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Mechanical metamaterials are architected structures designed to
exhibit unconventional mechanical responses. Their engineered
properties make them especially valuable for realizing precise
motion and load-bearing functions, with broad applications in
machines, robotics, and related technologies. Straight-line mecha-
nisms, typically based on compliant or rigid designs, offer com-
pactness and accuracy but are often limited by parasitic motion,
restricted range of motion, and load-capacity constraints. In this
work, we introduce the concept of shear cell, develop a suitable
embodiment, and demonstrate how a planar straight-line metama-
terial mechanism approximates its behavior. Both series and par-
allel tessellations of a rectangular shear cell are investigated,
considering full and partial scaling strategies. Through analytical
modeling, finite element simulations, and experimental validation,
we examine how tessellation influences key performance parame-
ters, including range of motion, stiffness, and crosstalk. Finally,
the concept is extended to demonstrate the design of planar
multi-degrees-of-freedom mechanisms and spatial straight-line
metamaterial motion systems. [DOI: 10.1115/1.4071121]
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1 Introduction

Mechanical metamaterials are engineered structures designed to
exhibit mechanical properties that are rare or absent in natural

'Paper presented at the ASME International Design Engineering Technical Confer-
ences & Computers and Information in Engineering Conference (IDETC-CIE 2025),
Aug. 17-20, 2025.

“Corresponding author.

Contributed by Mechanisms and Robotics Committee of ASME for publication in
the JOURNAL oF MECHANISMS AND RoBotics. Manuscript received August 15, 2025; final
manuscript received September 30, 2025; published online February 25, 2026. Assoc.
Editor: Giovanni Berselli.

Journal of Mechanisms and Robotics

materials [1,2]. Examples include negative or zero Poisson’s
ratio [1,3,4], tunable stiffness [5], multistability [6,7], and shape
memory [8]. These behaviors arise from carefully structured and
tessellated unit cells, which can be tailored to achieve specific
mechanical responses.

Motion systems typically consist of three fundamental com-
ponents: a guiding structure, an actuator, and a sensor. Embed-
ding metamaterials into motion systems, or designing motion
systems directly from metamaterials, could enable compact
architectures by integrating actuation and sensing within the
guiding structure. Metamaterial mechanisms [9] aim to repli-
cate the function of traditional motion components. To
achieve this, metamaterials must be designed for specific
motions such as rotation [10], twist [11], expansion [12], or
compression [13]. The architected nature of these structures
further offers opportunities to enhance and extend the function-
ality of motion systems. Straight-line motion systems, a class of
compliant mechanisms, are of particular interest in this context
[14].

Straight-line motion systems are mechanisms in which the end
effector follows a straight path. Two categories exist: exact
straight-line mechanisms, in which a coupler point traces a mathe-
matically perfect straight line (e.g., Peaucellier—Lipkin [15,16] and
Hart’s inversors [17]); and approximate straight-line mechanisms,
which generate a near-straight trajectory over a finite range with
small deviations (e.g., Watt’s [18], Roberts [19,20], and Evans
[21] linkages).

Despite recent progress in straight-line motion systems [22,23],
the influence of tessellation on metamaterial behavior remains
insufficiently explored. In addition, the design of metamaterials
for predefined machine functions—such as straight-line motion
or tip-tilt—is still rare. Most prior studies focus on isolated prop-
erties rather than their combined effects. For instance, Zhang et al.
[24] examined how the number of parallel unit cells affects tilted
stable configurations. Another example is multistability, where
increasing the number of bistable unit cells in series introduces
additional stable positions [6,7]. More recently, the development
of configuration-indifferent building blocks has enabled unit cells
to be repositioned without altering the global degrees-of-freedom
(DOF) [25]. While these approaches highlight the potential of
metamaterials in motion applications, systematic methods for
designing motion properties remain limited, and no guidelines
currently exist for selecting the optimal number or scale of unit
cells. Straight-line motion systems in particular could benefit
from the development of an ideal shear metamaterial, which
would eliminate parasitic motion and enable a wide range of
applications.

This article introduces the design of a straight-line metamaterial
motion system based on an approximation of an ideal shear unit
cell. We first define approximate and ideal shear cells, then
propose selection criteria for straight-line mechanisms to serve as
shear cells. The Roberts linkage is chosen as an embodiment of
an approximate shear cell, which is then tessellated in series and
parallel to form a planar metamaterial system. We develop an
analytical model and validate it with finite element simulations
(FEM) and experiments to analyze the evolution of key parameters,
including range of motion (ROM), crosstalk, and stiffness. Finally,
extensions of the planar straight-line metamaterial toward planar
multi-degrees-of-freedom and spatial straight-line metamaterial
motion systems are presented.
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2 Method

In this section, we introduce and define the concept of an approx-
imate and ideal shear cell. The Roberts linkage is then selected as a
case study to design and demonstrate a shear unit cell. This unit cell
is subsequently tessellated in a planar arrangement, where the
effects of scaling are examined. Finally, the analytical findings
are validated through FEM and experimental testing.

2.1 Ideal Shear Cell. Metamaterial mechanisms were intro-
duced as metamaterials that perform a pre-defined function [9]
and where the building blocks tend to achieve a specific motion.
A key building block in the design of metamaterial mechanisms is
the shear cell, depicted in Fig. 1(a). It consists of a square frame
with stiff edges and flexible corners that enable the rotation of the
edges. The shearing motion follows a circular trajectory, as
shown in Fig. 1(a), leading to significant crosstalk between the
shearing motion and vertical displacement. At the extreme position
of 90deg, this vertical displacement even equals the horizontal
displacement. Eliminating this crosstalk leads to two possible con-
cepts. First, the use of an ideal shear cell, illustrated in Fig. 1(b),
which enables linear motion while constraining the other degrees-
of-freedom. Second, the use of an approximate shear cell tessellated
in series and parallel in order to reduce or control the crosstalk. In
addition to motion-based descriptions, the ideal shear cell can also
be analyzed in terms of stiffness. In an ideal motion system, the
desired DOF has zero stiffness whereas the other two translational
and three rotational degrees-of-freedom are infinitely stiff.

A double leaf spring [26] is a common design that replicates the
behavior of a shear cell. For linear motion, a folded flexure linear
guide eliminates crosstalk by placing two double leaf springs in
series, effectively canceling the equal and opposite crosstalk.
This illustrates how tesselation can reduce or eliminate crosstalk,
motivating the second approach.

Next to the well-known examples, three distinct methods were
found to approximate ideal shear behavior. The first approach,
compliant rolling-contact architected materials (CRAMs) [27], uti-
lizes flexures to constrain rolling contact between rigid bodies,
enabling pure shear motion when circular cams are used. By pre-
deforming the flexures, CRAMs achieve near-zero DOF stiffness
while maintaining high constraint stiffness. Another approach is
straight-line mechanisms, which generate approximate or exact
straight-line motion either at a single point or across an entire
body, with various designs documented in the literature. For
instance, the Roberts mechanisms [19,20], offer compact and
simple solutions, while others, such as the Peaucellier—Lipkin
mechanism [15,16], can be more complex, though their compliant
counterparts are currently limited in range of motion. Finally, error
compensation utilizes generalized cross-spring pivots to eliminate
parasitic motion in four-bar mechanisms by carefully designing the
flexures to account for center shifts [14,28]. This approach enables
fully compensated designs, achieving performance comparable to
exact straight-line mechanisms. Additionally, the method can be
used to develop families of optimized designs [28].

2.2 Unit Cell Selection. A wide variety of straight-line mech-
anisms have been developed, exhibiting both approximate and

Fig. 1 Representation of (a) the shear cell [9] and its deforma-
tion, and (b) an ideal shear cell and its deformation
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exact straight-line behaviors. This section outlines the criteria
and requirements for selecting a mechanism suitable for the
design of planar straight-line metamaterials.

Restricting the design to a planar metamaterial excludes spatial
straight-line mechanisms such as the Sarrus linkage, its inspired
variants [29,30], and single- or multi-loop spatial linkages [31].
The mechanism must be strictly planar, with no overlapping
parts, which rules out options such as the Chebyshev linkage, the
Bricard inversor, and Watt’s parallel motion linkage [22]. Further-
more, the mechanism should incorporate a fixed base and a clearly
defined end effector to enable straightforward integration with
neighboring unit cells. For medium- to large-scale fabrication
methods, such as additive manufacturing or laser cutting, the
design must also be realizable as a monolithic compliant structure.
Two straight-line mechanisms satisty these requirements: the exact
Peaucellier—Lipkin inversor and the approximate Roberts linkage.

The objective of this work is to investigate how tessellation influ-
ences range of motion, crosstalk, and stiffness. The Peaucellier—
Lipkin inversor, by virtue of its exact straight-line motion, exhibits
no crosstalk. Consequently, this study focuses on exploring the
effects of tessellation on the approximate Roberts linkage.

2.3 Unit Cell Design—Compliant Roberts Linkage. Even
though CRAMSs best approximate ideal shear behavior, they
require assembly and complex analysis. While Roberts mecha-
nisms are compact and possess a good range of motion, they also
present crosstalk. However, their simplicity allows for swift analy-
sis and investigation of this non-zero crosstalk. In the following,
the Roberts mechanism is used as the approximate shear cell
(Fig. 2) for the development of straight-line metamaterial
mechanisms.

To optimize the shear cell for large ROM, leaf springs are used
in the links 2 and 4 [19,20], illustrated in Fig. 2. To facilitate
straightforward tessellation in the x and y directions, a C-shaped
frame is added around the mechanism to ensure that the input
link is positioned opposite to the base link within the unit cell.
This topology enables the shear cell to be tessellated as a square
or rectangular cell. The reference design [20] employs a small
flexure at joint 5, suitable for small angle rotations. To obtain
larger displacements, the flexure joint is replaced by a cartwheel
[32], as its simple 2D extruded geometry still allows for relatively
large rotation. The adapted unit cell, shown in Fig. 2, illustrates two
unit cells in parallel. The Roberts mechanism is an approximate
straight-line mechanism at a single point (joint 5), and by coupling
two cells, the straight-line motion extends from a single point to the
full output link, transitioning from path generation to motion gen-
eration [33].

The unit cell can be modeled as a pseudo-rigid body model
(PRBM) [33], where the kinematics follow from the rigid links
and revolute joints, while the kinetics follow from the torsional
springs. The PRBM is represented in Fig. 3(a), with joints 1
through 4 originating from the leaf springs and joint 5 from the
cartwheel. The PRBM assumes that the output link remains hori-
zontal, causing joint 5 to rotate during displacement. When the
unit cell is tessellated in parallel to form a metamaterial, this

| [JRigid body
— Flexure

Cell
boundary

Fig.2 lllustration of a parallel tessellation of two Roberts shear
cells, showing dimensions
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Fig. 3 Representation of (a) the PRBM and (b) the two vector
loops

rotation becomes constrained. Additionally, joints 1 and 4 are
rigidly connected to the base, assuming an infinitely stiff frame.
To determine the output displacement and link angles, two
vector loops are used. The first vector loop (Eq. (1)) is used to
derive the joint angles of the four-bar mechanism (r;-r,-r3-r4),
shown in Fig. 3(b), while the second vector loop (Eq. (2)) calcu-
lates the output displacement (r,-r3-15-1¢), shown in Fig. 3. The
angles of the links are measured from the positive x-axis to
vector 7;, with the vector sum evaluated in a clockwise direction.

—

+ri3—r—r=0 (1)

—

1
r§+§r§—r§—rg=0 (2)

The actuation force, and consequently stiffness, are derived
using virtual work and Freudenstein’s kinematic coefficients
[33]. For the fixed—fixed condition of the leaf springs, the torsional
stiffness is written as

EI
K|_4 =2},K®f (3)

with E the Young’s modulus, / the area moment of inertia, L the
characteristic length, stiffness coefficient Kg =2.65, and charac-
teristic radius factor y =0.8517 [33]. The torsional stiffness for
the cartwheel [32,34] is defined as

8EI
5= T (4)
The resulting force is expressed as
Fe 1 1 1 5
= Do0, + Es0; T Ds0, + Es0; + Dov, + Eod; )
Ab6, B&65 C66,4

where A, B, C, D, and E represent substituted expressions, which
are provided in Appendix along with a more extensive derivation.
The different divisions of 60 are solved using Freudenstein’s kine-
matic coefficients. The formulas are combined in PYTHON to
compute the force. Once force and displacement are determined,
their ratio yields the DOF stiffness K,.

To calculate the range of motion, the stress of the flexure is com-
pared to the yield stress of the material. In this analysis, which
focuses on relative change rather than actual application, no
safety factor is applied. The stress in the leaf springs is also
derived from the PRBM. For the fixed-fixed leaf spring, the
stress is estimated using the equation for a fixed-guided flexure
[33]. This provides an equivalent estimate of the maximum
bending stress, which is sufficient for the present analysis
focused on relative changes in the unit cells. The equivalent
force, P, required to deform the leaf spring to angle € is calculated,
as shown in Eq. (6). Here, 6 is selected as the maximum of the four
angles obtained from the vector loop equations. The maximum
stress in the leaf spring is then determined using Eq. (7). In this
equation, % represents the reaction moment, with the expression
for a derived in Appendix, and c is the distance to the centerline
of the flexure. In pyTHON, the maximum stress is computed and

Journal of Mechanisms and Robotics

Table 1 Dimensions of the shear cell in millimeters

Dim. Series/Parallel Series FT Parallel FT Scaling
Lyss 19.8 19.8 19.8 26.64
Ly 17.25 17.25 17.25 222
L. 9.6 9.6 9.6 12.58
1 0.61 0.48 0.76 0.81
t, 0.49 0.39 0.62 0.66
tho 5.5 5.5 5.5 5.92
ts 44 44 44 5.92

compared to the yield stress. Once the yield stress is exceeded,
the maximum displacement is recorded.

4KyEIO
" L2cos(0) ©®
Pac
max = Ny 7
o 27 (7

Following the analytical analysis of the unit cell, the dimensions
of the reference design [20] are used to validate the models. The
parameters are then adjusted for 3D printing (Sec. 2.7) and to
account for the different variations in the main analysis. The dimen-
sions of the samples are presented in Table 1, where both series and
parallel configurations (Sec. 2.4) are provided for a single unit cell.
Additionally, the dimensions for the different scaling variations are
provided for the unit cell in a (2, 2) configuration, as the experi-
ments uses the same (2, 2) sample for reference (Sec. 2.5). Each
sample has an out of plane thickness of 8.25 mm, except in the
case of uniform scaling, where this value is divided by n.

2.4 Series and Parallel. There are two ways to tessellate a
square unit cell in the plane. First, in a series configuration, the
unit cells are arranged along the y-direction. Each of the n cells
is connected by linking the output of the previous unit cell to the
C-shaped frame of the next, as shown in Fig. 4(a). In this setup,
only the first unit cell is grounded, while only the last unit cell is
actuated. Similar to a series of compression or extension springs,
the internal force is uniform across all cells. The equivalent stiff-
ness follows the series summation of the individual stiffnesses,
so for identical unit cells, the overall stiffness is reduced by a
factor of 1/n. As the number of unit cells increases, the ROM
grows proportionally, which also increases translational crosstalk
between the x- and y-directions. The product of the DOF stiffness
K, and the ROM corresponds to the maximum actuation force,
which remains constant: stiffness decreases by 1/n, while the
ROM increases by n.

Second, in a parallel configuration, the unit cells are tessellated
along the x-direction, as shown in Fig. 4(b). Adjacent cells are con-
nected by joining both their C-shaped frames and output links. The
bottom of each unit cell is fixed to the ground, while the top is sub-
jected to a common actuation force. This configuration behaves
like parallel compression or extension springs, where the total stiff-
ness is the sum of the individual stiffnesses. For shear cells, both
stiffness and maximum force scale in the same manner. Thus,
with m identical parallel unit cells, the total stiffness equals that
of a single unit cell multiplied by m, assuming the connections
do not alter unit cell behavior. Since all unit cells deform
equally, the stress distribution is uniform, and the ROM of the par-
allel tessellation remains constant. Consequently, translational
crosstalk between the x- and y-directions is also constant.
Because unit cell rotation is assumed to be constrained, a sufficient
number of parallel unit cells is required to eliminate rotation.

2.5 Scaling of Unit Cells. Two types of tessellations can be
formed in the plane with a square unit cell: square tessellations,
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Fig. 4 lllustration of (a) series and (b) parallel tessellation, and
(c) division scaling of unit cells

where n = m, and rectangular tessellations, where n # m. To study
the effects of scaling and tessellation, three scaling approaches are
considered. The first two are grouped under division scaling, illus-
trated in Fig. 4(c), where an initial area containing one unit cell is
evenly divided into a square tessellation. The third, scaling FT,
adapts rectangular tessellations of series and parallel arrangements
by modifying the flexure thickness.

The division scaling approach has two variations. In scaling AP,
all geometric parameters (length L, thickness ¢, and width w) are
uniformly scaled by 1/n. In scaling LT, only the length L and
flexure thickness ¢ are scaled by 1/n, while the out-of-plane thick-
ness remains constant. These variations differ in their effect on the
DOF stiffness, as derived from Eq. (8). For scaling LT, stiffness
remains constant because both L and ¢ are cubed, and the numerator
and denominator powers cancel. By contrast, scaling AP also
reduces the width w, leading to a net stiffness reduction by 1/n.
For a square tessellation, the series and parallel effects cancel, so
the stiffness of the unit cell and the tessellation are identical.
Scaling does not affect the flexure stress, since L and ¢ cancel in
Eq. (9). However, the scaled unit cell produces smaller displace-
ments, reduced by 1/n with respect to the original. This reduction
is offset in the tessellation by the n cells in series, which restore the
total range of motion. As a result, translational crosstalk also
remains constant.

The third approach, scaling FT, adjusts the unit cell stiffness to
maintain a constant overall DOF stiffness in both series and parallel
tessellations. The DOF stiffness of a unit cell scales as

wt

Keo Tz

®)

where w is the width and L the flexure length. In a series tessella-
tion, stiffness decreases by 1/n, which can be compensated by
increasing ¢ by a factor of J/[31n. This adjustment, however,

024505-4 / Vol. 18, FEBRUARY 2026

increases the unit cell stress oy, which is proportional to the
flexure thickness

t

Ox &7 ©))
leading to a reduced range of motion. Conversely, in a parallel tes-
sellation, stiffness increases by a factor of m, which can be
balanced by decreasing ¢ by /[3]1/m. This lowers the stress in
each flexure and increases the range of motion. Thus, scaling FT
highlights the tradeoff between stiffness and range of motion:
increasing one generally reduces the other.

2.6 Finite Element Method. For both simulation and experi-
ment, the geometry is parametrically designed in SOLIDWORKS,
allowing for tessellation and scaling. The geometry is saved as
Parasolid (.X_T) files and imported into ANSYS WORKBENCH. The
static structural module is used to simulate quasi-static load condi-
tions, with large deflection enabled to account for geometric
nonlinearities.

Polyethylene terephthalate glycol (PETG) is used as 3D printing
material, which is well suited for compliant mechanisms due to its
high toughness and moderate stiffness. The flexural modulus, or
Young’s modulus measured in bending [35], is £ = 2.1 GPa, and
Poisson’s ratio is v = 0.35, with a yield stress of 6yje1g = 51 MPa.

To control the mesh size, aNsys’s standard meshing resolution is
used for the rigid bodies, as they experience only small deforma-
tions and low stress. In contrast, the flexures undergo highly con-
centrated deformations and therefore require mesh refinement. A
convergence study showed that the flexures converge with face
sizing set to an element size of the flexure length divided by 24.
Figure 5(a) shows the resulting mesh, highlighting the contrast
between the fine mesh at the flexures and the coarse mesh at the
rigid bodies. The element type selected by ansys is SOLID187, a
quadratic element well suited for irregular meshes and large
deformations.

The boundary conditions are illustrated in Fig. 5(b) for a (3, 3)
tessellation. To simulate the sample, the base link is fixed using
a fixed surface constraint, shown at the top of the mechanism. To
actuate the output link, a displacement is applied to the on the
output link at bottom of the mechanism in Fig. 5(b). For the stiff-
ness calculation a deformation of 0.1 mm is applied, while stress
and crosstalk are measured at the calculated ROM. Probing the
deformation at the actuated surface verifies that the applied displa-
cement is reached, and the probed reaction force is used in combi-
nation with this deformation to calculate the stiffness. To measure
the crosstalk two displacement probes are used at the sides of the
output link. The translational and rotational crosstalk can be com-
puted by taking the average or dividing the difference by the length
of the link.

Figure 5(c) shows the deformation and stress of a (3, 3) config-
uration. As expected, the locations of the highest stress correspond
with the joint locations in the PRBM. In the square configurations
for scaling the unit cells, the number of elements increases rapidly,
therefore the scaling simulations are carried out on the unit cells
with the output link constrained in rotation and the (n, n) unit
cells for n equal to 2, 4 and 6 and are illustrated in Fig. 6.

2.7 Experiment. The samples were 3D printed using a Bam-
buLab X1C printer with PETG material. For the parallel, series,
and series with scaling FT configurations, a 0.4 mm nozzle was
used with three walls and 25% gyroid infill. The gyroid pattern
was selected for its near-isotropic behavior, attributed to its circular
mesh structure. For the parallel with scaling FT and the scaling AP
and LT variations, a 0.2 mm nozzle was employed, as the flexures
are thinner in these cases. These samples were printed with four
walls and the same 25% gyroid infill. Special care was taken to
avoid seams on thin flexures to prevent weak spots that could act
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Fig. 5 lllustration of the FEM setup with (a) the mesh with face sizing at the flexures, (b) the boundary conditions with the fixed
base at the top of the mechanism, the actuation displacement at the bottom, and the measured displacement locations on the
extremities of the actuated mechanism, and (c) the typical deformation and stress

Actuation stage
and force sensor

Fig. 6 Photograph of the experimental setup, showing the key
components

as notched joints. Each variation was tested using tessellations with
m and n equal to 2, 4, and 6.

The experimental setup, shown in Fig. 6, was designed to char-
acterize stiffness and crosstalk (both translational and rotational).
A PI motion stage was used for actuation, with a Futek
LSB200-FSHO0387 force sensor mounted at its output. The
system was operated using a custom LABVIEW program tailored
for actuator—sensor integration. Experiments were repeated five
times for each configuration to obtain averaged results. The first
measurement of each set was discarded to mitigate conditioning
effects in the PETG material, which can cause pronounced hyster-
esis in initial runs.

The Roberts mechanism expands perpendicular to the primary
direction of motion. Fixing the base link introduces an off-axis
force on the force sensor. To minimize this effect, the output link
was clamped onto a low-friction linear guide mechanism, which
combines the Roberts mechanism with a parallelogram linkage.
During testing, the actuation stage was displaced through the
sample’s range of motion while the corresponding force—displace-
ment curve was recorded. Data were imported into PYTHON, where
the five test runs were processed, and two points were selected to
calculate stiffness by dividing the change in force by the change
in displacement. Visual inspection verified that the resulting stiff-
ness curves aligned with the expected slope.

Crosstalk occurs at the base link of the sample, which was con-
strained using two slender iron wires and bolts. This arrangement
approximates a prismatic-revolute joint, allowing both transla-
tional and rotational crosstalk. A Keyence LK-HO052 laser displace-
ment sensor was positioned at the center of the base link, and 50

Journal of Mechanisms and Robotics

mm offset to the left, to measure crosstalk. Crosstalk was measured
manually and recorded in Excel. Translational crosstalk was deter-
mined from the center displacement, while rotational crosstalk was
obtained by dividing the difference between the left and center dis-
placements by their 50 mm separation.

3 Results: Influence of Tessellation and Scaling

In this section, we analyze the influence of tessellating the
Roberts shear cell (with dimensions listed in Table 1) in both
series and parallel configurations. The effects of scaling on
ROM, stiffness, and crosstalk are examined, and the analytical
model is validated against FEM and experimental results. The
series analysis, experiments, and simulations were performed
with m = 3 to constrain rotation.

Figure 7(a) shows the evolution of the ROM, calculated using
the analytical model, for series tessellations (3, n) and parallel tes-
sellations (m, 1), with unit cell counts ranging from 1 to 10. The
evolution of the scaling FT approach is also presented, with a
scaling factor of 4/[3]n for the series configuration and /[3]1/m
for the parallel configuration. In the series case, the ROM increases
linearly with n. Applying scaling FT reduces the ROM relative to
the unscaled tessellation. By contrast, the parallel tessellation
maintains a constant ROM as m increases, while applying
scaling FT increases the ROM. Both division scaling variations
(AP and LT) preserve the expected constant ROM. The unit cell
(UC) ROM follows the expected 1/n trend relative to cell size.

Figure 7(b) presents the evolution of stiffness K, for the parallel
tessellation (m, 1) compared with the parallel scaling FT case. As
expected, stiffness increases linearly with m. In the scaling FT
case, however, the reduction in unit cell stiffness offsets the addi-
tional cells, yielding an overall constant stiffness. In both cases,
FEM results align closely with the analytical model. Experimental
results follow the same general trend but show higher stiffness
values for parallel samples, which will be discussed further in
Sec. 4.

Figure 7(c) shows the evolution of stiffness K, for the series tes-
sellation (3, n) compared with the series scaling FT tessellation and
a single UC. As predicted, the stiffness of the series tessellation
decreases proportionally to 1/n. In contrast, the series with
scaling FT maintains a constant stiffness, while the unit cell stiff-
ness increases linearly with n. FEM and experimental results for
the series tessellation closely match the analytical predictions.

Figure 7(d) presents the stiffness K, for square tessellations
(n =m) and the isolated UC under scaling AP, where all parameters
are scaled, and scaling LT, where only the flexure length and thick-
ness are scaled. The scaling AP case follows the expected 1/n trend,
though FEM and experimental results show a small offset. The
scaling LT case maintains constant stiffness, with analytical and
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(f) the FEM rotational crosstalk

FEM results in close agreement. Experimental results, however,
show an increasing trend for small n. Both approaches confirm
that the unit cell and the n = m tessellations yield equivalent results.

Figure 7(e) illustrates the evolution of translational crosstalk,
computed with FEM and the analytical model, for parallel (m, 1)
and series (3, n) tessellations, including the scaling FT and division
scaling cases. As expected, the parallel tessellation and both divi-
sion scaling variations exhibit constant crosstalk, consistent with
their constant RoM. The parallel scaling FT case shows an increase
in crosstalk. For the series tessellation, the analytical model pre-
dicts a linear increase, whereas FEM results decrease beyond
n=4. The series scaling FT case follows a similar pattern, with
FEM diverging from the analytical prediction as n increases.
This discrepancy becomes more pronounced with larger n and is
examined in Sec. 4.

024505-6 / Vol. 18, FEBRUARY 2026

The evolution of the rotational crosstalk (around the z-axis) is
shown in Fig. 7(f) for parallel (m, 1), series (3, n), their scaling
FT, and the division scaling with n = m. The results for the series
tessellations indicate that rotational crosstalk increases signifi-
cantly with the number of unit cells. In contrast, for the parallel tes-
sellation, rotational crosstalk decreases as m increases and remains
close to zero. For m = 1 and for the unit cell in division scaling, the
rotation is constrained in simulation, resulting in zero crosstalk.
However, for the overall structure in division scaling, the rotation
remains approximately constant.

4 Discussion

The results generally align well with analytical predictions
and FEM simulations, validating key assumptions about stiffness
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and ROM in metamaterial motion systems. These findings provide
a foundation for tuning metamaterial performance through tessella-
tion and scaling choices. In a rectangular tessellation, where m # n
it is possible to tune the stiffness, range of motion, and crosstalk
with the number of unit cells. The results show that scaling the
unit cells using division scaling (n =m) does not alter the overall
behavior of the metamaterial mechanism. In contrast, scaling
only the flexure thickness (scaling FT) enables fine-tuning of the
behavior. In this study, a single scaling factor that increases with
the number of unit cells is applied. However, alternative scaling
strategies could be used to target specific parameters or perfor-
mance characteristics.

Despite overall agreement, some deviations between the model
and both experimental and FEM results emerge, primarily due to
large deformation effects, particularly in series configurations.
Increased rotation in these arrangements affects both stiffness
and crosstalk, likely due to the rotational degrees-of-freedom in
the unit cells. More constrained unit cell designs or the addition
of parallel unit cells may help mitigate these effects. Parallel con-
figurations generally align with predictions, though experimental
stiffness values are slightly higher than expected. While 3D print-
ing enabled cost-effective production of multiple sample varia-
tions, surface imperfections in parallel unit cells increased the
effective flexure thickness. Experimental crosstalk results were
inconsistent, potentially due to finite frame stiffness, polymer
creep, or sensor temperature variations. Consequently, the experi-
mental crosstalk data did not provide sufficient additional insight to
justify separate graphical representations.

The findings are not limited to the specific shear unit cell exam-
ined. A simple spring analogy allows for generalization to other
unit cell types, such as linear unit cells, following similar stiffness
derivations. The stiffness of an (m, n) tessellation can be deter-
mined by combining the series and parallel approximations.
These results provide designers with a fast and effective way to

estimate the behavior of metamaterial motion systems, enabling
rapid iteration and the exploration of more complex unit cell
designs. The ability to make quick yet accurate estimations is valu-
able for both conceptual studies and refining designs for practical
applications.

The planar straight-line metamaterial mechanism proposed in
this study could be further investigated with respect to the
in-plane constraint stiffness (K,) and out-of-plane stiffness (K),
where similar derivations could be applied. A tessellation of
straight-line metamaterial mechanism can serve as a building
block for more complex planar systems. For instance, a (4, 4) tes-
sellation was mirrored in an alternative design as an attempt to
compensate crosstalk (Fig. 8(a)). However, this approach proved
ineffective. In contrast, an opposing system (Fig. 8(b)), where
the two sides are constrained, successfully suppresses crosstalk
and exhibits a slight increase in stiffness.

In addition, the planar mechanism can serve as a building block
for spatial straight-line metamaterial mechanisms. For instance, an
orthogonal configuration (Fig. 8(c)), reduces the need for out of
plane stiffness. The orthogonal and opposing behaviors can be
combined into a general revolved configuration (Fig. 8(d)),
where N planar mechanisms are arranged around the motion
axis. Lastly, a planar series configuration can be used to obtain a
2DOF metamaterial mechanism (Fig. 8(e)).

These findings open several avenues for future research and
applications of metamaterial mechanisms. Understanding the tra-
deoffs between stiffness and range of motion enables the integra-
tion of sensing and actuation elements, supporting distributed
sensing and actuation strategies. Future work could explore 3D
configurations to overcome stiffness limitations, incorporate
tunable stiffness mechanisms, and design highly precise compliant
motion stages. The ability to control mechanical properties at the
unit cell level extends the relevance of these results beyond
motion systems to applications such as multistable mechanisms,

(b)

Fig. 8 Representation of the use of the planar shear metamaterial mechanism as building blocks for spatial metamaterials in
(c) alternating, (b) opposing, (c) orthogonal, and (d) revolved configurations, and (e) a series configuration to obtain a 2DOF
metamaterial, with the fixed connections and directions of motion
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soft robotics, and MEMS-based compliant structures. By applying
the principles established in this study, designers can optimize
metamaterial motion systems for greater mechanical efficiency,
enhanced functionality, and improved adaptability in advanced
engineering applications.

5 Conclusion

We presented a design for straight-line metamaterial mecha-
nisms based on an approximate shear cell embodiment. The
approach involves utilizing a straight-line mechanism as shear
cells and tessellating the cell to create metamaterial mechanisms.
The Roberts mechanism was selected as a shear cell due to its com-
pactness and simplicity, despite exhibiting some parasitic motion.

Compared to a single unit cell, series tessellation significantly
increases the range of motion while reducing stiffness and increas-
ing crosstalk. In contrast, parallel tessellation increases stiffness
while maintaining a constant range of motion and reducing cross-
talk. Additionally, the study on division scaling demonstrated that
arranging the metamaterial surface in a square lattice (m = n) does
not alter the range of motion or crosstalk. In addition, the stiffness
remains unchanged when the length and thickness of the flexures
are modified under the applied scaling. The tessellation of the
Roberts cell in a rectangular lattice (n # m) provides the potential
for tuning the range of motion, stiffness, and crosstalk.

Overall, these findings provide a valuable contribution to the
field of straight-line metamaterial mechanisms and can serve as a
basis for the analysis and design of linear guiding systems and
applied metamaterials.
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Appendix: Extended Equations

This appendix provides detailed derivations of the PRBM,
vector loop solutions, actuation force, and flexure stress, supple-
menting the main text (Egs. (1)—~(7)). The unknowns of the
vector loop equations (Egs. (1) and (2) in the main text) are the
joint angles 63, 0,4, 06, and the output link length Lg. Each vector
7 is expressed in terms of its real and imaginary parts, allowing
the loop equations to be solved algebraically. In particular, 6, is
obtained using the tangent half-angle formula (Eq. (A2)), with
the remaining unknowns calculated as given in Egs. (A1)-(A4).
The resulting output vector can be decomposed into x and y com-
ponents (Egs. (A5) and (A6))

9, = cos™! <L4 cos (64) — L, cos (6,) + L1)
L;

(AD

0, =2tan"! (1) (A2)

Os

1
L, sin (6,) + §L3 sin (03) — Ls sin (63 + 90 deg)

1
L, cos(6,) + §L3 cos (63) — Lscos (03 +90deg)
(A3)

=tan™!
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1
L, cos(6,) + §L3 cos (03) — Lscos (63 +90deg)

Ls= cos (6g) (A4)
x = Lg cos (6g) (AS)
¥ = L sin (6) (A6)

The actuation force is derived using the principle of virtual work
[33], where the external virtual work equals the internal potential
energy of the torsional springs, given in Eq. (A7). Here, ¢, is the
relative angle between links, and d¢; denotes its virtual rotation.
For joint 2, these relations are given in Eqgs. (A8) and (A9). The dis-
placement of the actuation force is determined by summing the
x-components of vectors 2, 3, and 5 (Eq. (A10)), with the corre-
sponding virtual displacement given in Eq. (Al1l). Substituting
these expressions into Eq. (A7) and solving for F yields
Eq. (A12). Rewriting for solvability leads to Eq. (5), with substitu-
tions A-FE defined in Eqgs. (A13)—(A17). From the expression in
Eq. (5), the relations between 60; can be substituted using Freuden-
stein’s kinematic coefficients; the detailed derivation is omitted
here.

Féx="Y " Kig,o9, (A7)
¢y = (02 — Ox0) — (03 — 030) (A8)
5py = 56, — 565 (A9)

L
x=1L,cos(6,) + 73005 (63) + Ls sin (63) (A10)

L
ox = —Lz sin (92)592 + (— ?3 sin (03) + L5 COS (93)) 503 (A] ])

_ _(Kig) + K20h,) 50> + (K3p3 + K5¢3 — Kah,) 505
—L, sin (6,) 66, + (—% sin (63) + L5 cos (93)) 605
(Kapy — Kz¢h3) 604
—L, sin (6>) 66, + (—% sin (63) + Ls cos (6’3)) 603

F

+

(A12)

A=Kip, + Kapy (A13)

B =Kz, — Kapy + Ksihs (A14)
C =Ky — Kshs (A15)

D =—L,sin(6,) (A16)

E= —%sin(eg) + Ls cos (63) (A17)

In the stress derivation (Eq. (7)), a is the orthogonal distance
between the base of the flexure and the equivalent force P
(Eq. (6)). This distance depends on the characteristic radius
factor y, link length, and relevant joint angles. For the leaf spring
of link 2, the expression for a is

-y

] —
a= T}/lfz +yLa cos (02 — O29) + Ly cos (63 — 030) (A1)
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