanism architecture proposed in this work
enables both linear motion through the strips and rotational
motion through the walls, offering advantages in applications
such as bio-inspired perching and rapid bistable grippers.
In perching, the proposed mechanism achieves high resisting
force of 56.9 N with much smaller activation force than pre-
vious literature using passive activation. This metamaterial not
only provides a unique combination of mechanical properties
in passive form, but also provides power and strain amplifica-
tion as an active metamaterial. Electrostatic actuation was
demonstrated as a suitable transduction mechanism, allowing
the bistable metamaterial to function as a muscle-mimetic
actuator.

The presented rolling mechanism opens a new avenues in
the design space of mechanical metamaterials by allowing the
combination of properties not previously achieved including
high force, high strain, long cyclic life and amplified power.
These properties are of great interest in many applications such
as fast grippers in high speed robotic manufacturing and
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assembly lines, active bistable devices in future biomedical
implants, shape morphing and deployable structures.

4 Materials and methods
4.1 Mechanical tests

The metal strips were low-fatigue stainless steel (h + s prézi-
sionsfolien gmbh, Germany) where yield stress of the ¢ = 100,
150 micron samples was 2000-2200 MPa and ¢ = 200 micron
was 1800-2000 MPa, as reported by the manufacturer. The
metal strips where punched at the two ends using a custom-
made die and punch to create two holes for M3 bolts required
for clamping strips together and to the walls. The tensile test
setup was made by 3D-printing the walls and connecting
components using a desktop FDM printer and PETG filament
and laser cutting 5 mm thick acrylic sheet. Tensile tests were
performed on an Instron 34SC-5 machine using a 100 N load
cell. Tensile tests were performed for two tension/compression
cycles with 100 mm min~" speed where force-displacement
diagrams of two cycles in both directions overlapped.

For the mechanical testing of the lattices, the maximum
displacement of 330 mm was considered and test speed of
600 mm min " was used, with three cycles of tension/compres-
sion tests being performed. The displacement of the lattice
along the out-of-plane direction was avoided by creating a
prismatic channel on both sides as boundary condition,
because under tension and compression the lattice is prone
to buckling.

Cyclic life tests were performed at 600 mm min~* for 10 000
cycles where each cycle had a 55 mm displacement. This means
a period of 11 seconds for each tension-compression cycle and
frequency of f = 1/T = 1/11 ~ 0.09 Hz. The test speed was
constant and consistent over 10 000 cycles. The cyclic tests were
performed using a set of strips with ¢ = 100 micron, / =200 mm,
L =170 mm, W = 60 mm and 6 = 25°. Four ball bearings were
used as the hinges of the walls to ensure that the effect of
contact at the hinges on the results are minimized. As the
length was shorter than those used in tensile test characteriza-
tion, the 100 micron strips did not buckle.

4.2 Actuation tests

The actuation tests were performed inside a high-voltage test
rig. Actuation was controlled from a PC using a high-voltage
amplifier (10HVA24-BP1, Ultravolt, USA), with the displace-
ment measured by a laser displacement meter (LK-G402, Key-
ence, Japan) and all data was logged using a data acquisition
unit (NI USB-6343, National Instruments, USA). The laser was
installed above the setup and the beam was focused on the flat
3D-printed target connected to an acrylic clamp that con-
strained the strips at the bottom. The mass of the clamp and
the target was 1.95 g, which was added to the mass loading
when calculating isotonic actuation performance. The metal
strips were connected to electrical ground and the conductive
surface of the wall was connected to the 10 kv high voltage
channel. The walls were laser-cut from 2 mm acrylic sheet and
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covered with conductive copper tape (RS, UK). Then two layers
of PVC tape (AT7, Advance Tapes, UK) were applied to avoid
short circuit where thickness of each layer is 130 micron.
Silicone oil with 50 cst viscosity (Merck, Germany) was used
as dielectric liquid.

4.3 Perching mechanism

Details of perching mechanism testing are presented in SI-7.
The foot and claws were 3D-printed using desktop FDM prin-
ters using PLA. Targets with different diameters were also 3D-
printed using PETG filament. The target were fixed to a stand
which was connected to the base of the tensile test machine.
To measure the moment capacity for different targets using
tensile testing, a drum-shaped setup was designed that con-
verted linear motion to rotary motion (see SI-7). The drone
shown in the Fig. 5b has a gross mass of 2.15 kg including the
perching feet.

4.4 Gripper details

The gripper segments were made of narrower stainless steel
strips with b = 12.7 mm width. Fishing line (T400) with
0.45 mm diameter was used for tendons. The wall segments
were 3D inkjet printed (Stratasys, USA) using Vero rigid mate-
rial. The contact point at the end of fingers was a block of 3D-
printed TPU (Shore A 85). Each finger of two segments was
actuated using a Dynamixel XL330-M288-T servo motor con-
trolled by an OpenRB-150 board. The bases of the gripper for
co-axial and tandem configurations were 3D-printed using
PETG filament and connected to the robot arm (UR10, Uni-
versal Robots) for gripping tests.
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