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ABSTRACT OF THE THESIS 

 

Design and analysis of a square-symmetric sign-tunable Poisson’s Ratio metamaterial based on 

the 4-star auxetic structure 

 

by 

Vimarsh Verma 

Master of Science in Engineering Sciences (Mechanical Engineering) 

University of California San Diego, 2020 

Professor Nicholas Boechler, Chair 

 

Tunable auxetics is a new field of engineered mechanical matematerials that has gained 

thrust recently due to improvements in 3-D printing capabilities. Sign tunable auxetic materials 

thusfar but have been restricted to line symmetry. An existing 4-star auxetic unit cell with square 

symmetry was modified using additional linkages and concepts from geometric non-linearity to 

achieve a square symmetry sign-tunable auxetic unit cell actuated by application of a thermal 

stimulus. A model of a material based on liquid crystal elastomer that can be made either highly 

thermally active or thermally inactive was incorporated into the design to induce this sign-tunable 

behavior. Parameter optimization was performed on the geometric parameters to maximize the 

difference between the minimum and maximum Poisson’s Ratio observed. Extensive parametric 

Finite Element Method studies were performed using COMSOL Multiphysics to analyze the 

design’s performance. A three-by-three lattice of the unit cells was compared to the performance 



xii 

 

of the individual unit cell, and the results showed complete agreement. For further validation, 

physical testing in an Instron machine with an attached thermal chamber was proposed.  
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Introduction 

New artificially engineered materials with unusual properties not found in nature are called 

metamaterials [1, 2]. Metamaterials, as a term was used to describe unusual properties in the field 

of optics and electromagnetism, but the definition has now expanded to include any engineered 

materials that portray novel properties [3]. Mechanical metamaterials have been developed as a 

subset of this field [4, 5]. A subset of these mechanical metamaterials that portray auxetic behavior 

(materials with Poisson’s Ratio < 0) have also been developed. 

 

The Poisson’s Ratio is one of the fundamental mechanical properties that governs the 

deformation behavior of any material  [6]. From experience, we know that when a material is 

stretched in a certain direction, it becomes longer in the direction of stretch but becomes thinner 

in the perpendicular directions, i.e. in the directions of the axes of the cross-sections. The ratio of 

this deformation is governed by the Poisson’s Ratio [7]. Thus, the definition of Poisson’s Ratio is 

the ratio of the lateral strain to the longitudinal strain, when the material is undergoing deformation 

in the longitudinal direction [8], where the Poisson’s Ratio, υ can be defined as: 

 𝑣 = − 
𝜀𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙

𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙
   (1) 

 

A negative Poisson’s Ratio is possible, however, for most of the materials found in nature, 

the Poisson’s Ratio is found to be positive [9]. Exceptions to this exist such as natural foams and 

certain crystalline materials [10, 11, 12, 13, 14]. The behavior comparison between a material with 

positive Poisson’s Ratio and an auxetic material can be seen in Figure 1.  
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Figure 1 Behavior of (a) non-auxetic and (b) auxetic materials under tension and compression 

 

The behavior of these auxetic metamaterials is based on small-scale structure mechanics. 

[3, 15, 16]. The first auxetic metamaterial was formulated by Lakes and contained re-entrant 

structures and was known as anti-rubber due to its ability to showcase the converse direction of 

large deformation behavior of rubber [10]. Lakes also proposed a re-entrant structure made of 

inverted honeycombs that would portray a Poisson’s Ratio of -1 and provided an analytical 

solution for the Poisson’s Ratio using beam bending theory [17]. Another analytical solution for 

this re-entrant structure was formulated and discussed by Gibson and Ashby [18].  
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Ever since the design by Lakes, several other auxetic metamaterials have been developed 

and evaluated for their performance. A class of auxetic metamaterials was formulated by Grima et 

al [20, 21, 22, 23], consisting of rotating semi-rigid squares, triangles, and rectangles connected at 

the joints. Further re-entrant designs were also formulated by Grima et al. [24]. Since then, a 

resurgence in this field has been seen recently due to the advent of commercial cost-effective 3-D 

printing capabilities, making manufacturing of complex geometries relatively easier [25]. 

 

A recent thrust in the field of engineered auxetic metamaterials has been the design of sign 

tunable auxetic materials. Grima et al. formulated a sign tunable auxetic metamaterial design by 

incorporating designs based on rotating structures with a magnetic stimulus to control and tune the 

Poisson’s Ratio as a function of the applied magnetic fields and other electromagnetic–mechanical 

effects [26]. Using the re-entrant honeycomb as inspiration, Jopek incorporated this auxetic 

cellular structure in a tube as part of a multi-material design to create a sign-tunable auxetic design 

[27]. The sign-tunability in the design of [27] was based on the ratio of the Young’s Moduli of the 

constituent materials where the Young’s Modulus of the outside material is actuated by any 

physical phenomenon such as magnetic field, temperature or any other physical phenomenon. The 

design of this unit cell inherently has one line of symmetry. A sign-tunable design was formulated 

by Jopek [28] based on the same re-entrant honeycomb, as well as a new anti-tetrachiral design 

with multi-material composites actuated by a thermal stimulus.  A sign-tunable auxetic unit cell 

design leveraging bi-material ribs that were dependent on a thermal stimulus was formulated by 

Li et al [29]. The unit cell as portrayed [29], encompasses one line of symmetry like the re-entrant 

honeycomb. Zhao et al. designed and formulated another sign-tunable Poisson’s ratio unit cell 

actuated by a thermal/pressure stimulus based on a 2D zigzagged lattice system with 
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cylinders/plates joined by linkages [30]. The geometry of this system portrayed a single line of 

symmetry and exhibited a positive Poisson’s Ratio at higher pressures/temperatures and auxetic 

behavior at lower values of these applied stimuli [30]. 

 

Based on the existing work performed hitherto, a gap was identified where stimuli 

responsive sign-tunable auxetic structures based on geometries containing over one line of 

symmetry have not yet been formulated. In this work, an existing auxetic structure with multiple 

lines of symmetry was selected and modified to induce sign-tunable auxetic behavior with an 

applied stimulus. The additional symmetry would ensure higher degrees of isotropic behavior of 

the design. For our design, a re-entrant 4-star auxetic structure was chosen due to it’s multiple (4-

lines) lines of symmetry (as seen in Figure 2). This structure was evaluated for its Poisson’s Ratio 

behavior using Finite Element Method (FEM) simulations and are compared against an analytical 

formulation [31]. The auxetic unit cell was then converted into a sign-tunable auxetic structure by 

adding square cross-sectioned linkages with lower elastic modulus and higher thermal coefficients 

than the outside elements to the inside of the 4-star structure. The design was then converted into 

a single material system by incorporating a model of a highly thermally responsive material based 

on Liquid Crystal Elastomer (LCE) [32]. Parametric FEM simulations were then conducted to 

optimize the performance for both material systems. 
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Figure 2 Auxetic 4-star 4 lines of symmetry i.e. square symmetry 
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Results & Discussion 

Analysis of auxetic 4-star unit cell 

 

The materials for all the simulations in this work were modeled as linear elastic materials. 

A plane strain scenario was assumed [36]. Another phenomenon incorporated in these studies was 

geometric non-linearity. Geometrical non-linearity is applicable where there are substantial rigid 

body translations and/or rotations, and/or high strains (>5%) during the simulation [37].  

 

The auxetic 4-star structure was set up as a 2-D material model in COMSOL Multiphysics 

FEM software to test for the negative Poisson’s Ratio behavior at small (1%) strains (where strain 

here is denoted as the displacement of the unit cell edge divided by its original length). The setup 

for this study can be seen in Figure 3. The details of which have been discussed in the methods 

section. The geometry for the 4-star auxetic unit cell is made based on the parameters L1, L2, ti, to 

and θ as seen in Figure 4. The coordinate points used for this unit cell setup are shown in Figure 

5. 
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Figure 3 Schematic for Poisson’s Ratio evaluation of auxetic 4-star unit cell 
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Figure 4 Geometrical set up for auxetic 4-star unit cell 

 

Figure 5 Coordinate points for the auxetic 4-star unit cell 

 



9 

 

Only a quarter of the unit cell is modelled as the results for the unit cell are achieved by 

using symmetry boundary conditions. The coordinates for the other half of the unit cell are 

achieved by mirroring the geometry along the centerline defined at 45o. The exact equations to the 

points in the auxetic 4-star unit cell are as defined in Table 1. Using these coordinates, the quarter 

unit cell geometry is achieved. 

 

Table 1 Coordinates for auxetic 4-star unit cell 

Point x-coordinate y-coordinate 

1 0 𝐿1 

2 
𝑡𝑜

2
 𝐿1 

3 0 √2 𝐿2sin (𝜃 − 45) 

4 0 √2 𝐿2 sin(𝜃 − 45) −
𝑡𝑜

2 sin (𝜃)
 

5 
𝑡𝑜

2
 √2 𝐿2 sin(𝜃 − 45) +

𝑡𝑜

2 
( 

1

tan(𝜃)
+

1

sin(𝜃)
 ) 

6 
𝑡𝑖sin (𝜃)

sin (135 − 𝜃)
 √2 𝐿2 sin(𝜃 − 45) −

𝑡𝑜

2 sin(𝜃)
+

𝑡𝑖sin (𝜃)

sin(135 − 𝜃)
 

7 𝐿2 sin(𝜃) +
𝑡0

2√2 sin (𝜃 − 45)
 𝐿2 sin(𝜃) +

𝑡0

2√2 sin (𝜃 − 45)
 

8 𝐿2 sin(𝜃) 𝐿2 sin(𝜃) 

9 𝐿2 sin(𝜃) −
𝑡0

2√2 sin (𝜃 − 45)
 𝐿2 sin(𝜃) −

𝑡0

2√2 sin (𝜃 − 45)
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 The values used for the analysis of this unit cell and used for the coordinates in Table 1 are 

listed in Table 2. 

Table 2 Parameter values used for auxetic 4-star unit cell analysis 

Parameter Value 

L1 0.5 m 

L2 0.5 m 

to 0.04 m 

Θ 65˚ 

 

The boundary conditions for this setup can be seen in Figure 6. A displacement is also 

applied on the right edge.  

 

Figure 6 Boundary conditions for auxetic 4-star unit cell FEM study 
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 For our setup, the lengths in both axes are the same, which makes the Poisson’s Ratio of 

the unit cell a function of the applied horizontal and evaluated vertical displacement. Thus Eq. (1) 

is converted into:  

 𝑣 = − 

𝑢𝑦
𝑈𝑛𝑖𝑡 𝐶𝑒𝑙𝑙 ℎ𝑒𝑖𝑔ℎ𝑡⁄

𝑢𝑥
𝑈𝑛𝑖𝑡 𝐶𝑒𝑙𝑙 𝑤𝑖𝑑𝑡ℎ⁄

=  − 
𝑢𝑦

𝑢𝑥
 ,  (2) 

 

where ux and uy are displacements as defined in Figure 3. Using Eq. (2) the Poisson’s ratio was 

evaluated for small strains, i.e. 1% strain. An example of the displacement results (deformation 

has been amplified by 10x for better visual understanding) from an example simulation can be 

seen in Figure 7. 

 

Figure 7 Amplified deformation displacement (color bar gives the magnitude of the displacement 

in m) from an example COMSOL applied strain study for the auxetic 4-star unit cell 
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 The study was also run in both linear and non-linear configurations for comparison between 

these and the linear analytical solution discussed in the paper by Ai et al [31]. The comparison 

between the two simulations and the analytical solution can be seen in Figure 8. The comparison 

in Figure 8 showed a close correlation between the linear and non-linear FEM simulations (1.41% 

average percent difference), which makes sense for small strains where geometric non-linearity 

will not play a significant role. The solutions also showed close agreement to the analytical solution 

formulated, which was based on Castigliano’s Theorem which involves a linear analysis on the 

beam models [31]. 

 

 

Figure 8 Poisson’s Ratio approximations for Linear and Non-Linear FEM model and comparison 

with analytical solution for the auxetic 4-star unit cell [31] 
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Addition of cross-linking to induce sign-tunable Poisson’s ratio behavior 

 

To convert this auxetic structure into a sign-tunable Poisson’s Ratio, it was theorized that 

internal linkages should be added to the 4-star auxetic unit cell. Internal cross-linking geometries 

of three types were formulated as seen in Figure 9. 

 

 

Figure 9 Internal Linking setup options theorized for inducing sign-tunability in auxetic 4-star 

system 

 

These three setups were used in parametric studies to evaluate the efficiency and the 

effectiveness for the sign tunability and the maximum change in Poisson’s Ratio. The parameters 

(Young’s Modulus and thickness) of the inside linkages were changed for these studies. For the 

study with varying Young’s Modulus of the inside linkages, the thickness ratio (ti / to) was kept 

constant at 0.25 and the outside material was Aluminum with Eo = 70 GPa. It is observed that at ε 

= 0.01, as the Young’s Moduli Ratio is increased, in relation to that of the outside structure, the 
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Poisson’s Ratio of the unit cell increases for all three types of linkage systems. Based on Figure 

10, we observe that the modulus of the outside linkage system needs to be significantly higher to 

ensure the auxetic behavior of the 4-star unit cell. All three types of linkages portrayed a change 

in the sign of the Poisson’s Ratio as seen in Figure 10 and the maximum difference of 0.514 was 

observed in the cross-link.  

 

 

Figure 10 Poisson's Ratio vs. Young's Moduli ratio comparison for different cross-linking 

options 

 

 A similar study was performed for the changing thickness of the inner linkage. For this, 

the outside material was selected as Aluminum (Eo = 70 GPa) and the inner material was 
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Polypropylene (Ei = 1.5 GPa). The results of these studies can be seen in Figure 11. Like the 

previous results, we see that increases in the inner link thickness cause an increase in the Poisson’s 

Ratio of the unit cell. We also observe that all three cases show a change in sign in the Poisson’s 

Ratio, but the largest difference in Poisson’s Ratio of 0.637 was seen in the “Cross-Link” 

geometry.  

 

 

Figure 11 Poisson's Ratio vs. Thickness ratio comparison for different cross-linking options 

 

Addition of beam buckling to multi-material sign-tunable 4-star auxetic star 

 

For the multi-material sign-tunable auxetic star, the argument was that if the inner linkage 

were softened, the auxetic behavior would start prevailing.  To actuate the sign-tunable behavior 
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of this multi-material 4-star auxetic star and soften the inner beam, it was theorized that when the 

inner linkage was curved, the negative Poisson’s Ratio behavior would prevail. Conversely, when 

this link was under tension, and the curved beam straightened, the structure would take on positive 

Poisson’s Ratio behavior. This approach can be seen in Figure 12. 

 

Figure 12 Theoretical Approach behind design of Sign-Tunable Poisson's Ratio modified auxetic 

4-star unit cell showing relative 10x amplified displacement 

 

As a simplified model for this, the individual linkages can be assumed to be cantilever 

beams undergoing axial or bending deformation. The bending and axial force acting on these is 

shown in Figure 13. 
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Figure 13 Cantilever beam bending and axial force setup for theoretical evaluation 

 

Pbending and Paxial are the forces acting on the cantilever beam in the two scenarios and are 

defined as: 

 𝑃𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =  
3𝐸𝐼

𝐿3
𝛿, (3) 

 

 𝑃𝑎𝑥𝑖𝑎𝑙 =  
𝐸𝐴

𝐿
𝛿, (4) 

 

 

where, E is the Young’s Modulus, I is the area moment of inertia of the beam, L is the length of 

the beam, A is the area of the cross section and δ is the deflection in the direction of the applied 

force. Now we consider our unit cell geometry and the perturbed curved link as straight links in a 
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triangle. We also consider a simplified load P in the direction of the cross-link. We consider the 

stiffness as well to be in the direction of the load. This system is shown in Figure 14. 

 

Figure 14 Simplified model and assumed triangle setup for auxetic 4-star unit cell stiffness 

evaluation 

 

Where, pr is the perturbation in the inner cross-linkage that the inner cross-link has from 

the straightened beam. From Figure 14, we observe the corresponding trigonometric relations:  

 tan(𝜃) =  
𝑝𝑟

𝐿
 (5) 

 

 cos(𝜃) =
𝐿

𝐻
. (6) 

 

 

Using Eq. (3) through Eq. (6), we observe that the deflections are estimated as –  
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𝑢 =

𝐿𝑃

𝐸𝐴
 

 

 

(7) 

 

 𝑣 =
𝐿3

3𝐸𝐼𝑐𝑜𝑠(𝜃)3
𝑃𝑠𝑖𝑛(𝜃) . (8) 

 

 

The total displacement δ from Figure 14 then becomes –  

 𝛿 = 𝑢 𝑐𝑜𝑠(𝜃) + 𝑣 𝑠𝑖𝑛(𝜃) . (9) 

 

Also, for the square cross-section of the linkages being evaluated, assuming the depth to 

be the same as the thickness, the area moment becomes –  

 𝐼 =
𝑡4

12
 . (10) 

 

  

 

Now for evaluating, the total displacement vs. load and using Eq. (7) through Eq. (10), the 

total displacement becomes –  

 𝛿 =
𝐿𝑃

𝐸𝑡2
(cos(𝜃) +

4𝐿2

𝑡2

 sin2(𝜃)

cos3(𝜃)
 ) . (11) 

 

 

Now evaluating the deflection at 0˚ (when the beam is straight) and 45˚ (when the beam 

has been perturbed from Eq. (11) –  

 𝛿0° =
𝐿𝑃

𝐸𝑡2
  (12) 
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 𝛿45° =
√2𝐿𝑃

𝐸𝑡2
(1 +

16𝐿2

𝑡2
) (13) 

 

 

For this thin beam model we assume, L2/t2  >> 1, thus Eq. (13) becomes –  

 𝛿45° =
16√2𝐿3𝑃

𝐸𝑡4
 . (14) 

 

 

Thus, the individual stiffnesses at 0˚ and 45˚ and the stiffness ratios then becomes – 

 𝑘0° =
𝐸𝑡2

𝐿
  (15) 

 

 𝑘45° =
𝐸𝑡4

16√2 𝐿3
 (16) 

 

 
𝑘45°

𝑘0°
=

1

16√2
(

𝑡

𝐿
)

2

. (17) 

 

 

 From the above stiffness evaluation, we observe that the stiffness of a curved buckled thin 

beam (t/L < 0.1) is much less than that of a straight thin beam. This enables us to use these less 

stiff angled beams for our auxetic star model, and the stiffer straightened beam for the non-auxetic 

behavior model. 

 

Using a similar setup, we can determine the stiffness ratios of the internal and outside 

linkages of this modified auxetic 4-star. Assuming the angle between L1 and L2 to be 65˚, the 

stiffness of the inner and outer linkage is determined to be –  
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 𝑘𝑖 =
𝐸𝑖𝑡𝑖

2

𝐿
  (18) 

 

 𝑘𝑜 =
𝐸𝑜𝑡𝑜

4

88.3 𝐿3
 

(19) 

 

 
𝑘𝑖

𝑘𝑜
=

𝐸𝑖

𝐸𝑜
(

𝑡𝑖

𝑡𝑜
2

)
2

88.3 𝐿2 (20) 

 

 

Thus, we see that the stiffness ratios of the inner and outer linkages vary linearly as the 

ratio of Young’ moduli. We also observe that the thickness ratio of the outside linkage has a higher 

impact than that of the inner linkage. From Figure 10 and Figure 11, we can that near zero 

Poisson’s ratio, the “cross-link” geometry indeed exhibits a greater sensitivity to variations in ti 

than the elastic modulus. One key element that is not captured by the analytical model but is seen 

in Figure 12, is the saturation in Poisson’s ratio variation at large values of ti. 

 

 To initiate this beam buckling, the auxetic 4-star was designed with materials with a high 

value of α for the inner cross-links and a low value for the main linkages. Aluminum was selected 

as the material for the auxetic 4-star unit cell structure due to its high Young’s Modulus in relation 

to that of the inner linkage material, low α and adaptability for thin part manufacturing. To 

physically test these unit cells, the inner linkage was proposed to be 3-D printed. Thus, 

commercially available 3-D printed materials were evaluated for the highest possible thermal 

strain to be utilized as the material of construction for the inner linkages. These were TangoBlack, 

ABS and Polypropylene. This comparison can be seen in Table 3. 
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Table 3 Comparison for inner-linkage 3D printable material selection 

Material 

Linear coefficient of 

thermal expansion – α 

(m/m * ˚C) 

Temperature range 

(˚C) 

Expansion strain 

resultant (α * ΔT) 

Tango Black [41] 2.3 e-4 60 0.0138 

Polypropylene [42] 1.5 e-4 100 0.0150 

ABS [42] 0.9 e-4 98 0.0088 

 

To maximize the buckling, Polypropylene was chosen due to the highest expansion strain 

resultant. The multi-material unit cell was then simulated to observe this buckling behavior. The 

simulation results for this can be seen in Figure 15. The ambient temperature was taken to be 

293.15 K and the temperature applied on the unit cell was swept from 293.15 K to 413.15 K. 
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Figure 15 Buckling simulation on COMSOL for multi-material 4-star sign-tunable auxetic unit 

cell showing total displacement (the color bar gives the magnitude of the displacement in m) 

 

The rest of the parameters, boundary conditions, and setup of the FEM simulation have 

been discussed in the methods section. The new geometry and the new coordinate points added 

can be seen in Figure 16. The coordinates of the additional points on the unit cell, added due to the 

incorporation of the cross-link have been listed in Table 4. These points are on a quadratic Bezier 

curve with points 10 & 11 as the control points. 
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Figure 16 Geometrical set up and coordinates for multi-material sign-tunable auxetic 4-star on 

COMSOL 

 

Table 4 Coordinates of additional points added in multimaterial sign-tunable 4-star unit cell 

Point x-coordinate y-coordinate 

10 
𝐿2 sin(𝜃 − 45) + 𝑡𝑖

√2
−  

𝑡𝑜

4 sin(𝜃)
+

𝑝𝑟

√2
 

𝐿2 sin(𝜃 − 45) +  𝑡𝑖

√2
−  

𝑡𝑜

4 sin (𝜃)
+

𝑝𝑟

√2
 

11 
𝐿2 sin(𝜃 − 45)

√2
−  

𝑡𝑜

4 sin (𝜃)
+

𝑝𝑟

√2
 

𝐿2 sin(𝜃 − 45)

√2
−  

𝑡𝑜

4 sin (𝜃)
+

𝑝𝑟

√2
 

 

The values used for the analysis of this unit cell and used for the coordinates in Table 1 

and Table 4 can be seen in Table 5. 
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Table 5 Additional parameter values used for modified sign-tunable auxetic 4-star unit cell 

analysis 

Parameter Value 

ti 0.01 m 

tratio = ti / to 0.25 

Pr 0.01 m 

 

As seen from Figure 15, the unit cell undergoes a uniform thermal expansion with the 

application of temperature. The Poisson’s ratio calculation from Eq. (1) and Eq. (2) must be 

modified to incorporate this thermal expansion. Thermal Strain (strain caused by the thermal 

expansion on application of temperature to the unit cell) is calculated by using Eq. (21) – 

 

 휀(𝑥/𝑦)  𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =  
𝑢(𝑥/𝑦) 𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑈𝑛𝑖𝑡 𝐶𝑒𝑙𝑙 𝐿𝑒𝑛𝑔𝑡ℎ
 , (21) 

 

where ε(x/y) thermal is the thermal strain in either the x or y direction and u(x/y) is the displacement of 

the edge of the unit cell due to unconstrained thermal expansion. The corrected Poisson’s ratio for 

this setup is then evaluated by removing this thermal strain from the applied horizontal and 

evaluated vertical strain and can be seen in Eq. (22) – 

 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑅𝑎𝑡𝑖𝑜 =  𝑣 = −
휀𝑦 − 휀𝑦,𝑡ℎ𝑒𝑟𝑚𝑎𝑙

휀𝑥 − 휀𝑥,𝑡ℎ𝑒𝑟𝑚𝑎𝑙
   

 𝑣 = −
𝑢𝑦 − 𝑢𝑦,𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑢𝑥 − 𝑢𝑥,𝑡ℎ𝑒𝑟𝑚𝑎𝑙
 . (22) 
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For the evaluation 3 different nomenclatures of displacements were used, where the total 

displacement is the displacement on the system prescribed in the solver without removal of the 

thermal displacement; the thermal displacement is obtained from the thermal strain as discussed 

previously, and the applied displacement in the corrected applied displacement to the unit cell after 

removing the thermal effects from the expansion / compression. 

 

An example of the unit cell displacement due to unconstrained thermal expansion in the 

simulation characterizing free thermal expansion and can be seen in Figure 17. From Figure 17, it 

is observed that both the x-axis and y-axis displacements were identical. In addition, the expansion 

behavior of the unit cell is observed to be non-linear, which is contributed to by the buckling of 

the inner beam. A polynomial fit was applied to the thermal displacement to facilitate its 

subtraction from the simulation used to characterize the unit cell’s Poisson’s Ratio. 
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Figure 17 Thermal displacement vs. applied temperature for the sign-tunable 4-star unit cell 

under free expansion 

 

The Combined Simulation was then used for the same parameters to evaluate the total 

displacement (Eq. )in the system at each temperature value between 293.15 K and 413.15 K. Eq.  

was then used to evaluate the applied displacement (Eq. ). A contour plot was produced using Eq. 

(22) and plotted as a function of the applied temperature and strain. The normalized perturbation 

of the inner linkage was added to this plot as well. These results for this can be seen in Figure 18. 
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Figure 18 Poisson's Ratio contour plot for Aluminum Polypropylene sign-tunable 4-star auxetic 

unit cell as a function of applied temperature and horizontal applied strain 

 

From Figure 18, we observe that this modified multi-material 4-star unit cell portrays a 

sign-tunable Poisson’s Ratio behavior at small strain values. The normalized perturbation value 

showcases the transition point in regard to the applied horizontal strain of the curved beam to the 

straight beam in the initial design of the unit cell and can be used to show the transition in the 

behavior of the design. As the perturbation value is reached, we see that the inner linkage starts to 

be in tension and reduces the auxetic behavior of the system, A comparison plot of the Poisson’s 

Ratio values at 293.15 K (ambient temperature), 363.15 K (half of applied temperature range) and 
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413.15 K (maximum applied temperature) was produced to observe this sign-tunable behavior and 

can be seen in Figure 19. 

 

 

Figure 19 Poisson's Ratio vs. Applied Horizontal Strain at different temperature values 

 

.  

 The Poisson’s Ratio is also evaluated using a secant method methodology where change in 

the longitudinal strain is evaluated against change in the lateral strain and can be seen below –  

 𝑣 = − 
𝑑𝜀𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙

𝑑𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙
   

(23) 
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The results using this methodology for the Poisson’s Ratio evaluation can be seen in Figure 

20. The results for this as compared to the previous contour plot shows very close agreement. The 

secant method predicts a slightly higher Poisson’s Ratio from the tangent method used initially. 

 

 

Figure 20 Poisson's Ratio contour plot for Aluminum Polypropylene sign-tunable 4-star auxetic 

unit cell as a function of applied temperature and horizontal applied strain using the secant method 

 

One major assumption made in all these evaluations was that the Young’s modulus would 

remain constant as a function of temperature. Li et al produced a model predicting the behavior of 

Young’s modulus of Polypropylene as a function of temperature [43]. This model predicted that 
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at the highest applied temperature of 398.15 K, there is a 90% reduction in the Young’s Modulus. 

Using linear interpolation, at 393.15 K, we can assume that there would be a reduction of 85.5%. 

Between ambient room temperature (296.15 K) and 423.15 K, there is not a significant impact on 

the Young’s modulus of the Aluminum [44, 45], we estimate the impact this has on the stiffness 

ratio of the internal and external linkage. From (20), we see that the stiffness ratio would reduce 

by the same 85.5%. This would thus improve the response of the Polypropylene as there would be 

increased softening behavior at higher temperatures that further enhances the auxeticity. 
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Parameter Optimization of Aluminum Polypropylene modified 4-star unit cell 

 

The next step in the design was to optimize the geometric design parameters of our unit 

cell to increase the change in Poisson’s Ratio while maintaining the sign-tunable behavior 

observed earlier. To optimize the performance of this Aluminum Polypropylene 4-star unit cell, 

studies were run with varying values of the individual constituent geometric parameters. The 

parameters that were optimized were – L1, tratio, ti/o, pr and θ.  

 

L1 Parameter Optimization 

 

L1 i.e. length of the connecting links was optimized first. The geometrical constraint used 

was that this linkage length was to be longer than that of the angled linkage lengths (L2) of the 

auxetic 4-star. This constraint ensured that the unit cell system would connect into a lattice 

structure without clash interference from the outer linkages with each other. Thus, the optimization 

study for L1 is ran in the following range – 

 1 <  
𝐿1

𝐿2
 <  ∞ . (24) 

 

The rest of the parameters were kept the same as stipulated in Table 5. The results of this 

optimization study can be seen in Figure 21 and Figure 22. 
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Figure 21 Poisson's Ratio values at 1% strain vs L1/L2 for minimum and maximum temperature 

 

Figure 22 Poisson's Ratio difference at 1% strain vs L1/L2 for minimum and maximum 

temperature 
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From Figure 21 and Figure 22 we observe that the lower the value of L1 / L2 used, the 

higher the difference in Poisson’s Ratio is observed (albeit this is a weak dependence). Figure 21 

shows that as L1 increases the auxeticity also reduces slightly. Intuitively, this makes sense as L1 

→ ∞ the re-entrant 4-star structure starts to be overshadowed and the structure essentially takes 

the shape of a straight square lattice (which shows non-auxetic behavior).  

 

θ Parameter Optimization 

 

The angle, θ, i.e. the angle between L1 and L2, was the next parameter optimized. The lower 

geometrical constraint imposed to this optimization was that the angle had to be greater than 45˚. 

From Figure 8 it is also seen that above 70˚ for the 4-star auxetic unit cell, the Poisson’s Ratio 

becomes positive, and our structure will lose the sign tunability. To also accommodate for the 

thickness and to ensure that the unit cell is formed properly, the lower limit prescribed is modified 

and combined with the previous constraint into:  

 45° ≪ 𝜃 < 70˚. (25) 

 

The rest of the parameters were kept the same as stipulated in Table 5. The results of this 

optimization study can be seen in Figure 23 and Figure 24. 
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Figure 23 Poisson's Ratio values at 1% strain vs θ for minimum and maximum temperature 

 

 

Figure 24 Poisson's Ratio difference at 1% strain vs θ for minimum and maximum temperature 
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From Figure 23 and Figure 24, we observe that the highest Poisson’s Ratio difference was 

observed at θ = 65˚ for ε = 0.01.  

 

tratio Parameter Optimization 

 

The thickness ratio, tratio is optimized next. There was no geometrical constraints enforced 

on tratio. The lower geometrical constraint necessary for the inner linkage to exist was tratio > 0. The 

upper limit was open-ended, but it was observed that for the Aluminum Propylene unit cell system, 

the inner linkage had to be thinner than the outer linkage to portray sign tunability of the Poisson’s 

Ratio as the inner linkage stiffness needed to be significantly less than that of the outer linkage 

system. This meant: 

 0 < 𝑡𝑟𝑎𝑡𝑖𝑜 < 1. (26) 

 

The rest of the parameters were kept the same as stipulated in Table 5. The results of this 

optimization study can be seen in Figure 25 and Figure 26. 
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Figure 25 Poisson's Ratio values at 1% strain vs tratio for minimum and maximum temperature 

 

 

Figure 26 Poisson's Ratio difference at 1% strain vs tratio for minimum and maximum 

temperature 



38 

 

 

From Figure 25 and Figure 26, we observe that the prescribed value of tratio produced the 

most negative Poisson’s Ratio of -0.158 at the lowest ambient temperature and a difference in 

Poisson’s Ratio of 0.4422. The maximum Poisson’s Ratio change was observed for thickness ratios 

around 0.325, where the change observed was 0.5733, while the minimum value observed was -

0.0873. These results made sense as the lower the thickness ratio is made, the thinner the inner 

linkage becomes, and the lower the inner linkage’s stiffness becomes relative to the outer stiffness. 

Thus, the inner linkage does not exhibit enough rigidity to force the unit cell to behave as a positive 

Poisson’s Ratio material at lower temperatures and the auxetic 4-star behavior dominates. 

Conversely, as tratio increases in value, the stiffness of the inner linkage becomes too high causing 

the structure to become a purely non-auxetic structure. The Poisson’s Ratio difference is 

maximized when tratio is in the regime of [0.3, 0.35]. As the tratio starts approaching 0.35, the 

structure starts to lose its auxetic behavior. The tratio = 0.25 was selected due to the most negative 

Poisson’s Ratio value observed at that point. Thus, for tratio we were in the sign-tunable regime, 

and at the least possible Poisson’s ratio, though the highest difference in Poisson’s Ratio was 

observed to be at tratio = 0.325 

 

Individual Thickness (ti & to) Parameter Optimization 

 

The overall individual thicknesses i.e., ti and to were the next values optimized. For this 

optimization, the parameter tratio was kept constant at 0.25, meaning both the thicknesses were 

amended, thus the ti and in effect, the to parameter. The only geometric constraint in this 

optimization was that the outer thickness had to be kept much smaller than the outer beam linkage 
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to ensure that there is as little overlap of the structure on itself. The rest of the parameters were 

kept the same as stipulated in Table 5. The optimization was run for values around the prescribed 

value of ti to observe the trends of Poisson’s Ratio difference. The results of this optimization study 

can be seen in Figure 27 and Figure 28. 

 

 

Figure 27 Poisson's Ratio values at 1% strain vs ti for minimum and maximum temperature 



40 

 

 

Figure 28 Poisson's Ratio difference at 1% strain vs ti for minimum and maximum temperature 

 

From Figure 27 and Figure 28, we observe that the smaller the values of ti and to, the higher 

the Poisson’s Ratio difference observed. The results indicate that as the material is made thicker, 

i.e., ti and to both increase, the material starts to lose the change in Poisson’s Ratio. Thus, the 

thinner the beams, the better the performance of this sign-tunable design. Intuitively, this makes 

sense as the design becomes thicker, it starts to become a bulk material and the Poisson’s Ratio of 

the design tends to become that of the material of construction, which for most materials is positive. 

The bending behavior characterized by the thin beams starts to reduce causing the auxetic 4-star 

to start losing its inherent auxetic properties. Thus, for the thickness parameters, the design is 

optimized for lower values.  
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pr Parameter Optimization 

 

The last parameter optimized was the perturbation – pr. The lower constraint for the 

perturbation as seen from Figure 15 is that there needs to be a small value of pr to ensure the 

direction of the beam buckling and softening. There was no upper constraint applied to this 

optimization but visually, the constraint placed was that the perturbation should be much smaller 

than the length of L2 to ensure that the inner beam does not overlap with the outer linkage: 

 0 < 𝑝𝑟 ≪ 𝐿2, (27) 

 

The rest of the parameters were kept the same as they are prescribed in Table 5. The results 

for this optimization study can be seen in  Figure 29 and Figure 30. 

 

Figure 29 Poisson's Ratio values at 1% strain vs pr for minimum and maximum temperature 
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Figure 30 Poisson's Ratio difference at 1% strain vs pr for minimum and maximum temperature 

 

From Figure 29 and Figure 30, we observe that with an increase in perturbation – pr, the 

difference in Poisson’s Ratio decreases. From the results it is observed that as perturbation is 

reduced, the higher the difference in Poisson’s Ratio is observed. It is seen that while the minimum 

Poisson’s Ratio remains about the same, the highest Poisson’s Ratio decreases, thus reducing the 

difference in Poisson’s Ratio. This is explained by the fact that with increased initial perturbation, 

the auxetic 4-star behavior starts to dominate the design, and the sign-tunability starts to reduce. 

The smaller perturbation enables the structure to transition quicker from the bent softened auxetic 

configuration to the in-tension straightened beam, non-auxetic configuration, providing a larger 

range of possible tunable Poisson’s Ratio values. Thus, the smallest possible value of perturbation 

would be the optimized value. 
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Incorporation of Liquid Crystal Elastomer-based vascular artificial muscle 

 

Liquid Crystal Elastomer based artificial muscle as discussed by He et al. was incorporated 

due to its high strain induced by relatively small changes in temperature [32]. The actuation strain 

at different temperatures for this LCE model were evaluated from the thermal strain portrayed in 

this paper and can be seen in Figure 31. For the quasi-static study performed the heating time was 

irrelevant.  

 

Figure 31 LCE model actuation (shrinkage) strain vs heating time for different temperatures, 

modelled after Ref. [32] 
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The coefficient of linear thermal expansion α was calculated from the maximum thermal 

strain from Figure 31 at different temperature values. The calculated values of α for different 

temperatures are shown in Figure 32. 

 

Figure 32 LCE coefficient of linear thermal expansion at different temperatures 
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 The Poisson’s Ratio for this new setup and its prescribed values (as shown in Table 6) was 

evaluated as for the prior design, the results of which can be seen in Figure 36. We note that LCE 

is highly anisotropic, nonlinear elastic, and has a strongly temperature dependent elastic modulus, 

however, for an initial estimate, we choose the material to be isotropic, with a constant elastic 

modulus and Poisson's ratio of 2 MPa and 0.5, respectively based on the analysis done by Wang 

et al [46].. Two types of LCE materials were utilized in this setup – one thermally active, for the 

inner linkage, and the other thermally inactive (α ≈ 0), for the outer linkage. With the negative α, 

it was theorized that at lower applied temperatures, the new design would portray a negative 

Poisson’s Ratio and at higher temperatures a positive Poisson’s Ratio, thus showing an opposite 

dependency on temperature than the Aluminum Polypropylene sign-tunable 4-star unit cell. The 

new setup with the material distribution can be seen in Figure 33. 

 

Figure 33 Material distribution and setup of new LCE modified 4-star auxetic unit cell 
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Due to the negative value of α, i.e. the material would contract with an increase in 

temperature, the material was initially provided with a high perturbation for the inner linkage, as 

shown in Figure 34, designed so to allow the 4-star auxetic design to dominate and show negative 

Poisson’s Ratio at lower temperatures, and a positive Poisson’s Ratio at higher temperatures.  

 

Figure 34 Theoretical Approach behind design of LCE Sign-Tunable Poisson's Ratio modified 

auxetic 4-star unit cell 

 

From Figure 33 it is also visible that the parameters ti and pr were modified. The rest of the 

parameters used in the analysis of this LCE system can be seen in Table 6. Thickness was reduced 

to ensure the stiffness of the inner linkage was reduced significantly as the Young’s Moduli of the 

whole design was the same, in contrast to the aluminum-polypropylene design. The angle was also 

reduced as the aim for this scenario (as discussed in the results by Ai et al. [31]) was to achieve 
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the lowest negative Poisson’s Ratio possible. The inner linkage thickness and the thickness ratio 

were also reduced to aid with this. 

 

Table 6 Parameters values used for LCE modified sign-tunable auxetic 4-star unit cell analysis 

Parameter Value 

L1 0.5 m 

L2 0.5 m 

to 0.02667 m 

ti 0.005 m 

tratio = ti / to 0.1875 

Θ 55˚ 

Pr 0.075 m 

 

Like the Aluminum Polypropylene modified 4-star auxetic unit cell analysis, the LCE 4-

star analysis was set up. This setup is similar to that prescribed in Figure 42 and Figure 43, where 

two studies were run, first to characterize the unit cell’s free thermal expansion, and second to 

characterize it’s Poisson’s Ratio under mechanical and thermal loading. Temperature was applied 

up to 75˚C (348.15 K) to get ≈ 30% contraction in the thermally active LCE (as seen in the results 

by He et al [32]). An example of the free expansion at maximum temperature can be seen in Figure 

35. The methodology, setup and boundary conditions for this LCE sign-tunable Poisson’s Ratio 4-

star unit cell FEM simulation is discussed in the methods section. The Poisson’s Ratio was 

calculated using the same methodology as the Aluminum Polypropylene 4-star unit cell.  
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Figure 35 Free Expansion study results for LCE based modified sign-tunable 4-star auxetic unit 

cell 

 

Based on this analysis, a contour plot, as can be seen in Figure 36, similar to the ones 

produced in the previous section were made for the LCE model as a function of the temperature 

and the applied horizontal strain. The Poisson’s Ratio difference at 1% strain evaluated in this 

system was observed to be 1.1302, which was significantly larger than that seen in the Aluminum 

Polypropylene design. The applied temperature range required for the actuation and performance 

of this unit cell was 75K, much lower than the 140K required for the previous design. The 
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temperature at which the curved perturbed beam would be approximately straightened out was 

also determined, where the length of the perturbed beam was evaluated to be 0.188 m and the 

length of the straightened beam was evaluated to be 0.155 m. Assuming the temperature difference 

needed to straighten the curve beam, is the difference in lengths between the beams in the two 

states, and a coefficient of thermal expansion of α = -0.0055 m/mK. The value of ΔT was evaluated 

to be 31.6 K and corresponds to an applied temperature of 324.75 K. This applied temperature has 

also been added to Figure 36. We observe that this closely corresponds to a Poisson’s Ratio of 0, 

as when the beams get close to getting straightened out the Poisson’s Ratio should be transitioning 

from negative to positive. The inconsistencies observed in the contour plot at small horizontal 

applied strain values can be attributed to imprecision of the software at small values which is 

known as arithmetic underflow. The Poisson’s Ratio is calculated using the ratio of the 

displacements, and when these values are very small, due to this imprecision, large errors can be 

caused owing to 0/0 calculations. 
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Figure 36 Poisson's Ratio contour plot for LCE sign-tunable 4-star auxetic unit cell as a function 

of applied temperature and horizontal applied strain 
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Theoretical Limit comparison for LCE auxetic 4-star unit cell 

 

To estimate the theoretical limits of our design, a simplified model was made for this 

modified unit cell was made and ran like that for the previous studies. The Poisson’s Ratio was 

approximated for a model without the cross-links for the performance. For the lower limit, the 

system would inherently be the 4-star auxetic unit cell. For the upper limit, the thickness of the 

inner cross-link would be much higher than that of the outside linkage. The results of this were 

evaluated by using a simplified diamond lattice system. The results for all of these comparisons 

can be seen in Figure 37. 

 

Figure 37 Poisson’s Ratio approximations for system with and without cross link and 

comparison with analytical solution for the LCE auxetic 4-star unit cell 
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The lower limit results plotted were the same as shown in Figure 8. The upper limit of the 

Poisson’s Ratio was found to be ~ 1. This is similar to what is expected for a diamond lattice 

structure. The maximum Poisson’s Ratio difference observed for the LCE based system at was 

1.375, while the theoretical limit for the same angle was found to be 1.711. This difference can be 

attributed to the fact that the minimum Poisson’s Ratio was not achieved due to the fact that the 

internal linkage was not completely eliminated from the 4-star auxetic unit cell, and it decreased 

the auxetic behavior. The maximum Poisson’s Ratio difference in the real LCE simulation can be 

caused by the link not straightening completely after application of temperature and creating a 

small gap in this observed value. The smallest possible value for the angle should thus be used to 

achieve a higher change in Poisson’s ratio. The angle utilized in the evaluation was to minimize 

the overlap between the outside linkages. 
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Comparison of LCE Lattice system with unit cell 

 

An 3X3 lattice system was made based on the LCE unit cell system designed in the 

previous section. The setup, boundary conditions and the geometry has been discussed in the 

methods section and can be seen in Figure 45. The parameters for the setup of the geometry are 

the same as prescribed in Table 6. An analysis like that of the LCE unit cell was performed on the 

LCE lattice system and a contour plot produced for comparison. The results of this can be seen in 

Figure 38. On comparing Figure 36 and Figure 38, it is observed that the Poisson’s Ratio results 

were almost identical between the unit cell and the 3X3 Lattice system.  

 

Figure 38 Poisson's Ratio contour plot for LCE sign-tunable 4-star auxetic 3X3 lattice as a 

function of applied temperature and horizontal applied strain 
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This is further emphasized by the results in Figure 39, where we observe the average 

difference between the two results (disregarding values very close to 0), was 1.96%. This shows a 

very close agreement between the 2 setups, indicating the results of the lattice would line up with 

those of the unit cell.  

 

Figure 39 Comparison plot for Poisson's Ratio vs applied temperature at 1% strain for LCE unit 

cell and 3X3 lattice 

 

As before, we also calculated the Poisson’s ratio variation for the 3x3 lattice system using 

the secant definition of Poisson’s ratio The results for these can be seen in Figure 40. The 
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comparison again shows close agreement between the two evaluations, but the secant method 

shows a slightly higher predicted value for the Poisson’s Ratio. 

 

Figure 40 Poisson's Ratio contour plot for LCE sign-tunable 4-star auxetic 3X3 lattice as a 

function of applied temperature and horizontal applied strain using the secant method 

 

The parameters for the LCE-based deisgn were optimized in a manner to ensure that the 

LCE unit cell could be 3-D printed and tested on an Instron machine with an attached thermal 

chamber. The specifications of this machine are as listed here [47]. The print resolution of the LCE 

was 1 mm, and the design was optimized to ensure that one-unit cell could be printed and placed 

inside this chamber, while also leaving a reasonable space for the design to be strained. Thus, the 
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future steps after the validation of this design on FEM would be to 3-D print one of these unit cells 

and physically test them on the Instron with the attached thermal chamber for physical validation 

of the design. 
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Conclusion 

 

A sign-tunable single material auxetic structure was designed based on the existing 4-star 

auxetic unit cell by adding interlinking to the inside of this design. This design has the distinct 

advantages of having high isotropy due to its square symmetric nature while maintaining, a high 

Poisson’s Ratio difference, sign-tunability as a function of applied stimulus, and 3-D printing 

adaptability due to a single material of construction (in the case of the LCE-based design). The 

design based on the 4-star was first made in a multi-material configuration and later, LCE-like 

materials were also incorporated due to their significant thermal contraction, 3-D printability, and 

ability to be manufactured in both a thermally active and inactive configuration. This system was 

then setup in a lattice configuration to compare with the performance of the unit cell. This analysis 

showed close agreement. For future testing, the design was optimized to be fit in an Instron 

mechanical machine with a thermal chamber to provide experimental validation to the design. 
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Methods 

 

For the theoretical approximation of the Poisson’s Ratio, a finite element analysis and 

Multiphysics simulation solver software was required. COMSOL Multiphysics was utilized for all 

the studies performed in this thesis. The COMSOL results for all different studies were exported 

into MATLAB to evaluate the results for the poisson’s ratio for the different configurations and 

parameters. The details for each simulation type are discussed in the following sub-chapters. 

 

FEM Setup for auxetic 4-star unit cell analysis 

 

For the unit cell analysis to ascertain the behavior of the Poisson’s Ratio of the auxetic 4-

star, the following steps and setup were used. The mesh shape utilized in this study were free 

triangular. The element sizing used in COMSOL was ‘extremely fine’. An example of this meshing 

can be seen in Figure 41. 
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Figure 41 Meshing using 'extremely fine' triangular elements on auxetic 4-star unit cell in 

COMSOL 

 

The ‘include geometric non-linearity’ option was also turned on. MUMPS was the type of 

solver used by the direct solver module. The output of the displacements was taken from COMSOL 

and exported into MATLAB. Scripts were run like the ones shown in Appendix A to evaluate the 

results. 
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FEM Setup for multi-material sign-tunable Poisson’s Ratio 4-star unit cell analysis 

 

The type of setup and study for both the solvers were the same as in the previous setup 

except for the addition of the ‘Thermal Stress, Solid’. The geometry was updated on COMSOL in 

accordance as detailed in Figure 16 and Table 4. The boundary conditions for both Combined 

Simulation and Free thermal expansion only simulation was the same except for the addition of an 

applied displacement on the right edge of the unit cell for the Combined Simulation. The boundary 

conditions for the simulations used to measure the unit cells thermal expansion behavior and to 

measure the temperature dependent Poisson’s ratio can be seen in Figure 42 and Figure 43. 

 

 

Figure 42 Boundary Conditions for Combined Simulation for multi-material sign-tunable 4-star 

unit cell 
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Figure 43 Boundary Conditions for Free thermal expansion only simulation for multi-material 

sign-tunable 4-star unit cell 

 

The meshing and solver configurations were the same as stated in the previous setup. The 

post-processing was performed using a different MATLAB script which can be seen in Appendix 

A. 

 

FEM Setup for LCE sign-tunable poisson’s ratio 4-star unit cell analysis 

 

For the LCE sign-tunable Poisson’s Ratio 4-star unit cell, the model was again evaluated 

using two separate FEM models as in the previous section (one to measure the unit cell’s free 

thermal expansion, and the other to measure it’s Poisson’s ratio as a function of temperature and 
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applied strain).  The type of setup and study, and the geometry parameters for both these studies 

were kept the same. The perturbation values were increased to accommodate for the compression 

effect of the thermally inactive LCE. The materials in this case for the whole unit cell was set to 

two types of LCE – thermally active and thermally inactive and can be seen in Figure 44.  

 

 

Figure 44 Material distribution for LCE sign-tunable poisson's ratio 4-star unit cell 

 

The boundary conditions, meshing, solver configurations and post-processing MATLAB 

scripts were kept the same for both studies as in the previous section. 
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FEM Setup for LCE sign-tunable Poisson’s Ratio 4-star lattice analysis 

 

The type of setup and setup were kept consistent for the lattice analysis, but the geometry 

was converted into a system that would produce results for a 3X3 lattice system with the symmetry 

boundary conditions. The boundary conditions were also kept similar except for the parameter 

values of the applied displacement to keep them consistent in terms of strain to the LCE unit cell 

analysis. The material distribution was also kept the same and can be seen in Figure 45. 

 [43]

 

Figure 45 Geometry, boundary conditions and material distribution for 3x3 LCE Lattice system 

FEM analysis 
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The boundary conditions between the Combined Simulation and the Free thermal 

expansion only simulation had the same difference i.e. the addition of applied displacement on the 

right edge. The applied displacement was applied on the whole right edge of the system. The 

meshing was changed to a custom mesh whose element sizes were 1/6th the size used in all the 

other studies. This was to accommodate the increased size of the geometry of the lattice system. 

The solver configurations and the post-processing methodology was also kept the same. 
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Appendix 

Appendix A  

Sample MATLAB Script used to evaluate the COMSOL studies 

%% Input Data 

  

clear all 

  

filename = 'MajData_7_23.csv'; 

MajData = csvread(filename,1,0); 

filename2 = 'FreeExp_7_23.csv'; 

FreeExp = csvread(filename2,1,0); 

Texp = FreeExp(:,1); 

uexp = FreeExp(:,4); 

vexp = FreeExp(:,3); 

  

Tsteps = length(FreeExp); 

usteps = length(MajData)/Tsteps; 

  

polyn = 4; 

  

% uexp = smooth(uexp); 

% vexp = smooth(vexp); 

  

%% Unit Cell Thermal Expansion  

  

figure(1) 

plot(Texp-273.15,uexp); 

hold on 

plot(Texp-273.15,vexp); 

xlabel('Temp (deg C)'); 

ylabel('Displacement (m)'); 

legend('X-Axis','Y-Axis') 

title('Unit Cell Expansion with Temperature') 

grid on 

grid minor 

  

%% Polyfit Thermal Expansion 

  

p1 = polyfit(Texp,uexp,polyn); 

%p2 = polyfit(vexp,Texp,5); 
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fitvals1 = polyval(p1,Texp); 

%fitvals2 = polyval(p2,Texp); 

  

figure(2) 

plot(Texp,uexp); 

hold on 

%plot(Texp,vexp,'--'); 

  

plot(Texp,fitvals1); 

%plot(Texp,fitvals2,'--'); 

  

xlabel('Temp (deg C)'); 

ylabel('Displacement (m)'); 

legend('X-Axis','Polynomial Fit') 

title('Unit Cell Expansion with Temperature') 

grid on 

grid minor 

  

%% Applied Displacement Calculation 

  

uval = length(FreeExp); 

uall = MajData(:,1); 

vall = MajData(:,5); 

  

TMaj = MajData(:,2); 

TMaj = reshape(TMaj,[Tsteps,usteps]); 

TMaj = TMaj(:,1); 

  

uMaj = reshape(uall,[Tsteps,usteps]); 

vMaj = reshape(vall,[Tsteps,usteps]); 

  

for i = 1:Tsteps 

   for j = 1:usteps 

       

       uapp(i,j) = uMaj(i,j)-uexp(i); 

       vapp(i,j) = vMaj(i,j)-vexp(i);  

        

       pr(i,j) = -vapp(i,j)/uapp(i,j); 

   end 

end 

  

  

%% Vertical Displacement vs Horizontal Displacement 
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figure(3) 

plot(uMaj(1,:),vapp(1,:)); 

hold on 

plot(uMaj(121,:),vapp(121,:)); 

plot(uMaj(241,:),vapp(241,:)); 

  

legend('T = 293.15K','T = 353.15K','T = 413.15K') 

xlabel('Total Displacement (m)') 

ylabel('Vertical Displacement (m)') 

grid on 

grid minor 

title('Vertical Displacement vs Total Displacement') 

  

  

figure(4) 

plot(uapp(1,:),vapp(1,:)); 

hold on 

plot(uapp(121,:),vapp(121,:)); 

plot(uapp(241,:),vapp(241,:)); 

  

legend('T = 293.15K','T = 353.15K','T = 413.15K') 

xlabel('Applied Displacement (m)') 

ylabel('Vertical Displacement (m)') 

grid on 

grid minor 

title('Vertical Displacement vs Applied Displacement') 

  

%% Interpolating data 

  

steps = 1000; 

  

ustep = max(uapp(length(uapp),:))/steps; 

uint = linspace(ustep,max(uapp(length(uapp),:)),steps); 

  

for i = 1:Tsteps 

     

    vint(i,:) = interp1(uapp(i,:),vapp(i,:),uint); 

  

end  

  

% for i = 1:Tsteps 

%      

%    vint(i,:) = smooth(vint(i,:)); 

%      
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% end 

  

for i = 1:Tsteps 

   for j = 1:steps  

        

       pr_int(i,j) = -vint(i,j)/uint(j); 

        

   end 

end 

  

%% Contour Plot 

  

levels = linspace(-.2,.35,12); 

  

figure(5) 

  

contourf(uint/0.5,Texp,pr_int,levels,'ShowText','on') 

ylim([20+273.15,140+273.15]); 

xlabel('Horizontal Applied Strain (m/m)') 

ylabel('Temperature (K)') 

title('Poissons Ratio Contour Plot') 

colorbar 

  

hold on 

  

xline(0.02,'--'); 

xlim([0.001/0.5,0.025/0.5]) 

  

legend('Poissons Ratio','Normalized Perturbation') 

  

for i = 1:steps 

     

    pr_diff(i) = pr_int(1,i)-pr_int(241,i); 

         

end 

  

%% Final Post-Processing 

  

figure(6) 

  

plot(uint/0.5,pr_int(1,:)) 

hold on 

plot(uint/0.5,pr_int(121,:)) 

plot(uint/0.5,pr_int(241,:)) 
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ylabel('Poissons Ratio') 

xlabel('Horizontal Applied Strain (m/m)') 

  

grid on 

grid minor 

ylim([-0.2 0.5]) 

xlim([0 0.05]) 

legend('T = 293.15K','T = 353.15K','T = 413.15K') 

title('Poissons Ratio vs. Applied Horizontal Strain') 

 




