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Abstract. The Poisson’s ratio of materials describes the ratio of the
transverse to axial strain. While most materials exhibit non-negative
Poisson ratio, here we focus on the topological properties of negative
ratio materials also known as auxetic constructs. Digital modelling
and physical fabrication are employed to generate and test experimental auxetic configurations. The first set of studies employ 2D
space-filling tessellations integrating both negative and positive Poisson ratio cells. The tessellations are designed through binary state
transitions and gradual morphing transitions. A second set of studies
explores the topological optimization of a single negative Poisson cell
configuration following the logic that a cell constitutes the building
block of auxetic materials. The third set of studies focuses on the
translation of heterogeneous Poisson ratio 2D tessellations into 3D
constructs. Here, two methods of fabrication are explored: lamination
method and cellular grading. The precision of the cellular grading
method renders it particularly suitable for multi-material 3D printing
fabrication which is theoretically studied and proposed. Space-filling
heterogeneous tessellation studies are applied to architectural and
product design proposals. These proposals exhibit properties that
could serve to design and develop further research on real-world applications.
Keywords. Optimization; cellular structure; negative Poisson’s ratio;
auxetic material; material distribution.
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1. Introduction
The vast majority of existing materials we know today exhibit an intuitive
structural behaviour of thinning when stretched and widening when compressed (figure 1, (a)). This behaviour is quantitatively described through the
material’s Poisson ratio or the ratio of the transverse to axial strain. Thus,
most materials are defined by a positive ratio ranging from the very elastic
properties of rubber to the highly structurally stable attributes of cork (figure
1, (b)). There is, however, a very small yet strikingly unusual family of negative Poisson ratio materials that exhibit the unconventional behaviour of
widening when stretched and thinning when compressed.
Historically, interest in this type of material property grew around 1987
when auxetic foams were generated through simple compression and heating
processes. Today, auxetics such as cubic metals, zeolites, silicates, liquid
crystalline and microporous foams have been discovered or engineered. Furthermore, several advanced material systems such as hierarchical laminates,
molecular networks, etc. have been proposed. (Bertoldi, 2009). Some studies
explore various theoretical approaches to auxetic tessellations as well as
their possible fabrication methods. One such study published in 2011 produced two previously unknown auxetic mechanisms (Mitschke, 2011) and a
second study proposed cellular polymer scaffolds fabricated using a digital
micro-steroelithography system (Fozdar, 2011). This research derives from
the notion that in all of these cases, the unusual material behaviour can be
understood through the geometry of its microstructure and the geometrical
adaptations resulting from applied loads.
There is significant interest in this auxetic behaviour involving the interplay between the microstructure and its deformation due to its great potential
in applications such as sponges, fasteners, robust shock absorbing materials,
prostheses, air filters, biomaterials, piezocomposites, foams with superior
damping and acoustic properties. In a study by reseachers from ETH Zurich
and Harvard University, wearables and home furnishings were designed with
complex heterogeneous materials and fabricated using multi-material 3D
printing (Bickel, 2010). A more recent study describes the potential of developing on the characteristic double curvature of auxetic foam whereby the
dome-like shape could be customized into mattress technology adapting to
the doubly curved human body form (Critchley, 2013).
Stemming from the cellular architecture of materials, this study proposes
2D and 3D designs of cell configurations highlighting the impact that cell
geometry and relative density can have on the structure´s mechanical properties. Samples of material distributions are both fabricated and digitally modelled. Following a cumulative methodology, this investigation takes place in
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two stages: 2D topology studies and 3D topology studies considering future
manufacturing with multi-material additive processes

Figure 1. Material deformation and Poisson ratio: (a) typical material deformation (b) material examples and their Poisson’s ratio.

2. Two dimensional patterns
The most basic space-filling tessellations result in the strict tiling of a plane
with periodic regular polygons. The differential results in magnitude and directionality in the deformation caused by tensioning a stable, isotropic, linear
elastic material is directly proportional to the original dimensions and the
Poisson ratio of the material. When a two dimensional plane with convex
polygon patterns is stretched (positive axial strain), the plane contracts in the
direction perpendicular to the stretching direction (negative transverse strain)
resulting in a positive Poisson’s ratio. On the other hand, when a two dimensional plane with concave polygon patterns is stretched (positive axial strain),
the plane expands in the direction perpendicular to the stretching direction
(positive transverse strain) resulting in a negative Poisson’s ratio (figure 2).

Figure 2. Examples of 2 dimensional planes with periodic re-entrant tessellation.

The following 2D studies are based on tessellations composed by regular
hexagons (figure 3, right). This pattern exhibits positive Poisson’s ratio and
can serve as a basis for acquiring highly desirable macroscopic properties
exhibited in natural structures such as honeycombs. The inversion of the top
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and bottom corner of the hexagon shape which creates a bow tie shape presents auxetic behavior (figure 3, left).

Figure 3. Two dimensional periodic tessellations testing for negative Poisson’s ratio (inverted
hexagon) and positive Poisson’s ratio (regular hexagon).

The 2D topology studies are sub-divided into two categories: binary state
transition and gradual morphing transition. Both approaches center on the
challenge of finding a connection between heterogeneous cell networks and
their material properties from a new perspective.
The binary state transition study consists of replicating two base cell prototypes, one with positive Poisson’s ratio and the other with negative Poisson’s ratio. The positions of the cells are configured following a binary proximity attraction to a curve or point, resulting in an engineered customization
of stiffness and elasticity for a single material. However, the abrupt transition between these two base cell geometries generate an incongruent overlap
causing the occurrence of asymmetric deformation at the loose corners and
connection point on the edges (see figure 4, left).

Figure 4. Curve attractors for morphological variances.

Building on the principle of the binary state transition, the gradual
morphing transition study replicates and distorts the initial negative and
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positive Poisson cells following a Gaussian proximity attraction (range from
-1 to 0.5). This method improves the boundary conditions between adjacent
geometries producing a superior customization and a smoother transition between each cell and their combined mechanical properties.

Figure 5. Types of two-dimensional tessellation metamorphosis.

From the principle that a single geometrical cell constitutes the building
block of these topological constructs, the next study performs a series of single cell analysis embedding compliant mechanism material optimizations.
As shown in figure 6, a 2D cell with different boundary conditions (grey
boxes) are exposed to axial force (black arrow) and the compliant mechanism algorithm generates an optimum pattern that create deformation in the
outward direction perpendicular to the axial force (red arrow). The 2D cells
are generated and simulated using Millipede component for Grasshopper™
which focuses on the analysis and optimization of structures.

Figure 6. Stress induced cell geometry alternatives.
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3. Three dimensional patterns
This section presents two separate methods to generate three dimensional
patterns with variable Poisson’s ratio properties: lamination method and cellular grading method. The lamination method is comparably easier to design
and fabricate but the direction of the deformation as well as the direction of
the force is limited to one axis. On the other hand, the cellular grading method is more challenging to fabricate. However, thethe range of deformation is
quite vast. Each method can be selectively utilized based on the requirement
of the application.
3.1. 3D COMPOSITION THROUGH LAMINATION
The first method utilizes the principles of the previous two dimensional studies. A number of patterns with gradual morphing transitions are designed in
series and laminated parallel to each other. The intention is to customize
control of the z-axis by strategically varying the patterns of each layer. A
soft surface is applied to the top and bottom of the layers (perpendicular to
the laminations) in order to highlight the deformation in the z-axis. When the
assembly is stretched, the surface deforms asymmetrically due to the distribution of the aperiodic microstructure of the laminated layers. The geometric
reorganization observed is both reversible and repeatable.

Figure 7. Parallel laminated layers containing different two-dimensional patterns.
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3.2. 3D COMPOSITION THROUGH CELLULAR GRADING
The cellular grading method embeds gradual morphing of variable Poisson’s
ratio properties directly into unit cells and aggregate them to produce the
overall 3D composition. Each unit cell is assigned with a certain Poisson’s
ratio achieved through its three dimensional geometry and depending on
how they are distributed within the overall intended form, the bulk deformation changes drastically.
Figure 8 shows the deformation of a cube with variable Poisson’s ratio
unit cells. An attractor point (red dot) is placed in the specific location of the
cube and Poisson’s ratio of each unit gradually increases based on the distance between each unit and the attractor point. The unit closest to the attractor point has the maximum Poisson’s ratio which is a negative value and the
farthest unit has the maximum Poisson’s ratio which is a positive value. In
this simulation setup, the cube collapses towards the attraction point when
the overall cube is compressed downwards and bulges out when the overall
cube is expanded upwards. Depending on the distribution of the unit cells
with different Poisson’s ratio, the deformation of the overall cube changes
significantly.

Figure 8. Three dimensional array of re-entrant cubes.

Based on the simulation studies, a unit configuration has been chosen and
further developed. Considering multi-material additive manufacturing, each
cell within the heterogeneous composition is customized with both hard and
soft material properties transitioning from flexible joints (figure 9, blue material) to stiff struts (figure 9, red material).
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Figure 9. Multi-material prototype of three-dimensional array (left) and uniaxial compression
of a single cell (right)

4. Design applications
Two design applications are proposed based on the previous studies focusing
on the micro and macro effects of Poisson ratio distribution. Although both
proposals are speculative at this stage of research, they are useful for investigating the potentials of variable 3D Poisson’s ratio material systems.
The first design application is a flat roof system that can respond to the
vertical load via deformation (figure 10). When the snow accumulates on the
roof, it’s corresponding vertical load vertical load is translated to lateral tension force and triggers the deformation of the overall roof to shed the snow
away from the structurally weak center (mid-span). The Poisson Roof System utilizes the 3D composition through lamination method (section 3.1)
where a series of beams with a variable Poisson’s ratio distribution is arranged parallel to each other and cladded with flexible sheet material.

Figure 10. Poisson Roof System: (a) default state; (b) vertical snow load is translated to lateral tension force (c) deformation of the roof passively sheds of the snow
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The second design application proposes an adaptive chair that can deform
to augment the ergonomic or structural performance. Compared to the conventional chairs made with stiff material (figure 11, (a)) or soft material (figure 11, (b)), the Variable Poisson Chair can be strategically designed to better conform to the human body, morph to allow additional support (figure 11,
(c)), and/or deform to enhance the structural performance (figure 11, (d)).
The Variable Poisson Chair utilizes the 3D Composition through cellular
grading method (section 3.2) where the individual 3D cells with variable
Poisson’s ratio are aggregated into the overall chair. The macro deformation
of the chair can be strategically controlled by varying the distribution of the
3D cells.

Figure 11. Variable Poisson Chair: (a) stiff material, (b) soft material with positive Poisson’s
ratio, (c) soft material with variable Poisson’s ratio example 1, (d) soft material with variable
Poisson’s ratio example 2

5. Conclusion
This paper presented two and three dimensional geometry to engineer and
simulate customized classical and auxetic homogeneous and heterogeneous
material distributions.
Each stage of prototyping and testing had specific objectives and procedures that revealed individual meaningful results. From the heterogeneous
2D topology study, it was possible to achieve a wide range of non-linear and
non-uniform deformations at the global level (overall shape of the sample)
using relatively simple and linear transformation of cells. On the other hand,
the single cell compliant mechanism studies, which implement non-linearity
into the cell itself, drastically expands the geometric diversity in addition to
attaining more complex and systematic global deformation. Finally, the 3D
topology studies present a plethora of opportunities relating to design and
engineering applications through the verification that heterogeneous 2d to-
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pology can be successfully applied to 3D geometries. Based on the processes
and findings of the studies, two separate applications, the Poisson Roof System and the Variable Poisson Chair, were developed as a means to evaluate
the potentials of the studies.
Further work should be focused on expanding the three dimensional pattern studies. These include investigation of creating advanced 3D Poisson’s
ratio cell geometry; more calibrated methods of performance evaluation, distribution, and optimization of the cells; and physical material studies (e.g.
material properties and fabrication strategies) that make the investigations
feasible for real-world applications.
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