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Abstract. Fibrous metamaterials derive their macroscopic mechanical response from the interplay between
fiber deformation and hinge mechanics. This work introduces a novel printable hinge conception for
filament-based additive manufacturing that is designed to behave as a perfect pivot and to improve struc-
tural stability under compression. Experiments on specimens subjected to bias-extension and compression
tests show that the proposed hinges preserve the characteristic second-gradient response of fibrous meta-
materials while contributing to delay the onset of transverse instability (qualitative evidence). The improved
compressive behavior suggests potential applications in lightweight fibrous composite metamaterials requir-
ing enhanced stability and deformation control. A second-gradient continuum model is calibrated against
the experimental bias-extension response and used to perform finite element based numerical simulations.
The resulting simulations reproduce the experimental force-displacement behavior with very good accuracy,
supporting both the effectiveness of the proposed hinge design and the relevance of the adopted higher-order
continuum description.

Keywords. Pantographic metamaterials, Hinge mechanics, Additive manufacturing, Filament-based 3D
printing, Second gradient theories.
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Manuscript received 27 May 2026, revised and accepted 17 July 2026, online since 28 August 2026.

1. Introduction

Fibrous metamaterials [1-3] represent a distinct class within the larger category of mechanical
metamaterials [4]. They are structurally characterized by assemblies of interconnected fibers
whose mechanical interactions are mediated by specialized connecting mechanisms, typically
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hinges. The mechanical behavior of these metamaterials is designed a priori to achieve specific
deformation patterns or desired mechanical responses [5-11]. Among various fibrous metama-
terials, pantographic structures stand out due to their distinctive mechanical properties and ver-
satile applicability [12-16].

In the wide framework of fibrous metamaterials, the pantographic ones are defined by a par-
ticular internal microarchitecture [14] consisting of at least two families of parallel fibers arranged
in aregular grid-like geometry. These fibers intersect at defined points where they are connected
through some hinges, sometimes called pivots in the literature, allowing controlled rotation and
deformation at these intersections. The hinges can vary based on the intended mechanical per-
formance: they may either be ideal (perfectly frictionless and free to rotate without resistance)
or elastic (providing some measurable flexibility through controlled deformation). This flexi-
bility in hinge design enables significant yet stable deformation of the structure, making pan-
tographic metamaterials exceptionally suitable for applications demanding efficient energy ab-
sorption, controlled vibration damping, and adaptive load management [17-20].

Due to their sophisticated and adaptable internal architecture, pantographic metamateri-
als may exhibit good capabilities in dissipating energy through controlled deformation. Conse-
quently, they can be used to effectively dampen vibrations caused by seismic activities or dy-
namic loading conditions typical in bridge structures [21]. Acting as passive vibration isolation
systems, these materials can notably reduce oscillation amplitudes, thus significantly enhancing
the stability, reliability, and longevity of various civil engineering structures.

Beyond vibration reduction, pantographic metamaterials possess mechanical characteristics
relevant to numerous fields, including Civil and Mechanical Engineering [22-24]. Additionally,
these structures serve as valuable tools in validating and illustrating specific aspects of general-
ized Continuum Mechanics theories [25-31]. A notable feature of these materials is their capac-
ity to undergo large elastic deformations without surpassing their elastic limit, ensuring struc-
tural integrity even under substantial mechanical loads [14,32]. Nevertheless, achieving optimal
hinge configurations remains challenging, particularly regarding ease of fabrication and practical
functionality [33,34].

In recent years, additive manufacturing has emerged as one of the most effective and versatile
techniques for fabricating fibrous metamaterials [35-37]. Traditionally, perfect hinges have been
successfully fabricated using selective laser sintering (SLS), even in metallic materials [38,39].
However, SLS-produced components often exhibit significant porosity at the microstructural
level, making it challenging to describe these materials accurately using traditional continuous
Cauchy mechanical models [39]. Moreover, the fabrication of miniature hinges through SLS is
complicated by the tendency for internal hinge gaps to become obstructed by residual powder,
resulting in increased friction and compromised performance [36,38,39].

To overcome these issues, a novel hinge design specifically optimized for filament-based 3D
printing has been recently proposed in [40]. Filament printing technologies provide a cost-
effective alternative to SLS, making the production of advanced metamaterials more accessible.
Crucially, the newly developed hinge configuration contributes to delay the onset of transverse
instability under compressive loading (qualitative evidence), which is a common issue in slender
structures, although detailed analysis of buckling behavior is beyond the current scope. Conven-
tional hinges used in pantographic systems typically involve cylindrical pins facilitating relative
rotation between fibers [36]; the innovative hinge proposed in [40] enhances these traditional de-
signs by ensuring precise, nearly frictionless rotations, thus substantially improving the mechan-
ical reliability and performance of filament-printed pantographic metamaterials.

The (old) hinge concept shown in Figure 1 exhibits two main drawbacks. Firstly, when
filament-based 3D printing is employed, its specific geometry is extremely difficult, if not im-
possible, to realize without support material; due to the small dimensions of the specimens,



Giulio Sanna et al. 763

=

(a) Overall view. (b) Detail view.
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Figure 1. Old conception of perfect hinges used in pantographic metamaterials [39]; reproduced for complete-

ness.

supports tend to be melted to fibers and hinges, while soluble-support materials, dissolvable in
water or solvents, are more expensive, slower to print and not compatible with all printers. Sec-
ondly, the hinges of Figure 1 do not mitigate the issue of transverse instability: their procumbent,
horizontally disposed cross-section makes the structure prone to out-of-plane buckling under
compressive loading.

The present work builds on these premises. The novel hinge design proposed in [40] is
here investigated in greater detail through complementary bias-extension and compression tests
on a PLA filament-printed specimen; the experimental campaign is then complemented by a
second-gradient continuum model whose stiffness parameters are calibrated according to the
same procedure adopted in [41] for lattice metamaterials, here specialized to the case of a single
pantographic sheet equipped with perfect pivots. The paper is organized as follows. Section 2
reviews additive-manufacturing techniques for fibrous metamaterials and recalls the novel hinge
design of [40]. Section 3 presents the experimental campaign, including both bias-extension and
compression tests. Section 4 introduces the discrete-to-continuum second-gradient model and
details the parameter-calibration procedure. Section 5 discusses the innovative aspects of the
proposed hinges in the light of the experimental and numerical findings. Concluding remarks
are gathered in Section 6.

The original contributions of the present work can be summarized as follows. First, it provides
the first mechanical characterization of the hinge introduced in [40], which had previously been
shown to be printable but was never tested under bias-extension and compression. Second, it
gives the first quantitative confirmation of the near-frictionless character of that hinge, obtained
a posteriori through the K = 0 calibration. Third, it specializes and simplifies the identification
procedure of [41] to the case of a single pantographic sheet, reducing it to a two-step, decoupled
calibration. It should be emphasized that the present study is intended as a proof-of-concept:
it demonstrates that the hinge of [40] can be printed support-free as designed and that a single
pantographic sheet so obtained exhibits the qualitative second-gradient behavior reproduced by
the framework of [41]. Turning these qualitative findings into quantitative, statistically robust
design data requires a dedicated campaign on multiple, independently tested specimens, which
is identified here as the primary direction of future work.

2. An innovative hinge mechanism for pantographic metamaterials
2.1. Additive manufacturing techniques for fibrous metamaterials
Additive manufacturing has improved the fabrication of metamaterials by enabling the creation

of complex micro-architectures with tailored mechanical properties. Among the various 3D
printing techniques, Selective Laser Sintering (SLS), resin-based printing and filament-based
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Figure 2. Geometry of the 3D-printed specimen. All dimensions are expressed in mm. Adapted from [40] for
completeness.

printing are the most relevant ones. SLS facilitates the production of intricate geometries without
the need for support structures, making it suitable for creating internal voids and complex lattice
structures; it is however associated with high costs and potential thermal-shrinkage artifacts.
Resin-based printing offers high precision but often results in brittle components requiring
extensive post-processing. Filament-based printing is by far the most cost-effective, but can
suffer from layer delamination and reduced geometric accuracy.

In the context of pantographic metamaterials the choice of additive-manufacturing technique
is critical. Traditional hinge designs often incorporate right-angle overhangs, such as the heads
of pins within the hinges. When filament-based printing is used, these overhangs lead to defects
due to the phenomenon known as bridging, whereby unsupported filament strands sag or deform
during printing. This results in lobed shapes that compromise hinge functionality. Incorporating
support structures is challenging, as their removal can damage the delicate hinge components.
For this reason it is very important to design a hinge which can be printed without any support
still allowing for free rotations.

2.2. Novel hinge conception

A pantographic metamaterial is composed of interconnected unit cells arranged in a regular
lattice structure [14], see Figure 2. Each unit cell consists of slender beams connected through
specifically designed hinges, allowing significant deformation.

The precision and performance of pantographic metamaterials critically depend on the reli-
ability of their printed hinges. The hinges constitute the functional core of these structures and
determine their mechanical response and overall effectiveness. Precisely fabricated hinges al-
low controlled, smooth and predictable rotational movements at the fiber intersections, enabling
the lattice to exhibit extensive, repeatable expansion, contraction and bending behaviors. High-
quality hinges significantly reduce internal stresses and minimize unwanted resistance, ensuring
that the metamaterial’s deformation accurately aligns with its intended design.

The innovative hinge design illustrated in Figure 3a, introduced in [40], has been specifically
optimized for filament-based 3D printing. The design eliminates significant overhangs and un-
supported features, which are common obstacles encountered in filament printing and typically
require additional support material. The carefully integrated rounded geometries and smooth
transitional surfaces substantially reduce the occurrence of filament bridging, thus ensuring
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(a) New conception of perfect hinges, cross-section (b) Detail view.

Figure 3. Geometry of the new perfect hinge. All dimensions are expressed in mm. Adapted from [40] for

completeness.

clean, dimensionally accurate hinges directly from the printing process and removing the need
for complex post-processing. The hinge geometry includes interlocking contours and a vertical
layer orientation deliberately chosen to align with the filament deposition path, thus maximizing
printing efficiency and structural integrity. The alignment of the deposition direction with the
longitudinal axis of the hinge enhances interlayer adhesion and significantly reduces the risk of
delamination.

A specimen has been fabricated for the experimental campaign reported in Section 3, with
the central objective of demonstrating that filament-based 3D printing can produce specimens
whose mechanical performance closely matches that typically achieved with SLS [42,43]. Figure 2
reports the global dimensions of the manufactured specimen, while Figure 3b details the spe-
cific geometric parameters used in the innovative hinge design. Unlike the previous designs
(Figure 1b), which rely on an internal cylindrical pin serving as the relative axis of rotation, the
current hinge concept introduces a double-mechanism approach: the lower fiber incorporates
a carefully engineered ring-shaped segment that accommodates a lobed pin securely attached
to the upper fiber. This configuration is designed to reduce frictional forces by distributing the
relative rotation over a contact region rather than concentrating it on a single cylindrical pin
(the quantitative, macroscopic manifestation of this near-frictionless behavior being provided
a posteriori by the reproduction of the bias-extension response with K; = 0, Section 4), and it en-
hances the rotational smoothness of the hinge while minimizing the printing defects associated
with bridging and unsupported features.

2.3. Geometric and material characteristics of the specimen

For the convenience of the reader, the geometric and material characteristics of the filament-
printed specimen analyzed in this work are summarized in Table 1. The data are organized in
three groups: the overall geometry of the pantographic sheet (Figure 2), the geometry of the
individual hinge (Figure 3b), and the elastic properties of the printed material.

The specimen has overall dimensions of 234 x 80 mm?, with two clamping strips of width 7 mm
at the two short ends. The aspect ratio of approximately 3:1 between the long and the short side
is fully consistent with the conventional L = 3¢ choice adopted in Section 4.1 for the continuum
description of the bias-extension test. The two families of parallel fibers are arranged at +45° with
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Table 1. Geometric and material characteristics of the filament-printed pantographic specimen analyzed in this

work

Quantity Symbol Value
Specimen geometry (Figure 2)

Overall length L 234 mm
Overall width 4 80 mm
Aspect ratio L/¢ =3
Clamping-strip width we 7 mm
Inter-hinge distance along a fiber p 4.95 mm
Fiber orientation w.r.t. the long axis 0o +45°

Hinge geometry (Figure 3b)

Internal gap g 0.16 mm
Overall transverse dimension of the hinge dp 2.52 mm
Depth of the rotating part ly 1.4 mm
Vertical thickness of the fiber at the hinge h¢ 2.3mm
In-plane thickness of the fiber tr 0.5 mm
Diameter of the lobe dy 1.74 mm

Material—SUNLU PLA filament

Young’s modulus E 3500 MPa
Flexural modulus Efex 2240 MPa
Poisson’s ratio (assumed) v 0.33+0.35

respect to the long axis of the specimen, which is the direction along which the displacement is
prescribed during the bias-extension test [44]. The inter-hinge distance along a fiber, which plays
the role of the parameter p in the de Saint Venant estimates of Section 4.2, equals p = 4.95 mm.

Regarding the hinge geometry, the most critical feature is the internal gap of 0.16 mm between
the ring-shaped segment on the lower fiber and the lobed pin on the upper fiber: this is the
parameter that controls the relative rotation of the two interconnected fibers and, ultimately,
the near-frictionless character of the pivot. This value was not optimized against friction; it
was chosen as the minimum clearance that, given the resolution of the filament printer (nozzle
diameter 0.2 mm and layer height 0.08 mm), reliably yields an open, non-fused gap in a single,
support-free print. Qualitatively, a larger gap increases the play/backlash and the risk of fiber
misalignment, whereas a smaller gap increases the risk of fusion and of residual contact friction,
so that the adopted value represents a manufacturability-driven compromise between these
two effects; a systematic optimization of the gap is left to future work. The overall transverse
dimension of the hinge is 2.52 mm, while its main internal feature has a depth of 1.4 mm.
The vertical thickness of the upper and lower portions of the hinge are both equal to 2.3 mm,
separated by the internal gap.

The specimen has been produced from a SUNLU PLA filament. The Young’s modulus declared
on the Technical Data Sheet is E = 3500 MPa and the flexural modulus is Efex = 2240 MPa; the
Poisson’s ratio is not provided by the manufacturer and is assumed in the range v = 0.33 + 0.35,
which is typical for filament-printed PLA [40]. These values are used in the de Saint Venant initial
estimate of the stiffness parameters of the continuum model (Section 4.2) and as the material
reference for the calibration procedure described in Section 4.3. It should be recalled that the
actual effective stiffness of the printed material is known to be reduced and slightly anisotropic
with respect to these nominal values, due to the layered nature of the filament-deposition
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(a) Top view. (b) Bottom view.
Figure 4. Detail of 3D-printed hinges.

process; this aspect motivates the use of Table 1 as a geometric and material reference rather
than as a definitive set of effective elastic constants for the homogenized lattice.

3. Experimental campaign

The experimental tests have been performed on the specimen described in Sections 2.2 and 2.3,
whose geometric and material characteristics are summarized in Table 1.

Details of the printed hinges are shown in Figure 4 for the top view (a) and the bottom view (b).
As can be observed from Figure 4b, the internal gap of 0.16 mm has been correctly fabricated, and
free relative rotations between the fibers are allowed.

Two complementary tests have been carried out on the same specimen, namely a bias-
extension test (Section 3.1) and, successively, a compression test (Section 3.2). The bias-
extension test is so called because the direction of the prescribed displacement is biased with
respect to the directions of the two fiber families [44]. It is worth pointing out from the outset
that the two tests have been performed sequentially on the same physical specimen, with the
bias-extension test preceding the compression test; this aspect will be reconsidered when dis-
cussing the numerical comparison in Section 4.4.

3.1. Bias-extension test

The force-displacement curve recorded during the bias-extension test is shown in Figure 5. The
response is qualitatively very similar to that observed in SLS-produced specimens [42,43], with a
well-defined initial regime followed by a strongly nonlinear stiffening branch.

In the initial regime, the deformation is essentially accommodated by the bending of the
fibers in the transition zones between the clamped triangular regions and the central free zone,
while the central part of the specimen undergoes a nearly rigid pantographic motion. As the
prescribed displacement increases, the fibers in the central zone progressively come into mutual
contact and the dominant deformation mechanism shifts towards axial stretching of the fibers,
which produces the characteristic exponential-like stiffening of the curve. This transition from
a bending-dominated to a stretching-dominated regime is precisely the mechanism that, in the
continuum description, marks the passage from a second-gradient to a first-gradient response,
and which makes pantographic structures interesting candidates as “mechanical diodes” [42,43].

The deformation pattern depicted in Figure 6 corroborates the previous reading. Near the
clamped boundaries, two triangular zones remain essentially rigid; at the interface between these
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Figure 5. Bias-extension test: measured reaction force versus prescribed displacement.
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Figure 6. Deformed shape of the specimen during the bias-extension test at three increasing prescribed dis-
placement steps: (a) intermediate stage, (b) advanced stage, (c) final stage.

zones and the central area, the fibers exhibit a clear bending. In the central area, conversely,
the fibers undergo almost pure relative rotations, with little appreciable bending, which is the
kinematic signature of an ideal pantographic response. The clean separation between bending-
and rotation-dominated regions is a direct consequence of the near-frictionless behavior of the
new hinges: any non-negligible torsional resistance at the pivots would smear this separation
and obscure the second-gradient signature of the lattice [14].

3.2. Compression test

A compression test was performed on the same specimen, in order to assess the influence
of the new hinge design on the response of the lattice in the regime where the conventional
hinge concept of Figure 1 is known to be most problematic. As recalled in the Introduction,
the procumbent cross-section of the conventional design promotes transverse instability under
compressive loading; the new hinge, with its predominantly vertical layout and the absence of
protruding pin heads, is expected to mitigate this issue.

The measured force-displacement curve is reported in Figure 7. The response is markedly
softer than its tensile counterpart, in agreement with the intrinsically asymmetric behavior of
pantographic lattices [45]. In the early stages of loading the curve is essentially linear and is
governed by the bending of the fibers (in fact, no torsional energy of hinges is included because
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Figure 8. Deformed shape of the specimen during the compression test at three increasing prescribed displace-
ment steps: (a) intermediate stage, (b) advanced stage, (c) final stage.

these are perfect; in case of elastic or elasto-plastic hinges, their torsion would influence this
first-stage behavior); as the displacement increases, the central zone develops a “pillow”-shaped
deformation (Figure 8) typical of compressed pantographic lattices. Crucially, no abrupt drop
in the reaction force is observed within the explored displacement range, indicating that the
new hinge design effectively postpones the onset of macroscopic out-of-plane instability with
respect to specimens equipped with the conventional hinge design [39] (qualitative evidence; a
quantitative buckling analysis is left to a dedicated future investigation).

3.3. Combined tension—-compression response

The two branches obtained from the bias-extension and compression tests can be assembled
into a single force-displacement diagram (Figure 9), in which the prescribed displacement is
taken as the signed elongation of the specimen along the bias direction. The resulting curve
clearly highlights the marked asymmetry between the tensile and compressive regimes, which is
the defining feature of pantographic metamaterials and the rationale behind their interpretation
as mechanical diodes [42,43].
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Figure 9. Combined tension-compression response: measured reaction force versus prescribed displacement.

4. Second-gradient continuum model and parameter calibration

In this section, the experimental campaign is complemented by a continuum model of the
pantographic specimen. We follow the framework recently established in [41], but tailored
to the present setting in two respects. First, the specimen is a single pantographic sheet, so
the mesoshear deformation mechanism between adjacent fiber layers (and the corresponding
interlayer stiffness Kjn; introduced in [41]) does not apply here. Second, and most importantly,
the hinges of the present design have been shown in Section 3.1 to behave as perfect pivots, with
a clean separation between bending- and rotation-dominated regions in the deformation pattern
of Figure 6; this observation justifies the modeling assumption K; = 0 (where K denotes the
hinge stiffness penalizing the change of the angle between the two fiber families at each pivot, see
Equation (2)) adopted throughout this section, so that the torsional energy of the hinges vanishes
identically and only the fiber elongation stiffness K, and the fiber bending stiffness K}, remain to
be calibrated.

4.1. Continuum model

The homogenized description of the pantographic sheet involves three lumped stiffnesses: the
fiber elongation stiffness K, penalizing the axial deformation of the fibers (a first-gradient con-
tribution); the fiber bending stiffness Kj,, penalizing their curvature (a second-gradient contribu-
tion); and the hinge stiffness K, penalizing the relative rotation of the two fiber families at each
pivot. In the present work K is set to zero (Equation (3)), so that only K, and K}, are calibrated.

Following [14,41], the specimen is described as a two-dimensional continuum whose refer-
ence shape is the rectangular domain Q = [0, L] x [0,¢] < R2, with L = 3¢ as customary for the
bias-extension test [32,44]. The current shape of the specimen is represented through a place-
ment field y : Q — R?, assumed at least twice continuously differentiable. We denote by F = Vy
the deformation gradient and we introduce an orthogonal pair of unit vectors (D, D,) aligned, in
the reference configuration, with the two fiber families.

Asymptotic homogenization of the underlying discrete pantographic microstructure [14,32]
produces a macroscopic strain energy that contains a first-gradient (fiber elongation) and a
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second-gradient (fiber bending) contribution. This part of the strain energy, denoted % (the
fiber strain energy, collecting the axial first-gradient and the bending second-gradient contribu-
tions of the two fiber families), reads:

2
K
Ur(x) = / )~ (IFDe] - 1)*dQ
Qqg=1

+fi&[(VFlDacbDa)-(VFlDa@Da)_ FD, .VFIDa®Da)2 @ W
Qq=

| FDg |12 [ FDg|l [ FDy |l

where (VF | D, ®Da)ﬁ = Fga = Xﬁ,a and Greek indices run over {1, 2}. The first integral represents
the energy stored in the axial deformation of the fibers, the second integral represents the energy
stored in their bending and is, intrinsically, a second-gradient contribution.

In the general framework of [41], an additional energetic term accounting for the elastic
torsion of the pivots is added to Equation (1):

Us( )—f Ks
R IFDy|| IFDs)” 2

This term collects the elastic resistance to the change of the angle between the two fiber families
at each hinge and is essential for the description of SLS-printed pantographic specimens, in
which the residual powder lodged in the internal gap of the pivots introduces a non-negligible
torsional stiffness [39,41]. In the present case, conversely, the experimental evidence collected
in Section 3.1 indicates that the proposed hinges behave as near-perfect pivots: in particular,
the clean kinematic separation between bending- and rotation-dominated regions in Figure 6 is
incompatible with a sizable K [14]. We therefore set:

Ks =0, 3

FD FD B
1 2) 7[‘ d ©

arccos(

so that % vanishes identically and the total strain energy of the pantographic sheet reduces to:
U(x)=%r(x), 4)

which depends on the two stiffness parameters K. and Ky only. The exponent  appearing
in Equation (2) becomes irrelevant under the assumption in Equation (3) and is therefore not
discussed further.

4.2. Initial estimate of the stiffness parameters via de Saint Venant beam theory

A first estimate of the stiffness parameters K, and Kj, is obtained from the material constants of
the printed fibers and from the geometry of the unit cell, following the de Saint Venant beam
approach already used in [14,28,41,46]. The two retained lumped stiffnesses are related to the
geometric and material parameters of the specimen as [41]:

_EA _EJ
Ke=—, Kp=—, ®)
p p

where E is Young’s modulus of the printed material, A and J the area and moment of inertia of
the fiber cross-section, and p the distance between adjacent hinges along a fiber. Each of these
geometric quantities is read off from Figures 2 and 3b. The Young’s modulus is taken equal to
the nominal value of the PLA filament, E = 3500 MPa. The third relation reported in [41] for the
hinge torsion stiffness, Ks = Grir?/(2hp?), does not enter the present calibration because of the
assumption in Equation (3).

As remarked in [41], the values obtained through Equation (5) are not yet optimal for
3D-printed samples and must be subsequently scaled to account for the layered, non-
fully-continuous nature of the printed material. In the present case, the effect of the
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filament-deposition process on the actual stiffness of the fibers is further amplified by the
different printing technology adopted (filament versus SLS) and by the fact that filament-printed
PLA exhibits a marked anisotropy linked to the layer orientation. The values obtained from
Equation (5) are therefore used as initial guesses only, and are then refined as described next.

4.3. Calibration procedure and final values

The calibration of the two stiffness parameters K. and Ky, is performed following the procedure
introduced in [41], which exploits the natural separation of the deformation regimes typical of a
pantographic sheet under bias extension. Each parameter is associated, in a clearly identifiable
portion of the experimental force-displacement curve, with a dominant deformation mecha-
nism; this allows one to perform the calibration in a sequential, almost decoupled fashion, rather
than as a global nonlinear fit. The further simplification with respect to [41], made possible by
the perfect-pivot assumption of Equation (3), is that the intermediate stage of the calibration
(devoted in [41] to the identification of K and of the exponent f) is no longer needed, and the
procedure reduces to two steps only.

The bending stiffness Ky, is a property of the homogenized model. It can be identified by
adjusting it so that the numerical force-displacement curve correctly reproduces the curvature
of the initial branch of the experimental curve, where bending of the fibers in the transition
zones is the dominant deformation mechanism (Figures 5 and 6). This stage of the calibration
is consistent with the observations of [44,47,48] on the role of the bending stiffness in the early
bias-extension response of pantographic sheets.

The elongation stiffness K, governs the axial deformation of the fibers and is dominant in
the late stages of the bias-extension curve of Figure 5, where the fibers in the central zone
come into mutual contact and stretching becomes the leading deformation mechanism. As
suggested in [41], K¢ could in principle also be determined through an independent tensile
test on a single printed fiber; in the present work it is identified by adjusting it so that the
numerical curve reproduces correctly the steep, exponential-like force increase observed in the
high-displacement branch of the experimental data.

The result of the procedure outlined above leads to the following calibrated stiffness parame-
ters for the present filament-printed specimen:

K. =7.4246x10° N/m, K, =8.3527x10"2N-m, K;=0. 6)

As anticipated in Section 4.2, both calibrated stiffnesses are reduced with respect to the de
Saint Venant initial estimates of Equation (5); this is the same trend observed in [41] for the
elongation stiffness, and is here further accentuated by the marked anisotropy of the filament-
printed PLA along the layer-deposition direction. No torsional contribution is needed in order to
reproduce the experimental curve, as discussed in detail in the next subsection.

As discussed in [41], calibrating the stiffness parameters from a single force-displacement
curve is a deliberate simplification: a more comprehensive identification could exploit additional
experimental quantities such as fiber angles, fiber elongations and central striction. In the
present case, the calibration is restricted to the bias-extension force-displacement curve, while
the compression branch of Figure 7 is left out of the fit and used a posteriori to assess the limits
of the elastic model under reversed loading.

4.4. Numerical simulations and comparison with experimental data

The finite element implementation of the strain energy in Equation (4) is performed using La-
grange quadratic shape functions and a Newton-based iterative solver, in line with the numerical
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Figure 10. Comparison between the numerical force-displacement curve obtained with the calibrated second-
gradient model (black solid line) and the experimental data of the bias-extension test (red dash-dotted line with
markers).

framework adopted in [41]. The simulations reproduce the geometry of the printed specimen
(Figures 2 and 3b) and the boundary conditions of the experimental tests of Section 3, using the
calibrated stiffness parameters of Equation (6).

The numerical force-displacement curve obtained for the bias-extension test is reported in
Figure 10 together with the experimental data of Section 3.1. The agreement is remarkable along
the whole loading range: the calibrated model captures both the soft initial branch, dominated
by fiber bending, and the steep nonlinear stiffening associated with fiber stretching at large
displacements. The fact that this match is obtained with K = 0, i.e. without any torsional
contribution from the pivots, provides a direct quantitative confirmation that the proposed
hinges behave as near-perfect pivots: any non-negligible K5 would have produced an elastic
offset in the initial branch of the numerical curve, which is not observed in the experimental data.

We want to remark the role of the torsional stiffness Ks. A non-zero K adds a torsional energy
term (see Equation (2)) that penalizes the relative rotation of the two fiber families; its main effect
is to stiffen the initial, rotation-dominated branch of the response, since the central region, which
in the ideal case undergoes an almost pure pantographic rotation, would then oppose an elastic
resistance. The result is an offset in the low-displacement part of the force-displacement curve
and a progressive smearing of the clean separation between bending- and rotation-dominated
regions observed in Figure 6. This is illustrated in Figure 11, which compares the bias-extension
curve computed for Kg = 0 with those obtained for two non-zero values of Kg: the initial branch
is progressively lifted as K increases, whereas the experimental data are compatible only with
K = 0. A direct measurement of the pivot friction would provide even more direct evidence and
is left to future work. Interesting results of this kind have already been obtained in [49,50].

The spatial distribution of the deformation field predicted by the calibrated model is reported
in Figure 12 for the bias-extension test and in Figure 13 for the compression test, at three in-
creasing prescribed displacement steps in each case. The color map represents the local value
of the strain energy density, superimposed on the deformed configuration of the specimen; the
original undeformed rectangular contour is drawn in black for reference. Three features are
common to all six maps and constitute, together, the spatial signature of an ideal pantographic
kinematics. First, two low-intensity dark zones appear at the clamped ends of the specimen,
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Figure 11. Effect of a non-zero hinge stiffness Ks on the numerical bias-extension response: the initial, rotation-
dominated branch is progressively lifted as Ks increases, whereas the experimental data are compatible only with
Ks = 0. (New figure.)
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Figure 12. Numerical deformation pattern predicted by the calibrated second-gradient model for the bias-
extension test, at three increasing prescribed displacement steps: (a) intermediate stage, (b) advanced stage,
(c) final stage. The color map shows the local value of the strain energy density expressed in N/m; the undeformed
rectangular contour of the specimen is drawn in black for reference.

in correspondence with the rigid triangular regions identified experimentally in Section 3. Sec-
ond, a characteristic “X”-shaped pattern of higher-intensity bands emanates from the clamped
corners and converges toward the centerline of the specimen; these bands mark the transition
zones between the rigid triangles and the central pantographic region, where the fibers undergo
their most pronounced bending. Third, a dark, low-intensity ellipse appears at the geometric
center of the specimen, signaling that the central region undergoes an almost pure pantographic
rotation with negligible bending or stretching of the fibers. The only qualitative difference be-
tween extension and compression lies in the outer contour of the deformed specimen, which
contracts laterally in the bias-extension test (necked shape, Figure 12) and bulges laterally in the
compression test (pillow shape, Figure 13). The progression across the three displacement steps
in each figure shows how the X-shaped bands become progressively more pronounced and how
the spatial extent of the central low-deformation ellipse evolves, in full agreement with the exper-
imental deformation snapshots of Figures 6 and 8.

4.4.1. Force—displacement response in compression

The numerical force-displacement curve obtained for the compression test, computed with
the very same calibrated parameters of Equation (6), is reported in Figure 14 together with
the experimental data of Section 3.2. Since these parameters were identified in a decoupled
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Figure 13. Numerical deformation pattern predicted by the calibrated second-gradient model for the compres-
sion test, at three increasing prescribed displacement steps: (a) intermediate stage, (b) advanced stage, (c) final
stage. Color map and reference contour as in Figure 12.
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Figure 14. Comparison between the numerical force-displacement curve obtained with the calibrated second-
gradient model (black solid line) and the experimental data of the compression test (red dash-dotted line with

markers).

fashion from the bias-extension test alone (K, from the initial bending-dominated branch and
K. from the late stretching-dominated branch) and the compression branch was not used in the
calibration, this comparison constitutes an independent, out-of-sample prediction rather than a
second fit. The agreement is qualitatively good, with the two curves sharing the same shape and
the same final stiffening behavior. Quantitatively, however, a systematic offset is observed: the
experimental reaction force is consistently slightly larger in absolute value than the one predicted
by the model along the whole compressive branch, and the two curves remain roughly parallel
up to the maximum prescribed displacement.

In fact, as already pointed out in Section 3, the bias-extension and the compression tests have
been performed sequentially on the same physical specimen, with the compression test following
the bias-extension one. During the bias-extension test, the fibers located in the transition
zones underwent a non-negligible bending in a well-defined direction (Figure 6); when the
same specimen is subsequently loaded in compression, those same fibers are forced to bend
in the opposite direction (Figure 8). In a perfectly elastic and isotropic fiber, the response in
the two directions would coincide; in the present filament-printed PLA specimen, however, a
slight residual stiffening of the previously bent fibers, when reloaded in the opposite direction,
is a plausible mechanism. Layer-by-layer filament deposition is known to introduce a marked
anisotropy in the printed material, and prior-loading-induced reorientation of the polymer
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chains can result in a mildly direction-dependent flexural response. Under this interpretation,
the experimental compression curve would slightly overestimate the compressive response of the
specimen, and the offset visible in Figure 14 would be a measure of this preconditioning rather
than a limitation of the calibrated model. This is admittedly only a working hypothesis at this
stage; its validation (or revision) requires a dedicated experimental campaign of cyclic tension—
compression tests, possibly on multiple specimens with controlled loading histories, in which
the dependence of the compressive response on the prior bending direction of the fibers can be
quantified. Such a campaign is left to a future investigation.

5. Discussion

The combined experimental and numerical evidence collected in Sections 3 and 4 can now be
used to summarize the distinctive features of the hinge design introduced in [40] and to highlight
in what sense it constitutes a genuine improvement over conventional pantographic pivots.

5.1. Tailored geometry to filament-deposition process and mitigation of instabilities

The most evident geometric novelty of the proposed hinge, with respect to the conventional de-
sign of Figure 1, is the suppression of the internal cylindrical pin and its replacement by a double-
mechanism architecture made of a ring-shaped segment on the lower fiber that hosts a lobed
counterpart attached to the upper fiber [40]. From the manufacturability standpoint, this choice
eliminates the right-angle overhang associated with the head of the pin, which in conventional
designs is the main source of bridging defects when filament-based 3D printing is employed [40].
From the mechanical point of view, the double-mechanism conception distributes the relative
rotation over a contact region rather than concentrating it on a single cylindrical pin, which tends
to reduce the local stress peaks at the pivot and to improve the smoothness of the rotation.

A second innovative aspect concerns the geometry of the hinge as a whole, which is intention-
ally designed to be compatible with the filament-deposition path [40]. The rounded shapes and
gradual transitions minimize the local angles at which the filament must bridge unsupported re-
gions, while the interlocking contours and the vertical layer orientation align the deposition di-
rection with the longitudinal axis of the hinge. This alignment has two beneficial consequences: it
maximizes the inter-layer adhesion in the most stressed parts of the hinge, thus reducing the risk
of delamination, and it removes the need for soluble support material, which would otherwise
be required for a clean print of the internal gap and which is incompatible with most low-cost,
single-extruder filament printers. The combined effect is a hinge that can be reliably printed in a
single, support-free operation while preserving the geometric features (in particular, the internal
gap) that govern its mechanical behavior.

The detail views of the printed hinges reported in Figure 4 show that the nominal internal gap
of 0.16 mm has been printed open and free of fused or support material, so as to allow free relative
rotation of the two interconnected fibers; being global views, they are not intended to certify
a metrological accuracy of the gap. This is a non-trivial result: in SLS-produced miniaturized
hinges, the internal gap is frequently contaminated by residual powder that is extremely difficult
to remove and that introduces a non-negligible friction at the pivot [39]. In contrast, the filament-
deposition process, when applied to a geometry such as the present one that does not require
support material in the gap region, produces a clean, dust-free gap directly at the end of the
print, without any post-processing. The quantitative counterpart of this qualitative observation
is provided in Section 4: the experimental bias-extension curve is faithfully reproduced by
the model under the assumption K = 0, i.e. without invoking any torsional resistance at the
pivot. This is the most direct quantitative manifestation of the near-frictionless character of the
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proposed hinges, in stark contrast with the non-negligible K; values required for SLS-produced
pantographic specimens [39,41].

A further benefit of the new hinge design, already anticipated in [40] and confirmed in the
present work, concerns the response of the specimen under compressive loading. Conventional
pantographic hinges (Figure 1) feature a procumbent, horizontally disposed cross-section of the
fibers, which is mechanically efficient under axial extension but extremely unfavorable under
compression, since it promotes out-of-plane buckling of the lattice. The new hinge, with its
predominantly vertical layout and the suppression of the protruding pin heads, leaves the fibers
with a much more favorable orientation of the principal axes of inertia with respect to the out-
of-plane direction. The experimental evidence reported in Section 3.2 is fully consistent with this
picture at a qualitative level: within the displacement range explored in the compression test,
the force—displacement curve of Figure 7 does not exhibit any abrupt drop, and the deformation
patterns of Figure 8 remain essentially in-plane until the very last step. A detailed quantitative
analysis of the buckling load and of the post-buckling behavior is beyond the scope of the present
work and is left to a dedicated future investigation.

Finally, it is worth recalling that the manufacturing technology employed in this work, namely
filament-based fused deposition modeling, has a cost which is one to two orders of magnitude
smaller than that of SLS, and is by now widely available in academic and industrial laboratories.
The fact that the proposed hinge design can be reliably printed with such an accessible technol-
ogy, and that its mechanical response is quantitatively comparable with that of SLS-produced
pantographic specimens [42,43], is in itself a non-negligible practical innovation: it makes pan-
tographic metamaterials genuinely available to a much larger community of researchers and
practitioners.

5.2. Hinges and matrix: a parallel with fiber-reinforced composites

The analysis of Section 5 has emphasized to what extent the macroscopic response of a panto-
graphic lattice is controlled by the character of its hinges. A nearly ideal hinge (frictionless and
free to rotate) lets the pantographic kinematics emerge, while any deviation from this ideal condi-
tion (residual friction, elastic stiffness, geometric imperfection) contaminates the response with
first-gradient contributions that progressively obscure the underlying second-gradient behavior.
It is interesting to interpret this observation from the perspective of a class of composite materi-
als in which no discrete pivots are present at all, but their role of kinematic constraints is played
by a softer matrix surrounding the fibers.

Consider a two-phase composite consisting of an isotropic compliant matrix in which two
interpenetrated families of parallel cylindrical fibers are embedded, the two families being
alternately oriented at angles +6 with respect to a reference axis [51]. In the undeformed
configuration the two families are mutually orthogonal, exactly as in a pantographic sheet,
and under in-plane extension along the bisector of the two families the misorientation angle
0 progressively decreases, in close analogy with what is observed in the central zone of a
pantographic specimen during a bias-extension test (Figure 6). In such a composite, no discrete
pivots are introduced between the fibers: the kinematic constraints that in a pantographic lattice
are enforced by the hinges are here transmitted by the surrounding matrix, which acts as a
distributed kinematic mediator. The matrix plays, in a continuous and compliant manner, the
same role that the hinges play in a discrete fashion in the pantographic lattice.

The torsional stiffness K introduced in Equation (2) and set to zero in the present work
quantifies, in the lattice description, the elastic resistance of the hinge to a change of the
angle between the two fiber families; its direct counterpart in the composite description is
the effective in-plane shear stiffness of the matrix. A softer matrix allows the fibers to rotate
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more freely with respect to each other and mimics a near-ideal pivot, whereas a stiffer matrix
progressively suppresses the pantographic kinematics and mimics a torsionally stiff hinge. The
limit of a perfect hinge, K = 0 (adopted as a modeling assumption in Section 4.1 and confirmed
a posteriori by the agreement of the model with the bias-extension data), corresponds in the
composite description to a vanishingly compliant matrix that imposes no resistance to the
relative rotation of the two families; the opposite limit of a fully rigid hinge corresponds, in turn,
to a matrix so stiff that it locks the fiber rotation altogether. The present filament-printed hinge
is thus the lattice-level counterpart of the soft-matrix limit of the composite description: in both
settings, the pantographic constraint between the two fiber families is enforced with the least
possible mechanical contamination, and the same characteristic asymmetry between bending-
and stretching-dominated regimes emerges.

The two viewpoints (discrete hinges and distributed matrix) should therefore be regarded as
complementary routes toward the same kinematic target rather than as competing alternatives.
The hinge design proposed in [40] and characterized in the present work realizes the panto-
graphic constraint through a discrete, near-frictionless mechanism, while the composite descrip-
tion realizes it through a continuous, compliant matrix; both routes converge to the same macro-
scopic signature, namely the strong asymmetry between bending- and stretching-dominated
regimes and the geometric saturation associated with the maximum admissible extension. This
convergence reinforces the interpretation of pantographic kinematics as a structural paradigm
whose macroscopic manifestation is largely insensitive to the specific microscopic mechanism
through which the underlying constraint between the two fiber families is enforced, and it sug-
gests that future hinge designs and future matrix-embedded pantographic composites should be
developed in parallel rather than in isolation.

6. Conclusions

A novel hinge concept for pantographic metamaterials, recently introduced in [40] and specifi-
cally tailored to filament-based 3D printing, has been investigated through a combined exper-
imental and numerical campaign. Bias-extension and compression tests have been performed
on a PLA filament-printed specimen, and the experimental data have been complemented by a
second-gradient continuum model whose stiffness parameters have been calibrated according
to the procedure recently established for lattice metamaterials in [41]. No interlayer mesoshear
contribution and no hinge torsion contribution are required: a single placement field is sufficient
to describe the deformation, and the modeling assumption K5 = 0 reduces the calibration to two
stiffness parameters only, namely K, and K.

The bias-extension response of the filament-printed specimen is qualitatively and quantita-
tively analogous to that of its SLS counterpart, with a clearly identifiable bending-dominated ini-
tial branch followed by a strongly nonlinear stretching-dominated regime. Moreover, the com-
pression test indicates that the new hinge effectively postpones the onset of transverse instability,
which is the main weakness of the conventional pin-based hinge of Figure 1.

The calibrated numerical model reproduces the bias-extension curve with very good accuracy
along the entire loading range, using only the two stiffness parameters K. and Ky, and following
a sequential, decoupled calibration strategy in which Kj, is identified from the initial bending-
dominated branch and K, from the late stretching-dominated branch. The fact that no torsional
contribution is needed in the energy (Ks = 0) provides a direct quantitative confirmation of the
near-frictionless character of the proposed hinges. Fourth, the same calibrated parameter set,
when used to simulate the compression branch, reproduces the experimental curve up to a
slight systematic offset that has been tentatively attributed to a residual stiffening of the fibers
induced by the prior bending undergone during the bias-extension test; a definitive assessment
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of this hypothesis requires dedicated cyclic tension—compression tests, which are left to a future
investigation.

It should be stressed that the experimental campaign of the present work relies on a single
specimen, tested sequentially in bias-extension and then in compression; the study is therefore
a proof-of-concept rather than a statistical characterization. A statistically significant campaign
on at least three independently tested specimens, a compression test on a virgin specimen, and,
more generally, cyclic tension-compression tests with controlled loading histories, are required
to consolidate the present findings and are left to future investigations. In the same spirit, a direct
comparative measurement of the friction on a single pivot (conventional versus new design) and
a parametric study of the influence of the internal-gap size on the pivot behavior would provide
further, more stringent evidence, and are also indicated as future work.

These findings open several directions for future work. The most natural extension consists
in performing dedicated buckling and post-buckling simulations of the compressed specimen,
in order to quantify the gain in critical load with respect to conventional designs; to this aim, the
formulations developed in [52], dealing with the interplay between first and second gradient en-
ergies in fiber-reinforced sheets, and the objective minimal-constraint formulation for elastic ar-
ticulated structures of [53] together with the updated Lagrangian Bézier finite-element formula-
tion for slender beams of [54] appear to be particularly well suited. Likewise, isogeometric anal-
ysis, which has been shown to be very efficient in the modeling of strongly curved beams [55]
and to outperform classical finite elements over the whole spectrum of Timoshenko beam re-
sponses [56], represents a promising numerical framework for the simulation of the proposed
pantographic lattices under large deformations.

From a continuum mechanics perspective, the present results should be read in the broader
context of the recent literature on pantographic metamaterials and generalized elastic media [57—
62]: the asymptotic micro-macro identification of [57], the second-gradient one-dimensional
continuum formulation of [58], the comprehensive review of inverse problems for generalized
elastic media in [60] and the experimental procedure for the identification of the strain-gradient
characteristic length proposed in [61] together define the theoretical and experimental frame-
work within which the present hinge concept should be further investigated.

As discussed in Section 5.2, the role played by the hinges in a pantographic lattice admits a
direct counterpart in fiber-reinforced composites, where it is played by the in-plane shear stiff-
ness of a compliant embedding matrix; this analogy is, to our knowledge, an original conceptual
contribution of the present work. Finally, the pantographic micro-architecture offers a promising
strategy for enhancing composite materials [63] by optimizing the placement of inclusions within
the matrix. The grid-like pattern of parallel fibers interconnected by hinges naturally facilitates a
more uniform dispersion of inclusions, minimizing stress concentrations and yielding compos-
ites that are less fragile and more efficient in load transfer. Multi-filament 3D printing, combined
with hinge designs of the type proposed here, paves the way for the practical fabrication of such
advanced, high-performance composite materials.
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