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a b s t r a c t

The design of micromechanical devices that can facilitate large but recoverable deformations requires
a mechanical behavior that embosoms hyperelasticity. While multiphoton lithography is the epitome
of microscale fabrication, the employed materials demonstrate a linear elastic response accompanied
by limited ductility. In this study, we investigate how this hindrance can be circumvented through
the design of microscale pantographic structures. Pantographs possess riveting hyperelastic response
inherited by their structural design, providing exorbitant reversible deformations. To prove the utility
of pantographs in microscale design, finite element analysis simulations are performed to unravel
the behavior of the structure as a function of its geometrical parameters. In addition, to evaluate
the microscale modeling, specimens are fabricated with multiphoton lithography in a push to pull
up configuration to accomplish in situ SEM microindentation tensile testing due to compression. Our
findings are adduced to expound how the pantographic structures can embrace hyperelastic response
even at the microscale, elucidating their feasibility for structural members in micromechanical devices
that require reversible large deformations.
1. Introduction

The implacable progress in 3D printing technologies has en-
bled the fabrication of complex 2D or 3D structures, possess-
ng unprecedented properties. Specifically, these remarkable ad-
ances in microscale printing have enabled the design of MEMS
evices, microrobotic devices [1,2], scaffolds for tissue engineer-
ng and the investigation of cellular malfunction [3] and even
iomimetics and bioimplants [4]. However, despite the fact that
or such domains fabrication techniques such as FIB milling [1],
icrostereolithography [5] or direct ink writing are highly ef-

icient, they cannot be employed for the fabrication of highly
omplex 3D structures that possess features with nanoscale res-
lution. To surmount this inherent challenge, the fabrication of
D complex microscale structures can be accomplished by ad-
itive manufacturing techniques such as multiphoton lithogra-
hy (MPL) [6]. MPL has resolved the fabrication of complex 3D
tructures with even 200 nm features resolution [7], spanning
n mm2 surface areas [8]. Hence, it can furnish the design of
micro/nanoscale structures and devices. Characteristic examples
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that have illuminated the utility of this technique are hierarchical
structures that are the simulacrum of perplexing living organ-
isms, such as marine diatoms [9]. Another instantiation is the
exceptional mechanical response of microlattice and microplate
structures, demonstrating either controlled buckling and direc-
tional stiffness or isotropic behavior [7]. Furthermore, it has been
employed to generate 3D scaffolds and unveil the 3D cellular
response of living cells or tissue [10].

Despite the deep perspicacity into the complexity of the de-
signs that can be fabricated with MPL, there are still innate chal-
lenges associated with the employed materials. More specifically,
the photoresists utilized in MPL are polymer ceramic hybrids,
conferred with linear elastic response and a limited degree of
ductility beyond the yielding point. While their fracture is brit-
tle due to crazing [11], the design of architected materials can
impede the brittle fracture through tailored 3D buckling that can
lead to the densification and subsequently the abrupt increase
of the apparent ductility of the material [12,13]. Regarding the
increase of strength of the fabricated specimens, post processing
techniques such as pyrolysis have been employed, ablating the
polymeric part to create a nanoscale ceramic structure. Such
specimens can have 20% of the original volume and they can
reach the theoretical strength of the glassy carbon [7], even
though they are comprised of a nanolattice geometry. In addition,
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to enhance the ductility of the brittle constituent, atomic layer
deposition assisted by plasma etching has been employed to
create hollow nanotubes with thickness that is a few tens of
nm [14]. These hollow ceramic structures demonstrate excep-
tional ductility and resilience to plastic collapse, despite the fact
that the employed material is a brittle ceramic. Nevertheless,
microscale engineering applications require components that can
sustain large but reversible deformations [15]. Moreover, designs
that exhibit multiple equilibrium positions for controlled wave
propagation or bistability [16] are encompassed by the constraint
that the utilized material is hyperelastic and does not yield or
fracture during the multiple loading cycles. Therefore, the fact
that the materials used in MPL do not demonstrate hyperelasticity
obstructs their utility for the aforementioned applications. Even
though shape memory alloys can be employed at these length-
scales and can facilitate large reversible deformations [1,17], it
is extremely arduous to process them in micro/nanoscale in the
3D space, limiting the reported results to 2D designs. Hence,
the engineering prescience and profundity of the designer must
surpass this design constraint.

To supersede the behavior of the bulk material, various dif-
erent types of metamaterial structures have been proposed [18–
1]. Regarding the hyperelastic response of architected materials,
ne of the most thoroughly studied categories of mechanical
etamaterial structures are the pantographic structures [22,23].
hese geometries are comprised of arrays of orthogonal beam
embers that are concatenated together by pivots. The pivots
nable the relative rotation of the beams. These structures can
ndergo extremely large, but recoverable, deformations.
Besides, in macroscale, it has been shown that such structures

an be modeled with a second gradient continuum, rendering
he strain energy a function of the second gradient of the dis-
lacement [24,25]. From a theoretical standpoint, this sublime
esult reveals that the ideas initiated by different mechanical
odels regarding higher gradient elasticity since the late 19th
entury are conceivable and feasible [26] with advanced addi-
ive manufacturing fabrication techniques. Ergo, different higher
radient models have been developed to investigate the me-
hanical behavior of pantographs [27]. Furthermore, simple first
radient models (i.e. models that the strain energy is only de-
endent on the first gradient of displacement) cannot depict
he mechanical response of the material, since second gradient
lasticity becomes more predominant in materials with a specific
actical ordonnance of ‘‘fiber’’ constituents. Hence, the nonlin-
ar mechanical response of the pantograph has been conveyed
ven when the employed 3D printing materials are highly brittle.
hus, the pantographic structures are compelling due to the fact
hat they constitute a synthesis for second gradient 2D con-
inua. To attain the required macroscopic deformation energy,
he specific rescaling of micro-stiffnesses is required. Therefore,
here are constraints on the feasible variations for obtain any
esired macro-behavior. While large elongations in the elastic
egime have been explored [28], optimization is crucial to con-
rol the range of elastic deformations under specific imposed
onstraints. To accommodate this, optimization procedures have
een employed in the context of pantographic micro-structures,
emonstrating that the geometry of the considered structure can
e optimized using as control parameters some of the char-
cteristic lengths of the constituent elements [29]. To design
icrostructures realized by additive manufacturing, the construc-

ion specifications of the inherent structural members have to
e determined. In particular, it is critical to define the elastic
ivots having small torsional stiffness. To accomplish this, an
xpedient procedure of structural optimization would be the use
f beams with variable thickness with an alternation of very

tiff parts and very compliant ones [30]. The softest parts of the
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beams can be regarded as elastic hinges, and design schemes
like those can be efficiently implemented with meagre compu-
tational cost. In addition, it has been demonstrated that they
also incur more complex responses, such as the Poynting effect,
out-of-plane or 3D buckling modes and coupling deformation
modes [31]. To comprehend this behavior, a panoply of other
analytical [32] and numerical approaches has been proposed,
such as the Hencky-type discrete model or the nonlinear Euler–
Bernouilli beam modeling [33]. These models have also been
employed to ameliorate the inordinate computational cost of the
FEA simulations that is required to solve the various boundary
value problems substantiated in these structures. Consequently,
these computational tools, embracing higher order terms, have
successfully diminished the computational cost that is needed
to solve complex structural problems even beyond pantographic
structures. This extensive investigation of the mechanical behav-
ior of pantographic structures has rendered them a celebrated
paradigm of designed, modeled and experimentally validated
hyperelastic architected geometries. Hence, their intriguing be-
havior should also beget a viable candidate for large deformations
in microscale.

Despite this unprecedented progress in the design of panto-
graphic structures in macroscale, assimilating them in microscale
in still tenuous. These types of structures could be considered
as a potential candidate for the design of MEMS microdevices,
acoustic metamaterials [34] or even microscale implants [35] that
require nonlinear elastic deformations without plasticity.

In this paper we aim to expand the study of microscale pan-
tographic structures and investigate their utility as hyperelastic
structures in microscale. More specifically, through MPL, we fab-
ricate a push to pull out mechanism to achieve tensile tests
by applying compression to the structure [36]. MPL enables the
fabrication of pantographic unit cells, with fixed beams and piv-
ots. Through in situ SEM-microindentation experiments we are
able to observe deformations in the nanoscale regime. In ad-
dition, we can juxtapose the mechanical performance with the
macroscopic force–displacement response and the dominating
deformation modes in the structure. Furthermore, we perform fi-
nite element analysis (FEA) simulations to evaluate the sensitivity
of the mechanical response to the geometrical parameters of the
unit cell. We prove that the experimental response of up to 25%
deformations of pantographic unit cells can be modeled through
hyperelasticity, even though the base material is not hyperelastic.
These findings aim to accentuate the characterization and model-
ing of pantographs in microscale for applications that necessitate
nonlinear elastic deformations and pave the way to incorporate
specimens fabricated by MPL in this endeavor.

2. FEA modeling of microscale pantographs

The design of the pantographic unit cells is delineated in
Fig. 1(a). The unit cells are comprised of beam members of width
wb and height hb oriented at 45o with respect to each other. Each
beam is connected with the proximal one through three pivots at
the edges and its center. The pivots have radius rp and height hp.

hile in macroscale pantographs the pivots can enable the rota-
ion of the beams through angular sliding [27], this mechanism
annot be realized in microscale with MPL. The reason for this
onstraint is that the material is polymerized through subsequent
aser beam scans and the respective components are not assem-
led together. Hence, in our design, the specimen is fabricated
ith fixed beam supports. Nevertheless, as we will show later,
he pivots still dominate the mechanical response. Since the in-
itu microindentation experiments can only be conducted under
ompression, to realize tensile tests an acute mechanism needs
o be utilized. To accomplish this, we employed a push to pull
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Fig. 1. Modeling of microscale pantographic structures. (a) The pantographic unit cell, comprised of beam members with width wb and height hb , arranged on two
planes and with relative angle 45o . The beam members on the two planes are connected with a pivot of radius rp and height hp at the center and the edges of the
eams. (b) FEA simulation of the pantographic unit cell on the tensile mechanism. The two parts of the mechanism have a uniform displacement, ensuring that they
o not affect the mechanical response of the unit cell. (c) FEA simulations of the pantographic unit cell under tension. It is observed that the maximum stress of
he specimen is localized in the pivots, dominating the mechanical response of the material through torsion.
ut mechanism that has been previously employed for tensile
pecimens in microscale [36]. Specifically, the unit cell is attached
t one end on a base that is fixed to the substrate and at the other
nd on a rectangular base that can be translated under compres-
ion, thus enabling the manifestation of tensile deformation on
he tested structure. Fig. 1(b) demonstrates the FEA simulation of
he mechanism under compression of the upper base. It is shown
hat the deformation field has a constant and uniform distribu-
ion on the mechanism. Therefore, the mechanical response of
he unit cell is impervious of localized deformation effects that
ould be caused by the tensile mechanism. Therefore, conducting
uch measurements will not distort the actual behavior of the
antographic structure.
In order to numerically investigate the mechanical behav-

or of the microscale pantograph in this study, FEA simulations
ere performed using the commercial FEA software COMSOL
ultiphysics R⃝. A characteristic 3-D FEA model of the microscale
antograph with pivot radius rp = 1.35µm, pivot height hp =

.6µm, beam width wb = 1.25µm and beam height hb =

.5µm was generated and is precented in Fig. 1(c). A hyperelastic
odel available in COMSOL Multiphysics R⃝, namely the Yeoh
odel, was adopted in the simulations. In this model, the strain
nergy density is defined as follows

= c1(I1 − 3) + c2(I1 − 3)2 + c3(I1 − 3)3 (1)

here c1, c2 and c3 are the material parameters of the consti-
tutive equation and I1 is the first invariant of the Cauchy–Green
deformation tensor C. The main reason that the Yeoh model
was selected is that the mechanical behavior of pantographic
structures seems to be described fairly well compared to other
hyperelastic models, as it has been highlighted in previously

reported work [37]. Accordingly, the 2nd Piola–Kirchhoff stress

3

tensor can be calculated by the following equation

S = 2
∂W
∂C

(2)

Hence, the stress field and the displacement field in the struc-
ture can be calculated by solving the corresponding boundary
value problem of the linear momentum balance. As it will be
discussed later, even though the Yeoh’s model has been employed
for macroscale specimens, it can also capture the convex behavior
of the microscale results, while other tested models such as the
Neo-Hookean or Mooney–Rivlin hyperelastic constitutive mod-
els could not capture the experimental results. The numerical
computations were conducted with a mesh of 90,235 tetrahedral
elements and 351,255 degrees of freedom. To simulate the tensile
test of the specimen, a 2.5 µm displacement was applied in a
stepwise manner, and the material parameters were selected as
follows: c1 = 3.29 × 109, c2 = 2.02 × 1010, and c3 = 6.10 ×

1010. As it will be explained in the next section, the numerical
values of these parameters were selected based on a parametric
analysis to match the experimental results. An iterative process
was addressed to obtain the material parameters. Hence, the
presented values were found to closely match the experimental
results. As it will be described next, these constitutive parameters
were also employed to conduct a sensitivity analysis in the spec-
imen by varying the dimensions of the characteristic geometric
parameters of the unit cell. The force–displacement behavior was
obtained through the integration of the reaction forces at the
fixed end of the specimen for each corresponding displacement.
In Fig. 1(c), the calculated von Mises stresses are presented when
the displacement is equal to 2.5 µm.

3. Fabrication and testing

To evaluate the designed tensile response of the modeled
pantograph, benchmark test structures were fabricated by MPL,
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Fig. 2. Fabricated micropantographic specimens through MPL. (a) Front view of fabricated unit cells in the tensile mechanism. (b) High magnification image of the
unit cell. (c) Side view of the specimen, showing the thickness of the pivot and the two parts of the tensile mechanism. (d) High magnification image of the pivot
to verify that the dimensions are in agreement with the fabrication parameters and the simulations. (e) The pantographic unit cell without the tensile mechanism,
showing the connection of the beam members on the two different planes through pivots at the edges and the center.
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presented in Fig. 2. The experimental apparatus utilized for this
process has been reported in previous work with respect to
the fabrication of microscale metamaterial structures [13]. More
specifically, the fabrication conditions for the preparation of the
samples were 2 mW output laser power of a Ti:Sapphire fem-
tosecond laser (FemtoFiber pro NIR) and 10 µ m/s scanning speed
or the stages that translate the sample such that the laser beam
an ‘‘write’’ the geometry into the photoresist. Since each laser
ulse creates a voxel of polymerized material, the laser beam was
assing through the same direction at least four times to increase
he rigidity of the structures. The material that was used is the
ommercial photoresist SZ2080TM, originated from FORTH. The
abrication conditions were selected such that the viscous effects
f the material are diminished based on material characterization
hat has been reported elsewhere [38]. Further details about the
reparation of the material can be found elsewhere [6]. Fig. 2(a)
hows multiple specimens fabricated in the push to pull out
echanism (Fig. 2(b)). The dimensions of the unit cells match

he ones of the simulations that were provided in the previous
ection to calculate the material parameters. Fig. 2(c) shows the
ide of one of the specimens demonstrating the pivot dimensions
Fig. 2(d)). Fig. 2(e) shows the pantographic unit cell detached
rom the tension mechanism, illuminating that all of the beam
embers and pivots have the same dimensions, respectively.
To conduct the mechanical experiments, nanoindentation ex-

eriments were performed. The nanoindenter (Hysitron P188
EM PicoIndenter, Bruker), which is mounted inside an SEM, was
pplying a compressive force to the top base of the structure,
ulling it downwards and applying a tensile deformation to the
nit cell. The specimens are positioned such as the front view
s visible from as in Fig. 2b to enable the in situ observation
f the deformation of the unit cell. To avert any strain rate ef-
ects during the deformation of the material, the specimens were
oaded with a constant rate of 10 nm/s until 25% uniaxial strain.
he range of the deformation was selected to be congruous with
he dimensions of the tensile mechanism. Higher tolerance in the
ranslation of the upper base would precipitate tilting and out of
lane deformation, tottering the unit cell and providing egregious
xperimental results. To ensure that the experimental results are
epeatable, eight specimens were tested five times each, and the
4

average curve of all the results was obtained. The strain rate
was selected to obstruct the development of any instantaneous
viscoelastic effects in the material and reassure the feasibility of
the theoretical model. The loading and unloading stages of the
specimen revealed extremely small close loops, which were on
the verge of statistical error that the indenter can capture. In
addition, close observation of the recorded videos showed that
the specimens were returning to the initial equilibrium position
before loading was applied.

4. Results and discussion

To evaluate the mechanical response of the tested specimens,
it is critical to comprehend the mechanical response that was
observed in the FEA simulations. Fig. 1(c) shows that the highest
stress distribution is emerged at the pivots, while the von Mises
stress at the other members of the specimen is minuscule. This
result alludes that the geometric properties of the pivots must
have an imperative role to comprehend the mechanical behavior
of pantographic structures and they must be the dominating
constituents in the mechanical response. Consequently, to obtain
a better understanding regarding the mechanical behavior of the
structure, a sensitivity analysis was performed with respect to the
four main geometric properties, namely the pivot radius (rp), the
pivot height (hp), the beam height (hb), and the beam width (wb).
This analysis may also be useful to provide an exegesis regarding
discrepancies that may occur due to the printing and testing
processes regarding variations in the dimensions of the printed
specimens. In each case, the targeted parameter was varied while
the other parameters were preserved fixed, and using the same
material parameters given in Section 2 in all of the simulations.
he obtained results for the sensitivity analysis are presented in
ig. 3. In Figs. 3(a) and 3(b), the obtained force–displacement
urves are presented with variation in the pivot radius and the
ivot height, respectively. The stiffness of the pantographic struc-
ure decreases significantly with decreasing the pivot radii, and
stensibly, the concavity of force–displacement curves changes
ith lower values of the pivot radius.
Especially for rp = 0.6 and 0.4 µm, the force–displacement

urves are concave up as opposed to the concave down curves
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Fig. 3. Sensitivity analysis of the mechanical performance based on the geometric parameters. (a) Variation of the mechanical response due to different pivot radii.
It is observed that the response is highly sensitive to the radius, with substantial variation in both the magnitude and convexity of the force–displacement curve,
since the torsion of the pivots dictates the mechanical response. The dashed lines are the linear part (i.e. the second derivative) of a second degree polynomial that
was used to curve fit the simulation results. For rp = 0.4 the second derivative is 2.38, while for rp = 1.4 the second derivative is −17.30. (b) Variation of the
echanical response due to different pivot thicknesses. The response is not highly sensitive to the thickness, since significant variation will be discernible for longer
ivots. (c) Variation of the mechanical response due to different beam heights. There not commensurate sensitivity with the pivot radius. since the beams rotate
ue to the pivot deformation. (d) Variation of the mechanical response due to the beam length. Again, since bending of the beam members is not the dominant
echanism, the response is not highly sensitive to the variation of the length.
btained for higher values of pivot radius. To allude this, each
urve was curve fitted by a second polynomial and its linear
art is plotted by dashed lines in Fig. 3(a). This conveys that
he curves diverge from linearity and the value of the second
erivative shifts the convexity of the curve from one verge of
he line to the other. Even though the R2 is close to 1 for all
f the curves, a second degree polynomial curve fitting should
nly be employed to limn the variance of the convexity and not
or any other physical interpretation of the simulation results.
s it is expected, a decrease in the height of the pivot will
ead to a stiffer behavior for the pantographic structure, as it is
bserved in Fig. 3(b). Even though the variance of the pivot height

is ranging between 1.2 µm and 0.4 µm, the differences in the
omputed reaction forces are not as significant as the variance in
he behavior that is observed for the variation in the pivot radius.
oreover, in Figs. 3(c) and 3(d), the results are given for varia-

ion in beam height and beam width, respectively. It is evident
hat the variation of the geometric parameters associated with
ending do not lead to substantial changes in the resulted force–
isplacement curves, corroborating the dominance of the pivots
n the resulted mechanical response. Hence, as in macroscale
antographs, bending is not the driving mechanism, but instead
he torsion of the pivots.

Fig. 4 shows the tested specimens and the resulted force–
isplacement curve. As it is shown in Fig. 4(a), a compressive load
s applied by the indenter to the tensile mechanism and the SEM
s focused on the pantographic unit cell. A representative video
ecording of the testing is provided in the Supplementary Data
5

(Video 1). The specimen is loaded under 25% uniaxial deformation
and then it goes back to the reference configuration. Fig. 4(b)
shows the comparison between the experimental result and the
numerical simulation employing Yeoh’s hyperelastic model.

Our results show a close match between the experiments and
simulations, validating the hyperelastic behavior of microscale
pantographic structures for this range of deformation. A careful
observation of the experiments also illuminated that the domi-
nant mechanism is torsion in lieu of the bending of the beams, a
result that is consonant with the FEA simulations. Hence, based
on both the numerical and the experimental results, bending
is not the dominant mechanism for the examined microscale
pantographic structure. Therefore, the control of the mechanical
behavior for these types of structures should solely focus on the
geometry of the pivot. This result shows that even though the piv-
ots are fixed in MPL fabrication, the capability of the pantographic
structure to possess hyperelastic behavior is also feasible at the
microscale. To put this mechanical performance into perspective,
the behavior of the bulk material was also evaluated. The exper-
imental result of the von Mises stress as a function of the strain
for the bulk material, along with the deformation of the structure
that was simulated up to 35%, are presented in Fig. 4(c). It is
evident that the bulk material possesses brittle linear behavior
that can sustain stress equal 55.89 ±2.95 MPa at strain 0.7%
when fracture commences. This response is consistent with the
fabrication conditions we employed in our previous work and
the fractographies that revealed brittle fracture [11]. However,
the simulation of the pantographic structure shows that the von



Z. Vangelatos, M.E. Yildizdag, I. Giorgio et al.

S
e
m
e
a
p

M
i
t
t
F
s
T

Fig. 4. In-situ microindentation testing on the fabricated specimens. (a) Far front view of the specimens next to the indenter right before the testing inside the
EM. (b) Comparison of the average experimental curve with the FEA simulations until 25% deformation. There is close match between experiments and simulations,
lucidating that the Yeoh hyperelastic model can delineate the mechanical response of the microscale pantograph. (c) Comparison of the von Mises of the bulk
aterial in juxtaposition with the FEA simulation of the pantographic structure for 35% deformation. The bulk material demonstrates brittle behavior and linear
lastic response, whereas the pantographic structure can sustain stresses below the strength of the material at a significantly larger regime of deformations. (d) The
ngle variation between two perpendicular material lines at the pivot. The manifestation of large deformation is caused by the large rate of angle change of the
ivot which is 32 degrees at 35% deformation.
ises stress reaches 30.5 MPa, enabling the structure to possess
rreversible deformations without failure. Thus, despite the fact
hat the material used in MPL is not hyperelastic, the response of
he pantographs can be modeled with Yeoh’s hyperelastic model.
urthermore, the deformation of the pivot was evaluated to as-
ess the effect of the rotation on the deformation of the structure.
he simulation result is demonstrated in Fig. 4(d). The angle θ

is the angle between two material lines on the pivot that are
perpendicular (90◦) in the undeformed configuration. It is shown
that the angle variation is linear throughout the deformation of
the structure, rising to 32 degrees at the maximum deformation.
Hence, larger dimensions on the pivot can result in an abrupt
change of the deformation, a result which is consistent with the
effect of rp conveyed in Fig. 3(a) and the initial assumption of
the physical mechanism. Nevertheless, pantographic structures
can be deformed at even higher deformations as it has been
presented in previous work [24,25], reaching 85% reversible de-
formation. To experimentally realize these extraordinaire results,
larger specimens comprised of hundreds of beam members must
be fabricated. Hence, more advanced techniques in MPL microfab-
rication should be employed [8], providing a new avenue to study
the hyperelastic behavior of architected metamaterials. How-
ever, the analysis of the mechanical performance at even smaller
length scales would be of cardinal significance. More specifically,
techniques such as pyrolysis, as it was addressed before [7], and
stimulated emission depletion MPL [39] enable the fabrication of
members at a few tens of nm. It must be pointed out that the
pantographic behavior of the examined structure is based on the
particular arrangement of the constituent elements that allow,
in the ideal case, a relative motion between them without any
expense of energy. This instance is also known as a floppy mode.
This peculiarity can be described at rigorously with a second gra-
dient continuum model if many unit cells of such a pantographic
mechanism are assembled to create an array. Nonetheless, a first
gradient model can be employed at the constituent elements
level. The asymptotic homogenization procedure illuminates how
the constitutive parameters at the macroscopic level are to be
6

determined in terms of the constitutive parameters at the micro-
level [27]. The rescaling laws of micro-constitutive parameters,
depending on the size of the homogenization cell, are determined
to provide the onset of second gradient effects at the macro level.
Specifically, for pantographic sheets, and if ϵ denotes the dis-
tance between the closest pivots, the rescaling that characterizes
2D continuum models requires that the beam bending stiffness,
the beam extensional stiffness, and the torsional stiffness of the
pivots must rescale respectively with ϵ0, ϵ0, and ϵ2. Hence, the
torsional stiffness of the pivots must be very weak compared to
the bending stiffness, and the bending stiffness must vary with
epsilon along with the extensional stiffness. Therefore, when the
aforementioned rescaling laws are followed and until classical
mechanics is applicable such that quantum effects do not play a
relevant role, then the presented modeling can be used regardless
of the size. When the overall scale of the structure is dramatically
decreased to scales close to nm, second gradient continuum mod-
els are still valid in principle. However, the scale reduction may
have another important consequence even when the theory of
classical mechanics remains applicable: the inner substructure of
the bulk material constituting the pantographic micro-structure,
depending on the particular technological process used for con-
structing it, could have a characteristic length comparable with
one of the constituents. Then, the model required for the micro-
constituents could be dependent on quantum mechanics or, if
classical mechanics applies, to second or higher gradient contin-
uum mechanics. Experimental results [40] at the nanoscale have
revealed that higher gradient continuum models can be utilized.
Albeit there are no general homogenization results producing
second gradient continua from complex micro-structures, some
nascent results have been demonstrated [41]. These findings pro-
vide us the threshold to reach the following conjectures: (1)
Higher-order continua can be obtained at macro-level only when
periodical cells are interacting in such a way that any periodic
boundary condition for each cell countervails potential higher
gradient effects; (2) macro-boundary conditions at the current
boundary of the structure must regard the interaction between
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the external environment and some cells that are not on the
boundary but at a distance of several cells inside, depending
on the higher gradient appearing in the deformation energy;
(3) to employ higher gradient continua, at the macro level, it
is necessary to have high contrast in micro-stiffnesses. Rigorous
Gamma-convergence results have been obtained [22], proving
that the three listed conjectures are reasonable in the particular
case of linear pantographic beams. Moreover, assembling many
cells produces a structure described at the overall observation
scale as a complete second gradient 1D continuum model [42].
From this perspective, the implemented boundary conditions can
be interpreted as the imposition of a displacement on the ends
of the structure, to which a constraint on the strain must be
added at the same locations. At the scale of the constituent
elements, the particular geometry produces a triple-hinged arch
at the ends of the structure that is rather stiff. Therefore, the
points in correspondence of the triangle wedge have a minimal
displacement, and consequently, the overall elongation in these
extreme zones is negligible.

In addition, other designs that require large but recoverable
eformations, such as bistability [43] should be investigated with
espect to the utility of pantographic structures in complex 3D
eformations [44]. In the literature such designs are defined as
eployable scissor grids [45]. These structures are comprised of
he same geometrical constituents as the pantographs of this
tudy and they can possess complex and multiple equilibrium po-
itions even with 3D deformation modes. Characteristic designs
ave been incorporated in cellular graphene for energy storage
nd polymer composites for highly wear resistant devices [46].
espite the fact that a certain degree of stability can be accom-
lished with fixed pivots, future work should also focus on the
mprovement of the MPL process such that rotation-free pivots
an be accomplished. In addition, since the MPL encompasses a
irectionality in the fabrication of polymerized structures through
ubsequent laser scans, this leads to an inherent ‘‘fiber-like’’ pat-
ern in the microstructure of the material. Hence, for specimens
omprised of multiple unit cells, higher gradient elasticity could
lso be realized, as in the macroscale [27]. Therefore, higher
radient elasticity could be employed as a design tool to model
EMS devices and soft microrobotic mechanisms. Specifically,

orce-sensitive 3D microgrippers have been fabricated by MPL,
nabling the precise grasping of minuscule objects through the
eformation of helical microsprings [47]. In micro surgical op-
rations that require substantially higher elongation of the in-
truments, the hyperelastic behavior of the pantographs would
rove to be an instrumental repertoire to design such devices.
inally, light-controlled soft microrobots fabricated by MPL can
e employed for cell regulation of transfer of microscale spec-
mens [48] at different locations of a large device or even an
rgan. Encompassing hyperelasticity in such devices will render
hem more versatile without the constraint of small strains or
igh material volume to accommodate the required stresses to
erform complex tasks.

. Conclusions

In summary, the hyperelastic behavior of microscale panto-
raphic structures was investigated. FEA simulations along with
erformed in situ SEM-microindentation tensile tests provided
nsight into the mechanical behavior of pantographic unit cells.
ven though the MPL enables the fabrication of fixed pivots,
heir torsional response is the dominant mechanism and can
till embrace the mechanical response of pantographs observed
n macroscale. In addition, it was elucidated that the deformed
tructures can obtain large reversible deformations, leading to
5% reversible deformation. This hyperelastic behavior can be
7

modeled through Yeoh’s hyperelastic model, even though the
photoresist material is not hyperelastic. Our findings promulgate
the utility of pantographs for microscale applications requiring
hyperelastic behavior and just through the utility of the MPL
process without any additional fabrication process or materials.
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