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Abstract 

Mechanical metamaterials are often limited in engineering applications because of uncertainty in 
their deformation behavior.  This uncertainty necessitates large factors of safety and behavior 
assumptions to be included in mechanical metamaterial designs, detracting from the largest 
benefit of metamaterials: their ultralight weight.  In this study, a yield envelope was created for 
both a bending dominated and a stretching dominated cellular material topology to improve the 
understanding of the response of cellular materials under various load types and orientations.  
Experimental studies revealed that the shear strength of a cellular material is significantly less 
than that predicted by the Mohr’s criterion, necessitating a modification of the Mohr’s yield 
criterion for cellular materials.  Both topologies experienced tension-compression anisotropy and 
anisotropy dependent on the topology orientation during loading with the stretching dominated 
topology experiencing the largest anisotropies.

A substantially improved version of this paper appears in a special issue of the TMS publication 
JOM, March 2022.

Introduction 

Monolithic materials, in terms of specific strength, are limited by their elemental weights 
creating a ceiling of what can be achieved via solid materials alone. An increasingly popular 
method for manipulating a material’s properties, is through the geometric arrangement 
or topology of the material’s mesostructure [1].  Low density metamaterials combine 
solid materials and zero density voids to occupy material property spaces not achievable by 
monolithic materials [2].  The complex geometric freedoms additive manufacturing (AM) affords 
enables for the creation of metamaterial topologies with significantly altered mechanical 
properties compared to the base materials [3].  However, understanding of the mechanics 
responsible for these metamaterial’s deformation behavior, particularly fracture and 
failure, across different environments and loading situations is understudied, necessitating 
large factors of safety [1].  This conservative approach detracts from the largest benefit of 
metamaterials: their ultralight weight.   

Low-density metamaterials have evolved from honeycomb sandwich boards [4] and disordered 
foams [5] to highly complex topologies across a variety of size scales and base materials [1]. The 
rapid advances in metamaterial use and design has resulted in the introduction of new topologies to 
the scientific community, outpacing the understanding of failure mechanisms.  Additionally, there is 
not a consistency among studies of base material, cell size, or AM process which makes comparing
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various topologies across reported studies difficult at best and speculative at worst. 
Mechanical metamaterials are known to have tension and compression asymmetry [6] as well as 
orientation-dependent anisotropic behavior when loading due to lack of rotational symmetry 
of many topologies [7].  Additional studies of metamaterials have found the shear strength 
of metamaterials to be significantly less than that of the uniaxial strength [8].  Due to 
this, metamaterials will have a complex, non-trivial yield envelope that is crucial for 
engineers to understand to design metamaterial components with confidence.   

The goal of this study was to determine the effect of topology, particularly stretching and bending 
dominated topologies, on the yield surface size and shape. Mohr’s criterion was chosen for this 
study as it was designed to handle tension-compression anisotropy and the failure envelope can be 
determined  with three tests: tension, compression, and pure shear [9]. 

Methods and Materials 

Four cellular metamaterial topologies of interest were AM by fused deposition modeling: a 
traditional honeycomb, an auxetic honeycomb, a triangular, and a circular topology.  Topologies 
were modeled with a 5 mm unit cell and a 0.6 mm wall thickness and were printed on a Dremel 
3D45 printer using Dremel Eco-ABS white filament [10].  Each topology was tested in two 
orientations, deemed σ1 and σ2, where σ2 is a 90° in plane rotation of σ1, Figure 1. 

Specimens of all four topologies were tested in tension, compression, and shear to populate the 
Mohr’s Circle.  Three specimens of each type were tested in each loading condition and the yield 
strengths calculated by a 0.2% offset were averaged. Novel pure shear grips previously designed 
by the authors were used to insure pure shear rather than a combined shear and uniaxial loading 
state [8].   

Figure 1: Cellular material topologies tested with original orientation (σ1) and 90° rotation (σ2) 
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Experiments were performed in displacement control at a rate of 30 μm/s using a hydraulic load 
frame for the shear specimens and a screw-driven load frame for the tension and compression 
samples.  A single camera captured a 6-by-4 unit cell cross section of the center of each specimen 
during tests and digital image correlation was used to calculate the strains in the cellular material 
during deformation.  The camera used was a Point Grey model GS3 equipped with a Navitar lens 
and a 1X adaptor and captured images at a rate of 1 Hz.  Images were used to calculate the full 
field displacement and strains using commercial digital image correlation software, VIC 2D.  
Strain calculations were performed with a virtual strain gage of 21 pixels2 and a spatial resolution 
of 35 pixels2 following the procedure outlined in [11].  Global material properties were calculated 
using the area methodology outlined in [7]. 

 

Results 

Shear Strength 

Experimentally determined tension, compression, and shear yield stresses for each orientation of 
the chosen topologies were plotted as a Mohr’s circle, shown for the honeycomb topology in Figure 
2a,b.  The max shear line is calculated by plotting a linear line between the maximum shear value 
of each Mohr’s circle. The max shear line is displayed in green in Figure 2a,b. The max shear line 
was selected rather than a tangential line to the Mohr’s circles offering a more conservative yield 
envelope. As cellular materials are sensitive to defects from the AM process, a conservative yield 
criterion was preferable.  Using the max shear line failure envelope, a yield surface was created 
for the 𝜎𝜎1 and 𝜎𝜎2 orientations, shown in Figure 2c [9].  The two yield surfaces were collapsed to 
one surface for the material using all six experimentally determined yield strengths to create a 
surface showing the full tension-compression-shear anisotropy as well as the orientation specific 
anisotropy, Figure 2d.  The yield surfaces for each orientation are shown in Figure 3, where the 
top row is the yield surface for each orientation, the middle row is the combined yield surface, and 
the bottom row is an image of the corresponding topology.   
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Figure 2: Honeycomb Mohr's Circle and Yield Surface 

 
Figure 3: Yield Surface for selected topologies.  Top row: Yield surface for each orientation. Middle row: 
Full field surface for topology. Bottom row: Selected topology.  Scale adjusted for the triangle orientation 
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The decreased shear strength of these cellular materials resulted in a discontinuity at the pure shear 
loading condition. The metamaterial was weaker in shear than would be expected from the 
maximum-distortion-energy theory or the more conservative maximum-shear-stress theory [12].  
This behavior was seen in every topology.   

The stretching and bending topologies have a topology-driven strength-ductility trade off, Figure 
4a. Stretching dominated topologies were stronger, while bending topologies were more ductile. 
This has been well-documented in metamaterial research [13–16]. In the stretching dominated 
triangle topology, there is a high concentration of strain very localized at the strut junctions, even 
at low global displacements. These strains are circled in red in Figure 4b, taken at 0.5 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦.  With 
further loading, the triangle topology yields and then catastrophically fails when a crack develops 
at one of the highlighted junctions.  In the bending dominated topologies, the honeycomb and 
auxetic unit cells in Figure 4c and Figure 4d respectively, as the metamaterial is loaded, stress is 
primarily concentrated in the vertically aligned struts.  This concentration of stress causes localized 
buckling of a strut, circled in red in Figure 4c.  When a strut buckles, the stresses on the neighboring 
struts increase and the neighboring struts buckle as well creating a row-by-row collapse of the 
metamaterial.  Figure 4c,d were taken immediately after yield to illustrate the buckling cell wall. 

 
Figure 4: a) Shear stress-strain curves of selected topologies b) Strain maps of triangle in shear c) Strain 

maps of honeycomb in shear d) Strain map of auxetic in shear 
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Topology Effects 

The stretching dominated triangle topology has the largest yield surface with a maximum tensile, 
compressive, and shear strength of 21.1 MPa, -28 MPa, and 12 MPa, respectively, over the 
honeycomb topology, which had the second largest yield surface, with a maximum tension, 
compressive, and shear strength of 12 MPa, -11.9 MPa, and 7.4 MPa, respectively.  The triangle 
topology has a different scale than the other topologies in Figure 3 due to the greater strength.  The 
increased strength of the honeycomb topology in comparison to other bending dominated 
topologies is due to the uniform deformation of the honeycomb unit cells during loading and the 
uniform formation of plastic hinges at the sharp corners, circled in red in Figure 5a.  As the 
honeycomb is deformed, plastic hinges form as the arms rotate, absorbing energy and increasing 
the toughness.  Uniform deformation allows the plastic hinges to develop without the stress 
concentration at any one plastic hinge becoming so large the metamaterial prematurely fractures.  
Figure 5 is shown after yielding to better illuminate the locations of strain and plastic hinges within 
the topologies, but the onset of crazing at plastic hinges has been shown to occur prior to yielding 
[7,18].  The circle topology does not have sharp corners for plastic hinges to form.  Additionally, 
the hourglass shape of each strut creates a local stress concentration in the middle of the length of 
the strut identified by the high strain circled in red in Figure 5b.  With increased loading, the local 
stress concentration increases leading to early fracture of individual struts lowering the yield stress, 
creating a smaller yield surface than the honeycomb topology.  The auxetic honeycomb also 
develops plastic hinges when loaded; however, the auxetic honeycomb has a negative Poison’s 
ratio [19].  As the auxetic honeycomb is loaded in tension, the horizontal struts are loaded in 
compression due to the negative Poison’s ratio (the struts in the honeycomb topology are loaded 
in tension).  The auxetic unit cells rotate when loaded to decrease the compressive stress on the 
horizontal strut, changing the loading path and non-uniformly increasing the stress concentrations 
at the plastic hinges.  The auxetic specimen yields when the plastic hinges with the largest strain 
concentrations, such as that circled in Figure 5c, fracture.   

 

Figure 5: Strain maps of topologies in the 𝜎𝜎1 orientation under tensile loading, all figures the same scale 

Topological-Induced Anisotropy 

The triangle topology had the largest orientation anisotropy with an 80% change in tensile 
strength and a 66% change in compressive strength from loading in the 𝜎𝜎1 orientation to the 𝜎𝜎2 
orientation.  The circle topology had the next largest orientation anisotropy with 25% tensile and 
27% compressive difference in strength. When the triangle topology is loaded in the 𝜎𝜎1 direction 
the axial load is primarily distributed among a third of the struts, the struts parallel to the 
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direction of loading.  The positive axial load path is marked in red in Figure 6a and supported by 
the concentration of positive strains along these struts shown in Figure 6c. When loaded in the 𝜎𝜎2 
direction, the axial load is distributed among the angled struts, Figure 6b, consisting of two thirds 
of the struts in the topology as demonstrated by the positive strains in Figure 6d.  This difference 
in load distribution between the orientations explains why the tension and compression yield 
strength of the 𝜎𝜎2 orientation is nearly twice the tension and compression yield strength of the 𝜎𝜎1 
orientation.   

   
Figure 6: Axial load in a stretching dominated topology is distributed along the struts parallel to the 
loading direction, in the triangle topology in the 𝜎𝜎1 orientation the axial load is distributed primarily 

amongst a third of the struts, in the 𝜎𝜎2 orientation the axial load is distributed amongst two thirds of the 
struts 

 

Discussion 

There is a debate about whether to treat a mechanical metamaterial as a continuous material and 
use a homogenization analysis [20] or a structure and analyze the behavior using the local behavior 
driven by the unit cell topology [21].  Both approaches have merit and are particularly useful in 
specific applications.  During elastic deformation, the homogenization approach of considering the 
metamaterial as a uniform material simplifies identifying global material properties, regardless of 
local plasticity that is occurring before fracture. However, identification of local stress and strain 
accumulation within the unit cell throughout loading is essential for understanding and predicting 
differences in the plastic and fracture behavior between topologies.  Some studies have 
incorporated a two scale approach to incorporate both methodologies when analyzing 
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metamaterials to use the local behavior of the lattice to determine the global behavior of the 
material while limiting the computational work required to analyze an entire lattice structure 
[14,22].  In this study, a global evaluation of the metamaterial was used to calculate the yield 
strength of the selected topologies; however, analysis of local strain concentrations within the unit 
cells were investigated to explain the change in yield surface shapes between topologies.  Local 
analysis of the lattice was not limited to a single unit cell but rather the 6-by-4 unit cell cross 
section captured by the camera where digital image correlation was performed.  This consideration 
of several unit cells rather than a single cell allowed for evaluation of uniformity and the 
measurement of unbalanced local deformation such as the rotation and uneven plastic hinges in 
the auxetic topology.  Evaluation of stress concentrations and local deformations within the lattice 
unit cells were then connected to the metamaterial yield surface size and shape to analyze how 
topology drives the yield surface. 

The poor shear strength of cellular materials creates a yield surface shape that would not be 
expected from a monolithic material due to the formation of local plastic hinges and strains non-
uniformly distributed among the metamaterial’s struts.  Yielding of the metamaterial is caused by 
buckling of a cell wall or fracture of a cell wall or joint on the mesoscopic scale rather than at the 
microstructural level as would occur with a monolithic material.  This departure from traditional 
mechanisms of yielding in a material is shown by discontinuities on the yield surface that occur at 
the pure shear loading.  The large variation in the size of the yield surface of the tested 
metamaterials further supports the need to consider metamaterials, at least partially, as a structure. 
All topologies in this study were produced using the same filament material, yet the maximum 
compressive strength of the triangle topology was over three times that of the auxetic topology and 
twice the honeycomb topology.  Additionally, the extreme strength anisotropy between was 
amplified beyond a tensile-compressive strength differential, but also orientation dependence due 
to changing loading paths. This behavior is more typical of a structure than a conventional material. 

 

Conclusion 

A yield surface was created for four cellular material topologies tested in tension, compression, 
and shear.  The yield surfaces demonstrated cellular materials were weakest in shear loading and 
have large anisotropies dependent on loading condition and orientation.  Local strain fields were 
used to identify the mechanisms driving the deformation of different topologies and the driving 
effect of the unit cell deformation mechanism on global plastic properties.  Buckling of cell walls 
and the formation of plastic hinges were the main mechanisms to cause yielding within the 
materials; however, rotation of the cell walls due to its negative Poison’s ratio caused the auxetic 
topology to have the smallest yield surface. 
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