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Abstract:  
In this paper, a novel three-dimensional (3D) cellular structure with negative Poisson's ratio was designed by 
alternating cuboid surface indents on the vertical ribs of the unit cells. The Poisson's ratio and Young's modulus 
of structures with different geometric parameters were determined using the finite element method(FEM) as a 
function of these parameters. Samples with identical geometric variables were fabricated via 3D printing, and 
their through-thickness direction Poisson's ratios were measured and compared with simulation results. Results 
showed that the Poisson's ratio of the 3D cellular structures can be tuned from positive to negative and can reach 
a minimal value of -0.953. Good agreement was found between the experimental results and the simulation. 
This lattice structure is considerably stiffer than re-entrant negative Poisson's ratio foam with the same solid 
phase. The design concept developed here can be optimized for specific applications via geometric parameters 
manipulation. 
Keywords: Three-dimensional cellular structural; Negative Poisson's ratio; Finite element method(FEM) ; 
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1. INTRODUCTION 
 
Cellular solids are widely used for many structural applications due to the low weight and high energy 
absorption capability[1]. 2D cellular solids can exhibit a negative Poisson's ratio if the cells have an inverted 
bow-tie shape [2, 3]. Negative Poisson's ratio gives rise to a predicted increase in some material properties 
including such as flexural rigidity and plane strain fracture toughness [4].  
Negative Poisson's ratio polyurethane foam with re-entrant structure was first developed as a 3D material by 
Lakes in 1987 [5]. Subsequently, many kinds of designed cellular materials with negative Poisson's ratio were 
fabricated in both 2D [6-11] and 3D structures [12-14]. However, most 2D cellular structures that exhibit 
negative Poisson's ratio were due to the cells with inverted bow-tie shape. Negative Poisson’s ratio behavior has 
also been observed experimentally in polymer gels near their phase transitions [15, 16], in orthorhombic alloy in 
a set of planes [17], and in ferroelastic ceramic [18] near a temperature dependent phase transformation and in 
InSn alloy [19] near a composition dependent morphotropic phase transformations.  
A 2D negative Poisson's ratio structure without re-entrant cells has been reported in our recent work [20]. In the 
present study, a 3D cellular structure with alternating cuboid surface indents on the vertical ribs is proposed. The 
Poisson's ratio and Young's modulus of the proposed 3D model were studied via FEM simulations. Samples 
with identical geometric variables were fabricated via 3D printing, and good agreement was found between the 
experimental results and the simulation. The model we designed is stiffer than bend dominated structures such 
as honeycomb in plane and open cell foams. The design concept developed here can be optimized for specific 
applications via geometric parameters manipulation. 



2. FEM SIMULATION  
The Poisson's ratio of the designed 3D re-entrant structure has been studied using the commercial finite element 
software ANSYS. Schematic drawings of the unit cell and the cellular structure model made from periodically 
packing of the unit cells are shown in Fig. 1(a, b). The schematic drawing of the designed unit cell structure 
viewed in the x-z plane is shown in Fig. 1c. The length and height of the crossbeam were l and h0. The thickness 
of rib and crossbeam was t which is shown in Fig. 1(a). The distance between the two central axes of 
crossbeams was denoted as H1. It was assumed that L0=H0, h0= l0=t, H0/h0=7 and L0/l0=7; h1/h0 was set to vary 
from 1.2 to 2.8 with an incremental step of 0.2, and l1/l0 was set to vary from 0.1 to 0.9 with an incremental step 
of 0.1. Free meshes of 368313 elements (Solid 186, 20 nodes) were used to simulate 3D models. The two 
bottom crossbeams in the middle of the model shown in Fig. 1(b) was fixed, with all degrees of freedom being 
constrained; the other eight bottom crossbeams near the edges of the model were constrained only in the Z 
direction. Maximum tensile strain was set to be 0.1% and applied on the top crossbeams of the model along the 
vertical direction(Z direction). A Poisson’s ratio of 0.39 and a Young's modulus of 2.2GPa for the parent 
material were used for the analysis. These values correspond to those of the ABS polymer used to make 3D 
printed embodiments of the structure. 

 
Fig. 1 (a) the ANSYS model of the designed 3D unit cell (in blue and red); (b) the ANSYS model of the 
designed 3D cellular structure made from periodically packing the unit cells shown in (a); (c) Schematic 
drawing of the designed unit cell structure viewed in the x-z plane (the part in blue in (a) is shown in detail in 
"(c)"); (d) a 3D sample fabricated by 3D printing (the part highlighted in the dashed box has an identical size to 
the FE model shown in (b)). 
 
 
3. EXPERIMENT 
A Stratasys Dimension Elite 3D printer was used to fabricate samples using ABS as the parent material, Fig. 
1(d). The size of 3D samples was 100mm in height and 47.5mm for the side length. Samples were 
compressively loaded in the Z direction using a universal testing machine (MTS Q-Test/5) with a testing speed 
of 0.01mm/sec. Photographic images were captured simultaneously. Images of the four points marked in red in 

Fig. 1(d) were taken using a digital camera at each 0.1% normal strain increment. For each normal strain 
increment, an average of 3 independent measurements were used to calculate the transverse strain which was 
later used to determine the specimen Poisson’s ratio v at that specific normal strain. To minimize the end effect 
due to friction between the sample surfaces and the instrument platens, only displacements in the middle part of 
the specimen were monitored(the size of the middle part of the specimen are identical to that in the FE model 
shown in Figure 1(b)). 
 
 



4. RESULTS AND DISCUSSION 
4.1. Simulation results 
Poisson's ratio is defined as the ratio of the transverse contraction strain to the longitudinal extension strain in 
the direction of stretching force as:  
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where,ν is Poisson's ratio, Xε and Zε are the transverse contraction strain and longitudinal extension strain, 

respectively. Poisson's ratio in Eq. 1 is the same in all directions only for isotropic materials. In the present 
model, the 3D structure possesses tetragonal symmetry in which Poisson's ratio depends on direction; !!" (or 

!!") was studied. It was found that transverse strains Xε and Yε differed by less than 5% for the same axial (z) 

load; this is consistent with the tetragonal structural symmetry. Therefore, only !!"was studied further in the 
following. 

!
Fig. 2 The relationship between the Poisson's ratio �!!"� of the designed 3D cellular structure and h1/h0 as a 
function of l1/l0.  
Fig. 2 shows the relationship between the Poisson's ratio (!!") of the designed 3D cellular structure and the h1/h0 

ratio ( from 1.2 to 2.8) when the l1/l0 ratio is varied from 0.1 to 0.9. From Fig.2(a) we can see that the Poisson's 
ratio of the cellular structure increased with an increasing h1/h0 when l1/l0=0.9, 0.7 and 0.5, but was insensitive 
to h1/h0 when l1/l0=0.3 and 0.1.When l1/l0=0.1, the Poisson's ratio was close to zero. The near zero Poisson's ratio 
allows the structure to be readily deformed into a cylinder to provide a core for curved sandwich panels used for 
aircraft and other applications. A minimum Poisson's ratio, -0.958, of the 3D cellular structure was achieved 
when h1/h0=1.2 and l1/l0=0.7.  



 
Fig. 3 The relationship between the Poisson's ratio (!!") of the designed 3D cellular structure and the l1/l0 ratio 
when h1/h0=2. The experimental data are represented by (�).  
The relationship between the Poisson's ratio (!!") of the cellular structures and the l1/l0 ratio when h1/h0=2 is 
shown in Fig. 3. From Fig. 3 we can see that the Poisson's ratio of the 3D cellular structure decreased rapidly 
with an increasing l1/l0 ratio from 0.1 to 0.6, and then slowly increased with an increasing l1/l0 ratio from 0.6 to 
0.9. The simulation results have shown that the Poisson's ratio of the cellular structure is tunable from +0.032 to 
-0.883 with an appropriate combination of geometric parameters when h1/h0=2. The wide tunable range of the 
Poisson's ratio is of interest for practical designs. 
 
4.2. Experimental results 
3D Samples with geometric variables of h1/h0=2.0 and l1/l0=0.3, 0.5 and 0.7 were manufactured by 3D printing 
using ABS as the parent material. For each type of geometric combination (h1/h0 and l1/l0), three specimens were 
made from which the Poisson's ratios were measured and their average and the standard deviation were 
calculated. The measured Poisson's ratios of the samples were plotted to compare with the simulation results, as 
shown in Fig. 3. The measured Poisson's ratios of the 3D model were -0.372�0.09 when l1/l0=0.3, -0.8�0.05 
when l1/l0=0.5, and -0.83�0.1 when l1/l0=0.7. It can be seen that the measurements are in good agreement with 
the simulation results.  

 
4.3 Stiffness analysis 
For low density cellular structures, the relationship for the modulus is  
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in which E*, Es are the homogenized Young's modulus of the cellular structures and the Young's modulus of the 
parent material used for making the cellular structures, respectively; C is a geometrical coefficient which 
includes all of the geometric constants of proportionality; ρ∗ and ρs are the density of the cellular model and the 
solid from which the cell walls are made, respectively. The value of n generally lies in the range 1<n<4 giving a 
wide range of possible properties at a given density. For foams with open cells, experimental evidence indicates 



that C approximately equals 1 and n equals 2. The value n=2 arises in structures that have rib elements that are 
bend dominated; bend dominated plate elements that govern in plane behavior of honeycomb and in true closed 
cell foams correspond to n=3. Structures with stretch dominated elements correspond to n=1. For the models 
presented here, the homogenized Young's modulus of the unit cell (in Fig. 1) was obtained using FEM, and the 
relationship between the relative density and geometric parameters was obtained according to the simple 
geometry of the unit cell. 
  

 
Fig. 4 The relationship between E*/Es and l1/l0 ratio of the designed 3D cellular structure with different h1/h0. 
(-■-), (-�-), (-▲-), (-▼-) and (-◄-) represent h1/h0=1.2, 1.6, 2.0, 2.4 and 2.8, respectively. 
 
Fig. 4 shows the relationship between E*/Es of the designed 3D cellular structure and the l1/l0 ratio when the 
h1/h0 ratio is varied from 1.2 to 2.8. From Fig. 4(a) we can see that the E*/Es ratio exhibited a similar behavior 
for different h1/h0 ratio: for any specific h1/h0 ratio, the E*/Es ratio decreased slowly with an increasing l1/l0 ratio 
when l1/l0 is less than 0.1, and then decreased rapidly with an increasing l1/l0 ratio from 0.1 to 0.6; after which 
the E*/Es ratio decreased in a much slower rate and approached zero. The maximum value of the E*/Es ratio, 
0.083, is achieved when l1/l0=0. Referring to Fig. 3, small values of l1/l0 correspond to positive Poisson's ratio. 
Referring to Fig. 1, a value of zero eliminates the indents. 



 

Fig. 5. The relationship between E*/Es and ρ*/ρs of the cellular structure when h1/h0=2.0 and l1/l0=0.5. (■) 
represents the simulation results, and (�) is the fitted curve for the simulation results.  
Fig. 5 shows the relationship between E*/Es and ρ*/ρs of the cellular structure when h1/h0=2.0 and l1/l0=0.5. ρ*/ρs 
was set to vary from 0.02 to 0.14 by proportionally changing the cross-section side length of ribs and 
crossbeams of the model. Specifically, we changed parameters l0, h0, l1 and t by the same percentage to vary the 
density and kept parameters h1, h2, l and H1 constant. A relative modulus in the transverse direction (compressed 
in X direction), 0.0024, was also obtained when ρ*/ρs=0.0918, as shown in Fig. 5. From Fig. 5 we can see that 
the relative modulus in the transverse direction was lower than that in vertical direction (compressed in Z 
direction). Nonlinear fitting was used to curve fit the simulation results for stress in the Z direction (solid 
squares in Fig. 5) as 
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From Eq. 3 we can see n=2 and C=1.81 were determined for the 3D structure we designed. That means this kind 
of cellular structure was bend dominated (n=2). By contrast, normal foams with positive Poisson's ratio have 
C=1. Negative Poisson's ratio foams are a factor 3 to 4 denser than the received foam from which they are made. 
Their elastic modulus is a factor 3 to 4 less. For a factor 3.5 increase in density a factor 3.5 decrease in modulus, 
C=0.023 for typical negative Poisson's ratio foam. So the present lattice structure is considerably stiffer in 
relation to density than re-entrant negative Poisson's ratio foam. A simple cubic lattice of straight beams would 
be even stiffer but would not have a negative Poisson's ratio. The honeycomb with bow-tie inverted hexagons is 
not as stiff as the honeycomb with regular hexagons.     
 
5. CONCLUSIONS 
In this paper, a novel 3D cellular structure achieved by alternating cuboid surface indents on the vertical ribs of 
the unit cells was designed. and their Poisson's ratios were determined using the finite element method (FEM) as 
a function of geometric parameters. The simulation results showed that the Poisson's ratio of the 3D cellular 



structures was sensitive to the cell dimensional ratio, and the value can be tuned from positive to negative (the 
minimum can reach -0.953). Samples with identical geometric variables were fabricated via 3D printing, and 
their Poisson's ratios were measured and compared with the ones from simulation. Excellent agreement was 
found between the experimental results and the simulation. The stiffness of the lattice structure is considerably 
greater than that of negative Poisson's ratio re-entrant foam made of the same solid phase. The design concept 
developed here provides new opportunities for specific applications. 
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