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Abstract
Zero Poisson’s ratio structures are a new class ofmechanicalmetamaterials wherein the absence of
lateral deformations allows the structure to adapt and conform their geometries to desired shapeswith
minimal interventions. These structures have gained attention in large deformation applications
where shape control is a key performance attribute, with examples including but not limited to shape
morphing, soft robotics, andflexible electronics. The present study introduces an experimentally
driven approach that leads to the design and development of (near) zero Poisson’s ratio structures
with considerable load-bearing capacities through concurrent density and architecture gradations in
hybrid honeycombs created fromhexagonal and re-entrant cells. The strain-dependent Poisson’s
ratios in hexagonal and re-entrant honeycombswith various cell wall thicknesses have been
characterized experimentally. Amathematical approach is then proposed and utilized to create hybrid
structures wherein the spatial distribution of different cell shapes and densities leads to the
development of honeycombswithminimal lateral deformations under compressive strains as high as
0.7. Although not considered design criteria, the load-bearing and energy absorption capacities of the
hybrid structures are shown to be comparable with those of uniform cell counterparts. Finally, the
newhybrid structures indicate lesser degrees of instability (in the formof cell buckling and collapse)
due to the self-constraining effects imposed internally by the adjacent cell rows in the structures.

1. Introduction

The demand for cost-effectivemanufacturing ofmaterials with superiormechanical performance and adaptable
functionalities has grown significantly in the past two decades. In particular, emerging areas of soft robotics,
flexible electronics, and lightweight aeronautical structures havewitnessed revolutionary innovations, only
made possible by developing novelmaterials and structures with extraordinary characteristics not found in
conventionalmaterial systems. An example of such structures is cellular polymers (including stochastic, e.g.,
foams, and ordered or lattice structures), wherein the geometry, connectivity, and architecture of cells in the
structure play critical roles in determining their physical andmechanical performance attributes [1].

Auxetic cellular structures constitute a novel class of cellular solids, wherein themicroarchitectural features
can be adjusted tomanifest unconventional negative Poisson’s ratios (NPR) atmacroscales [2, 3]. In addition to
provoking scientific curiosity to explore the nature of such unusual and counter-intuitive behaviors, synthetic
auxetic structures also showmechanical performance superior to those found in their non-auxetic counterparts
[4]. For example, various auxetic structures reported concurrent improvements in stiffness, strength, fracture
resistance, andmechanical energy absorption capacity [5–9]. A drawback associatedwith using auxetic
structures, especially in large deformation applications (e.g., flexible electronics and soft robotics), is their
strongly strain-dependent Poisson behavior. That is, the initial negative Poisson’s ratios tend to vary
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substantially during large deformation loading events, often starting at a negative value and approaching zero or
even positive (non-auxetic) values at larger strains. Evidence for such strongly strain-dependent auxetic
response has been reported for elastomeric foams and additivelymanufactured cellular structures [10–13],
noting that an uncontrollable Poisson effect can adversely affect the performance and the sought application of
the auxetic structures.

In addition toNPR structures, cellular solids with zero Poisson’s ratio (ZPR) have also gained attention,
especially in shape-morphing applications [14–16]. Strongly strain-dependent Poisson’s ratios in ZPR structure
can also impose limitations on the structural performance since shapemorphingmaterials and structures are, by
design, expected to undergo large deformations. A practical approach recently proposed to address the strain-
dependent Poisson’s ratio in auxetic (and non-auxetic) cellular structures is the spatial gradation of
microstructural and architectural features along specific directions such that the structure, as awhole, retains its
ZPR characteristics over an extended strain range [12, 17]. This approach has been presented and discussed in
flexible planar structures and their thicker load-bearing counterparts fabricated using center-symmetric
perforations [12, 18, 19]. The so-called perforation-graded designs enabled the fabrication offlexible sheets with
near-zero Poisson’s ratios over tensile strains ranging from zero to higher than 0.5 [12].

Following the recent developments in designing Poisson’s ratio-modulated structures, the present work
discusses a new approach, where the Poisson behavior inflexible load-bearing structures is spatially tailored by
combining density and architecture gradients. Flexible honeycombswith hexagonal (non-auxetic) and re-
entrant (auxetic) cell geometries with various cell wall thicknesses are additively fabricated using thermoplastic
polyurethane (TPU).Mechanical properties and Poisson’s ratios of the uniformdensity structures are
characterized using full-fieldmeasurements. Revealed by full-field strainmeasurements, the Poisson’s ratios in
the uniform-density structures are indicated to be highly strain-dependent, showing highly negative
(characteristic of low-density, re-entrant structures) to highly positive (typical of high-density hexagonal
structures) values. A simple yet effective approach is then implemented to enable the design of density- and
architecture-graded honeycomb structures withminimal strain-dependent Poisson’s ratios. Emphasis has been
placed on the design of near-zero Poisson’s ratio structures with enhanced compressive strength and energy
absorption characteristics.

2. Experimental

2.1.Materials and sample preparation
Honeycomb structures with hexagonal and re-entrant cells containing a 9×9 array of cells weremanufactured
using fused filament fabrication (FFF). As shown infigure 1, honeycombswith 77 cells were fabricated. The cell
geometries considered herein incorporated four different wall thicknesses (t) of 0.5mm, 1mm, 1.5mm, and 2
mm, corresponding to four differentmacroscopic densities [1]. Regardless of thewall thickness, each cell
maintained a consistent internal arm length (l1) of 2.31mmand awidth (l2) of 6mm.The overall in-plane height
(h) varied across all samples due to the variations inwall thickness. All samples were additivelymanufactured
using 100% in-fill with aCreality Ender 3 printer with a 0.4mmnozzle diameter. Thermoplastic polyurethane
(TPU)was selected as the basematerial for the structures due to its well-studied hyperelasticmechanical
response, forming highlyflexible load-bearing structures [20–22]. Figure 1(c) shows themagnified view of a
single cell in a 3D-printed re-entrant honeycomb. The printing parameters used to fabricate all samples in this
work (i.e., print speed, nozzle, and print bed temperature)were based on the optimized conditions identified
and discussed in previous publications [12, 20, 21].

2.2.Mechanical testing
Honeycomb structures were subjected to uniaxial quasi-static in-plane compressive loads (-y direction) applied
at a constant displacement rate of 5mm.min−1. Loadingwas stoppedwhen the samples were compressed to
80%of their original height. Afive-megapixel camerawas used to capture images from the deforming samples
duringmechanical tests. The images captured during the deformationwere later processed in the digital image
correlation (DIC) softwareVic-2D (Correlated Solutions, Inc., SC,USA) to determine the distribution of in-
plane strain components. To improve image contrast and enable theDIC analysis, the front surface of the
samples was coatedwith amatte black-and-white speckle pattern applied using spray paints. Due to the large
deformation conditions in this work, the speckle patternwas applied just before each test to ensure the damp
paint had enough ductility to deformwith the sample. Although the speckle-patternedwall thicknesses allowed
for the study of cell wall deformation (similar to those reported in [23, 24]), the scope of the present study only
requiredmacroscale deformationmeasurements. As such, the black-and-white nature of the cell structure
(improved by placing a blackout blanket behind the samples during testing)was deemed sufficient for
macroscopic strainmeasurements. Figure 2 shows a typical sample before themechanical tests start, also
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illustrating themacroscaleDIC area of interest and the speckle-patterned cell walls. Note that while not
necessary, the presence of aDIC-suitable pattern helps the image correlation algorithmwithmore effective
subset tracking.

The in-plane normal strain components determined from image correlationwere used to extract the
macroscopic Poisson’s ratio in each structure. Due to the highly heterogeneous deformation patterns in
honeycomb structures (especially in re-entrant honeycombs), macroscopic Poisson’s ratio is often calculated as
the average of several single-pointmeasurements [25]. In the present study,macroscale Poisson’s ratio for the
hexagonal and re-entrant honeycombswas calculated as the ratio between the transverse, εxx, and axial, εyy,
strains (i.e., υ= -εxx/εyy) averaged over the entire area of interest, as shown infigure 2. Previous reports on
hyperelastic cellular solids (including foams) have proven the effectiveness of spatial averaging as a practical
approach in investigatingmacroscale Poisson behavior [26].

The compressive engineering stress–strain curves obtained from themechanical tests were also reported for
the honeycomb structures. The stress values were calculated as the ratio of the applied compressive force and the
sample surface in contact with the compression platens. Engineering (global) strainwas calculated as the change
of height normalized by the initial sample height. The strain energy absorption capacity of the samples was
evaluated based on the efficiency, η, metric, defined as the ratio between the specific energy and the stress,
expressed as,

Figure 1. Schematic view of the 9×9 cell structures with the close-up view of a representative cell shown on the right for (a) hexagonal
and (b) re-entrant honeycombs. Except for thewall thickness, t, all geometric features weremaintained constant in all honeycombs.
All internal angles in hexagonal honeycombswere 120°. (c)Materialflow lines in a single re-entrant cell after 3Dprinting.

Figure 2. (a)A re-entrant structure showing themacroscopic DIC area of interest and the optical strain gauges used for the
measurement of axial, εyy, and transverse, εxx, strain components. (b) a typical speckle pattern applied on the sample surface.
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where,σ and ε represent global engineering stress and strain, respectively.

3. Results and discussion

3.1. Stress–strain response
Figure 3(a) shows the stress–strain curves for hexagonal honeycombs as a function of thewall thicknesses
ranging from0.5 to 2mm.All curves are represented by an initial linear region, indicative of linear elastic
deformation, followed by a stress plateau. The transition from linear to stress plateau is associatedwith cell wall
instability, causing the vertical cell walls to buckle [1]. The strain range associatedwith the stress plateau strongly
depends on the cell wall thickness. Thicker cell walls lead to enhanced strength (i.e., higher plateau levels) at the
expense of the plateau span.

The stress plateau transitions into the densification stage, represented by a rapid increase in the slope of the
stress–strain curve. The critical point at which this transition takes place (referred to as the densification onset)
can be quantified by themaximumof the efficiency curve (see equation (1)). As shown infigure 3(b), the energy
absorption efficiency is highest for the 0.5mmwall thickness honeycomb; however, at significantly lower stress
levels for this structure comparedwith others. On the other hand, while themaximumenergy absorption
efficiency for the 2mm structure is the lowest amongst the hexagonal honeycomb structures considered here, it
peaks at significantly higher stress levels. Hence, the potential promise of the thicker honeycombs as better
energy absorbers in applications that require improved strength and energy absorption simultaneously.

Figure 3. (a) Stress–strain, and (b) efficiency-stress curves obtained for hexagonal honeycombswith various wall thicknesses.
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Similar to the hexagonal honeycombs, the stress–strain and efficiency curves were also obtained for the re-
entrant structures. Figure 4(a) shows the stress–strain responses of the re-entrant honeycombswith various cell
wall thicknesses. The stress–strain responses also signify an initial linear region, a stress plateau, and afinal
densification stage.However, themain differences between these curves and those of the hexagonal honeycombs
are (1) a significant drop in stress at the transition between linear and plateau regions and (2) a comparably
narrower plateau span. The initial drop in stress is associatedwith the instabilitymechanisms governed by the
inward deformation patterns in the re-entrant honeycombs. As the applied compressive stress increases, the
hourglass-shaped cells in the honeycomb buckle inward, causing early instability and a temporary decrease in
stress. The latter occurs as the buckling instability implies a sudden loss of stiffness while the structure deforms
due to the stored energy before buckling. As such, the solid cell walls undergo expedited instability, causing
premature collapse, collectively shown by the stress drop in the stress–strain curve before the plateau. The stress
plateau is then initiated and persists as the strain increases, eventually reaching the densification phase, similar to
whatwas observed in the hexagonal honeycombs.

As shown infigure 4(b), the energy absorption efficiency response of the re-entrant structures is strongly
affected by the stress drop at the onset of the plateau.Unlike the hexagonal honeycombs, themaximumenergy
absorption efficiencies of re-entrant structures show a nonmonotonic correlationwithwall thickness. The
efficiency parameter drops from its highest value forwall thicknesses of 1mm, 0.5mm, 2mm, and 1.5mm,
respectively. In addition, the densification onset in re-entrant honeycombs (represented bymaximum
efficiency) occurs at relatively lower stresses than the hexagonal counterparts. As discussed in the forthcoming
section, the investigated honeycomb structures exhibit distinct differences in thewall thickness-dependent
deformation and instabilitymechanisms. The lattermechanisms also contributed to the irregular behaviors
observed for the energy absorption performance of the re-entrant structures.

Figure 4. (a) Stress–strain, and (b) efficiency-stress curves obtained for re-entrant honeycombswith various wall thicknesses.
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3.2.Deformationmechanisms and instability
Deformation responses of all honeycombs in this workweremonitored by in situ imaging andDIC analyses.
Figure 5 shows the sequential deformation configurations of hexagonal honeycombswith various cell wall
thicknesses at different global strains. The two thinner wall honeycombs, i.e., with t= 0.5 and 1mm, exhibit
macroscale shear band formation at global compressive strains as low as 0.2, corresponding to the early stages of
the stress plateau shown infigure 3. At these global strainmagnitudes, the cell walls bend and buckle from the
highest stress location, at the contact area between the compression platens and the structures. The locally
buckled cell walls propagate diagonally throughout the structure, forming the discussedmacroscale shear band.
The progressive development of the cell wall collapse and shear bending across the entire height of the structure
occurs at nearly constant stress levels, giving rise to the stress plateaus discussed earlier.

Similar bending-dominated instability occurs at hexagonal honeycombswith t= 1mm.However, the
increase in load-carrying solid sections within the thicker structures further resists bending and buckling
deformations, leading to a belated shear band formation. In addition, the higher buckling resistance of the
thicker cell walls leads to sequential deformation patterns due to themore even distribution of local stresses in
the structure. As such, the structure showsmore solid-like behavior with less densification and larger outward
lateral expansions under compression (indicative of higher Poisson’s ratios, as discussed later). This trend is
more pronounced in the thickest cell wall structure, showing the largest lateral expansion and highest Poisson’s
ratio among all hexagonal honeycombs examined here.

Similar image-based qualitative deformation assessments weremade for the re-entrant structures, as shown
infigure 6. AC-shapemacroscale bucklingwas observed in all re-entrant honeycombs tested here, irrespective
of the cell wall thickness. This behavior stems from inward-facing corners in these structures that are
geometrically constrained and forced to buckle inward fromone side and outward from the other, causing an
asymmetric deformation pattern. Such an early instabilitymode triggers a temporary relief from the applied
compressive load, causing a drop in the stress–strain curve, as was discussed previously infigure 4(a). As the
compressive load increases, the collapsed cell walls come into contact, causing densification and a second
increase in the stress–strain curve. A noteworthy remark in the deformation of re-entrant structures is the
consistent occurrence of theC-chape instability in all structures regardless of their cell wall thickness. As shown
infigure 5, different parts of the re-entrant honeycombs slide over one another in a direction perpendicular to
the load trajectory, thereby causing a shearing effect. This shearing effect leads to a highly heterogeneous strain
distribution in the structure, challenging the development of structures with controllable lateral deformation.
The latter concept justifies the significance of architectural gradation as a practical approach for Poisson’s ratio
modulation, as discussed in the following.

3.3. Full-field stain distribution and poisson’s ratio
Images acquired during themechanical tests were used to extract the distribution of in-plane strainfields in the
structures. Figure 7 shows the distribution of in-plane axial strain, εyy, at a global strain of 0.4 in all honeycombs
examined in this work. Consistent with the results and discussions presented in section 3.2., the degree of strain
heterogeneity is shown to be highly dependent on thewall thickness in hexagonal honeycombs. Themacroscale
shear bands in the two thinner cell wall honeycombs (i.e., t= 0.5 and 1mm) lead to considerable deformation

Figure 5.Deformation of hexagonal honeycombs at various global strains for samples withwall thicknesses of (a) 0.5mm, (b) 1mm,
(c) 1.5mm, and (d) 2mm. Shear bands developed in thinner structures aremarked by red arrows.
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nonuniformities in the structures. In contrast, the two thicker cell wall hexagonal honeycombs showmore
uniform strainmaps across the entire surface,mirroring the uniformdeformations generatedwithin each of the
unit cells,making the structure (apodictic from the cell deformation underneath the superimposed contour
maps). The full-field strainmaps in the re-entrant structures exemplify theC-shape instability in the formof
highly compressed horizontal bands located at the center of the structure, surrounded by relatively lower strain
regions.

The highly heterogeneous strain patternsmeasured in the examined structures challenge the assessment of
their Poisson’s behavior, especially in cases where deformation patterns are asymmetric, i.e., the re-entrant
structures. Therefore, the apparent (macroscale)Poisson’s ratios were evaluated by calculating the in-plane
strainfields averaged over the entireDIC area of interest in each sample. The strain-dependent Poisson’s ratios
are plotted infigure 8. Irrespective of the cell wall thickness, Poisson’s ratios in the hexagonal structures show an
initial positive value in the range of 0.3–0.4. The Poisson’s behaviors of the two thicker cell wall hexagonal

Figure 6.Deformation of re-entrant honeycombs at various global strains for samples withwall thicknesses of (a) 0.5mm, (b) 1mm,
(c) 1.5mm, and (d) 2mm.Arrows point to theC-shaped instability in the structures.

Figure 7.Distribution of in-plane axial strain fields, εyy, at a global strain of 0.4 in (a) hexagonal, and (b) re-entrant honeycombswith
different wall thicknesses. The incomplete contourmap in the re-entrant structurewith t= 0.5mm is due to the software limitations
in subset tracking at large deformations conditions.
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honeycombs (i.e., t= 1.5 and 2mm) demonstrate amodest decrease over a strain range of 0–0.5. Upon reaching
the densification onset, the Poisson’s ratios increase rapidly, indicating the saturation of the axial deformation,
after which the structure will only be capable of sustaining lateral deformation. In contrast, the two thinner cell
wall hexagonal honeycombs showhighly strain-dependent Poisson’s ratios with nearly constant values up to
0.15 global strains, followed by a steep decrease to negative values at strains greater than 0.2. The steep drop and
the counterintuitive pseudo-auxetic response in the thin hexagonal honeycombs relate to cell wall instability,
causing the structure to collapse into itself, thereby limiting the outward lateral deformations. The latter two
hexagonal honeycombsmaintain their negative Poisson’s behavior at larger compressive strains while showing
an increasing trajectory.

Unlike hexagonal honeycombs, the re-entrant structures generally show smoother Poisson’s behaviors,
except for two step-wise changes in the thinnest and the thickest cell wall honeycombs due to the initiation of cell
wall instability. The three thinner cell wall re-entrant honeycombs shownegative Poisson’s ratios (typical of and
expected from re-entrant lattices [25])with variable levels of strain dependence. Nonetheless, these structures
retain their auxeticity up to global strains greater than 0.5. In contrast, at the onset of compression tests,
Poisson’s ratio of the thickest cell wall re-entrant structure resembles the non-auxetic behavior of the base
material. This behavior is likely due to the presence of thick cell walls that resist buckling. This buckling-resistant
behaviorwas alsomanifested in the stress–strain response of the same structure at strains below 0.13 (see
figure 4(a)). Immediately after the initiation of the buckling at∼0.13 strain, the structure undergoes a rapid
inward-facing lateral deformation that leads to a drop in the Poisson’s ratio to negative values. Further increase
of strain/stress leads to progressive structure densification, shown by amonotonic increasing trend in the
Poisson’s ratio. As such, the thickest cell wall re-entrant honeycomb only shows slight auxeticity over a strain
range of 0.16–0.36, followed by an increase in values representative of a non-auxetic structure.

Figure 8.Variation of apparent Poisson’s ratiowith global strain for (a) hexagonal and (b) re-entrant structures with different wall
thicknesses.
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The Poisson’s ratio data infigure 8 highlight two important findings about the examined structures. First,
regardless of the cell architecture and density, Poisson’s behavior in hyperelastic cellular lattices, like the ones
examined herein, is highly strain dependent. Such strong strain dependence governs the auxetic versus non-
auxetic behavior of the structure, leading to unconventional and uncontrollable deformation patterns. Second,
developing zero Poisson’s ratio structures (and structures with a strain-independent Poisson’s behavior)may
not be achieved using uniform cell structures. Instead, strain-independent Poisson’s ratios for large strain
applicationsmay only be possible through the careful and rational combination of various cell shapes and
thicknesses in graded structure. These remarks establish a practical approach that enables the design and
development of honeycombswith near zero Poisson’s ratios, discussed in the following.

3.4. Near zero poisson’s ratio structures
Recent studies have indicated that Poisson’s ratio-modulated structures canbedeveloped by tailoring the
deformation patterns through the spatial placement of architectural features (e.g., perforations and slits inplanar
structures) [19]. Investigations by the authors also suggest that Poisson’s ratiomodulations can facilitate thedesign
of zero (ornear zero)Poisson’s ratio structures inflexible planar structures subjected to tensile loads. Similar
conceptswere implementedhere to develop architecture- anddensity-graded structures that incorporate
hexagonal and re-entrant structureswith certain cellwall densities into a single hybridhoneycomb.The proposed
approach is based ona simple optimizationprocess that identifies the structures that exhibit near zero Poisson’s
ratios over certain strain ranges. The approach is visually illustrated infigure 9, wherein thenear-zero Poisson’s
ratio structures corresponding to specific strain ranges are identifiedfirst. The identification process herein is based
ona comparative algorithm that outputs the structural features (cell shape and cell wall thickness) that lead to
Poisson’s ratios closest to zero at a given strain value (i.e.,min |υ i(ε)| for ε:[0–0.7], where i represents the uniform
density structures considered here, thus, I= 8). An alternative neural networks-based approach for the
optimizationof local architecturewith targeted deformationbehaviorswas recently proposed byDeng et al [27].
Such algorithms are constructed using large datasets that include cell architecture-property correlations for a
variety of differentmorphologies, and thus, require largematerial libraries as input. For simplicity, thepresent
approachonlyuses the datasets obtainedhere anddoes not include all possible cell shape-cellwall pairs in the
design space. Therefore, it is reasonable to assume that the forecastednear-zero structures donot represent the
truly optimized conditions and are not expected to showperfectly strain-independent Poissonbehaviors.
Nonetheless, the graded structures designedhere possess certain architectural anddensity features thatmake them
uniquely different from thosewith uniformcell shapes and cellwall thicknesses (i.e.,mono-density structures).

The near-zero Poisson’s ratio structure in this workwas designed based on the volumetric gradients
corresponding to different strain ranges. For example, considering the Poisson’s ratio curves shown infigure 9,
among all the honeycombs examined herein, the thickest cell wall (t= 2mm) re-entrant structure is shown to
offer a Poisson’s ratio closest to zero over the 0–0.22 and 0.32–0.45 strainwindows. Similarly, for the strain
windows of 0.23–0.26 and 0.27–0.31, hexagonal honeycombswith t= 0.5mmand t= 1mmare identified as the

Figure 9. Identification of the geometric features (cell shape andwall thickness) that possess Poisson’s ratios closest to zero at each
strain level.
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nearest to ZPR structures, respectively. Finally, re-entrant cells with t= 1.5mmand t= 1mmare identified as
the desired cell geometries for strainwindows of 0.46–0.58 and 0.59–0.7, respectively.

Thefinal step in designing near-zero Poisson’s ratio structure is to determine the volume fraction (in terms
of the number of cells) of the aforementioned cell features incorporated inside a hybrid honeycomb. This goal
was achieved by determining the approximate volume fraction of the cells that correspond to the strain ratios
described above. For example, of the 77 cells embedded in the hybrid honeycomb, 52% (corresponding to
0–0.22 and 0.32–0.45 normalized by 0.7 strain)must be re-entrant cells with t= 2mm. Similarly, 18% and 17%
of the 77 cells are designed as re-entrant cells with t= 1.5mmand t= 1mmwall thicknesses, respectively.
Finally, hexagonal cells with t= 1mmand t= 0.5mmare to cover 7%and 6%of the total number of cells in the
near-zero Poisson’s ratio hybrid structure.

The hybrid (graded) structure with the above-mentioned geometric and density features was designed and
additivelymanufactured for further evaluation. Figure 10 depicts the CADdrawing and the 3Dprinted near zero
Poisson’s ratio structure. This structure was subjected to a quasi-static compression testing scenario similar to
whatwas used for the uniform-density honeycombs. In situ imaging andDIC analyses were also utilized to
characterize the deformation response andmacroscale Poisson’s ratio of the hybrid structures. As shownby the
grayscale images and their corresponding strain contourmaps infigure 11, the deformation of the graded
structure differs significantly from its constituents. Themacroscale deformation response is shown to be
significantlymore homogeneous than themono-density honeycombs (especially comparing the hybrid
structure with re-entrant honeycombs). At the same time, the self-constraining effects [12] imposed on certain
rows by their neighboring cells lead to an effective and favorable control of spatial instability and cell collapse in
the structure. As such, the degree of instability, exhibited by the shear banding andC-shape buckling are limited
in the hybrid honeycomb. Finally, as shown infigure 11(c), experimentalmeasurements prove that the graded

Figure 10. (a) Schematic view of the near ZPRhoneycomb design showing various cell types andwall thicknesses at various locations.
(b)Photograph of the as-printed hybrid structure.
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structure retains a near-zero Poisson’s ratio over a significantly broad strain rangewhile possessingmechanical
characteristics comparable with the strongest andmost energy-absorbing uniformhoneycombs. The latter is
evident when comparing the stress–strain (figure 11(d)) and efficiency-stress (figure 11(e)) behaviors of the
hybrid structure with those of uniform-density honeycombs.

4. Conclusions

Local tailoring of density and cell architecture canbe an effective approach indeveloping Poisson’s ratio-modulated
cellular structures. This conceptwas investigated in the present studybydesigning and creatingnear-zeroPoisson’s
honeycomb structures fromthehybridizationof hexagonal and re-entrant honeycombswith various cellwall
thicknesses. Several uniform-density hexagonal and re-entrant honeycombswere developed.Mechanical tests
supplementedby image correlation analyseswere conducted to characterize themacroscale Poisson’s behavior of
the structures. The strain-dependent Poisson’s ratios of theuniform-density honeycombswereused as input to a
simplemathematical approach that enabled the design of hybrid honeycombswhosePoisson’s ratios remainnear
zero over broad strain spans. Results herein shed light on the significance of density and cell geometry gradations as
twokeyparameters that enable designingPoisson’s ratio-adjusted load-bearing structures for various applications.
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