
 

 

 

POLYBRICK 2.0: BIO-INTEGRATIVE LOAD-BEARING LATTICE 

STRUCTURES  

 

 

 

 

 

 

A Thesis 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Master of Science 

 

 

 

 

 

 

by 

Yao Lu 

May 2020 



 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2020 by Yao Lu 

All rights reserved. 



 

ABSTRACT 

 

Natural load-bearing structures are characterized by aspects of specialized morphology, 

lightweight, adaptability, and a regenerative life cycle. PolyBrick 2.0 aims to learn from 

and apply these characteristics in the pursuit of revitalizing ceramic load-bearing 

structures. For this, algorithmic design processes and toolset are developed to generate 

PolyBrick geometries that can be applied to various architectural typologies. The 

physical manifestations are realized through available clay/porcelain additive 

manufacturing technologies (AMT). To evaluate the effectiveness, comparative 

frameworks for digital and physical performance analyses are outlined. Responding to 

increasing urgencies of material efficiency and environmental sensibility, this project 

strives to provide for designers a toolset for environmentally responsive, case-specific 

design, characterized by the embedded control qualities derived from the bone and its 

adaptability to specific loading conditions. Various approaches to brick tessellation and 

assembly are also proposed and architectural possibilities are presented. As an outcome 

of this research, PolyBrick 2.0 is effectively established as a Grasshopper plug-in, 

“PolyBrick” to be further explored by designers. 
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CHAPTER 1 

 

LITERATURE REVIEW AND INTRODUCTION 

 

“Ceramic modules of standard measurement have been used as a building block [...] for 

many centuries” (Sabin et al. 2014). With rapid developments in the area of clay additive 

manufacturing, there is an emerging possibility to reintroduce non-standard clay 

building blocks in load-bearing applications. The motivation for such research 

trajectories comprises “a qualitative, design-driven desire for novel forms or an 

aspiration for the quantitative improvement of building performance metrics” (Seibold 

2018). However, literature outlining expansive utilization of these technologies within 

comprehensive processes of algorithmic generation, manufacturing, digital and physical 

evaluation, and architectural application remains lacking.  

As part of the comprehensive workflow for PolyBrick 2.0, novel algorithmic processes 

are developed, fabrication methods are outlined, prototype performances are evaluated, 

and architectural applications are envisioned. Hence, PolyBrick 2.0 suggests a complete 

methodology in continuing PolyBrick’s ubiquitous aim to “bridge digital processes with 

the production and design of nonstandard ceramic building blocks in architecture” 

(Sabin et al. 2014). Within this process, the role of “non-standard” components in load-

bearing applications is addressed and the duality of solidity and porosity in relation to 

structural performance is explored. 

 
Trabecular Bone as A Natural Load-Bearing Lattice Structure Precedent 

Natural load-bearing structures are characterized by aspects of specialized morphology, 

lightweight, adaptability, and a regenerative life cycle. Like many natural load-bearing 

structures, the bone is comprised of a solid outer shell and a foam (cancellous) core 
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(Torres et al. 2016). The cancellous core, also called trabecular bone, is a heterogeneous 

lattice structure and is quantified by the morphological parameters of tissue volume 

(mm3), bone volume (mm3), bone volume to tissue volume ratio, trabecular number 

(per mm), trabecular thickness (micrometers), trabecular separation (micrometers), 

trabecular connectivity (per mm3) (Bagi, Berryman, and Moalli 2011a) (Table 1).  
 

Table 1. Morphological parameters of tissue volume (mm3), bone volume (mm3), bone volume to tissue volume 
ratio, trabecular number (per mm), trabecular thickness (micrometers), trabecular separation (micrometers), 

trabecular connectivity (per mm3) obtained from CT scan. (Bagi, Berryman, and Moalli 2011a) 

 

 
 

The trabecular bone exhibits morphological responses to applied loading conditions. 

These morphological responses include bone resorption and apposition, and trabecular 

directionality adaptations. “Bone is a dynamic tissue that is normally renewed through 

balanced bone resorption and apposition processes that are choreographed in space and 

time” (Chen et al. 2010). Trabecular thickness, hence, can be regarded as proportional 

to applied cyclic stress stimuli. Additionally, directional transformations are observed 

within the bone whereby trabeculae are “oriented in the direction of the compressive 
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load applied” (Tsubota et al. 2009a). In short, directional transformations occur such 

that each trabecula is carrying loads in its strongest axis. These adaptations establish the 

trabecular lattice as an ever-evolving function of specific loading (Figure 1).  

 

 
 

Figure 1. Simulation image representing the relationship between trabecular orientation and pertaining load 
direction. (Tsubota et al. 2009a) 

 
Materialization with Additive Manufacturing Technologies 

Several projects with similar premises of load-bearing application in relation to 

clay/ceramic additive manufacturing technologies (AMTs) have emerged over the past 

decade. Robotically fabricated clay column introduced by Ana Anton and Ahmed 

Abdemahgoun as part of Digital Building Technologies in ETH Zurich is one of such 

projects. Anton et al. make use of robotically manufactured, non-standard clay 

components, and attribute possibilities of load-bearing in their contextualization of these 

components as a column (Anton and Abdelmahgou 2018). With their proposal for a 

prototypical pavilion in CEVISAMA 2017, Seibold et al. also explore architectural load 

bearing possibilities created by 3D printed unique clay components.  

Expanding upon complex geometrical possibilities and non-standardization realized by 

AMTs, several projects acknowledge trabecular bone structure as an applicable 

biological precedent. Alvin Huang’s Durotaxis Chair (Huang 2016) and Baerlecken et 

al.'s Osteotectonics (2015) recognize unique mechanobiological characteristics of 
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trabecular bone within various possible design applications. Osteotectonics offers the 

trabecular structure as a weight-efficient specialized strategy in its reinterpretation as 

structural nodes. Durotaxis Chair serves as an example of algorithmically established 

strategical porosities inspired by the trabecular geometry in increasing material 

efficiency within the load-bearing application (Huang 2016). Other projects, such as the 

mechano-adaptive space frame generation workflow by Felder et al. (2016) and 

Naboni’s analyses on Lattice-based cellular solids (Naboni and Kunic 2017) show 

advantages of adaptive, algorithmically generated lattice structures in the realm of load-

bearing.  

 
Lattices for Load-bearing Purposes 

There are various types of lattice generation methods for load-bearing purposes, each of 

which has different strategies and limitations. 

Periodic cellular lattices are generated through the repetition of a singular unit cell of 

set dimensions. Examples of commonly employed unit cells in these types of load-

bearing lattice structures include cubic, cubic with face crossed beams, cubic with body-

centric beams, diamond, truncated cube, truncated cuboctahedron, rhombic 

dodecahedron, rhombicuboctahedron (Amin Yavari et al. 2015), as well as triangular 

and hexagonal prisms within honeycomb arrangements (Niu et al. 2018a).  

There are various applications for the generation of these lattices including Solidworks, 

Rhino, Formz, and Simpleware. As presented by Kantareddy et. al (2016), Simpleware 

consists of a primitive library of unit cells that can be arranged to form periodic cellular 

lattice structures. This method, as evaluated by the authors, proves difficult in 

“exporting an editable CAD model”. Grasshopper plug-ins for Rhino also offer several 

possibilities in the generation of periodic cellular lattices. These are the primary 

methods we evaluate for comparison as they are commonly used in architectural 3D 



  5 

modeling. Crystallon and Intralattice are two plug-ins with a library of unit cells that 

can be arrayed within a design volume according to the volume-adaptive subdivision 

pattern to form 3D lattice geometries. They also accept user-customized unit cells 

generated manually as linework in Rhino and array them in a similar manner. 

The type and dimensions of the unit cell used, as well as general lattice quantifiers such 

as relative density, porosity, pore size, and strut thickness, impact the mechanical 

performance associated with the lattice structure. This relationship has been extensively 

studied in the literature. Ahmadi and Yavari et. al’s work (Amin Yavari et al. 2015) is 

one example where the authors explore six unit-cell typologies, namely “cubic, 

diamond, truncated cube, rhombicuboctahedron, rhombic dodecahedron, and truncated 

cube” with varying strut thickness and pore size diameters creating varied porosity and 

relative density parameters. Similarly, Egan et. al explore the impact of porosity and 

pore size in lattices of different unit cell typologies (Egan et al. 2019). The presented 

results indicate the considerable impact of unit cell typology on mechanical 

performance. This is likely related to the relationship of loading directionality and 

corresponding stress fields with directionality trends in lattice strut orientations.  

While uniform periodic lattice structures are advantageous in achieving high stiffness 

to mass ratio compared to their solid counterparts, it is difficult to introduce geometric 

specialization. This is a shortcoming because “unfavorable load cases like bending or 

shearing” (Reinhart and Teufelhart 2013) are likely occurred within the struts. This 

problem can be offset through responsive strut orientation that allows for the 

minimization of “bending forces” within the lattice geometry. However, periodic 

cellular lattices do not allow for this type of specialization due to the nature of their 

generation.  

Natural load-bearing lattice structures differ from the aforementioned periodic cellular 

lattice structures in their specialized morphology. Bone’s trabecular lattice offers an 
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important example of this phenomenon with an internal trabecular structure “highly 

optimized to its load” condition (Felder et al. 2016). This optimization is achieved 

through responsive resorption and apposition processes (Chen et al. 2010) that occur 

throughout the bone’s lifetime. The continuous adaptation of the trabecular lattice thus 

establishes strut density and directionality as response parameters to the specific loading 

condition. 

As presented by several projects exploring applications of lattice structures in the 

architectural field, the phenomenon of responsive morphology has immense potential 

in rethinking and expanding the capacities of load-bearing lattice structures. While there 

are projects integrating load responsiveness and responsive directionality within design 

applications, accessible and user-friendly algorithmic streamlining of this type of lattice 

generation remains lacking. 

 
Research Objective 

PolyBrick 2.0 strives to heighten the precision and breadth of workflows within the 

literature of clay/ceramic AMTs through proposed methodologies. The outlined 

processes include bio-integrative research, algorithmic modeling, physical and digital 

prototyping, and evaluation, and suggestions of design possibilities. The workflow is 

formalized into a Grasshopper plug-in, PolyBrick, to facilitate the design of lattice 

structures.  
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CHAPTER 2 

 

LATTICE GENERATION ALGORITHMS, PROTOTYPING, AND EVALUATION 

 
Ellipsoid Packing Algorithm 

In the proposed processes for lattice generation, the trabecular bone is determined as a 

load responsive precedent of a 3D lattice geometry. The trabecular lattice is quantified 

by the morphological parameters of the trabecular number, separation, length, and 

orientation (Bagi, Berryman, Moalli, 2011). In the proposed workflow, these 

morphological quantifiers are algorithmically interpreted as controllable load response 

parameters. For this interpretation, ellipsoids are introduced as media. A number of 

ellipsoids are packed densely within a design geometry. Through a secondary algorithm, 

“Kissing Ellipsoids”, the centroids of the touching ellipsoids are connected with a line 

segment. The morphological parameters of the trabecular number, separation, and 

orientation are thus controlled by the ellipsoid size, distribution, and orientation 

respectively, allowing the algorithm to interpret these major morphological features. 

The response condition is then introduced as a tensor field to inform ellipsoid packing 

parameters listed. 

The tensor field is the key input that establishes load-responsive inhomogeneity and 

anisotropy in the process of lattice generation. The tensor field is defined by a field of 

three orthogonal tensors at each point within the analyzed global design geometry. 

These points correspond to the “nodes” of the voxelized design geometry (Figure 3, 

left). For each ellipsoid packed in a design geometry with a corresponding tensor field, 

the three tensors interpolated at the ellipsoid centroid serve as a response condition in 



  8 

determining the length and orientation of semi-major, semi-median, and semi-minor 

axes (Figure 2). 

 

Figure 2. Semi-major, semi-median, semi-minor axis length aligned to and determined by tensor(stress) 
magnitudes. 

 

The tensor field input can be generated in multiple ways. For processes outlined in this 

paper, ANSYS is used to apply Finite Element Analysis (FEA) to a user-determined 

design geometry under a set loading condition (Figure 3, right). For each node, 

maximum, middle, and minimum principal stress directions are calculated as the three 

orthogonal tensors. In the responsive packing, areas of larger stress are packed with 

smaller ellipsoids. Ellipsoids’ main axes are oriented to align with maximum principal 

stress direction. 

 

Figure 3. Left: Voxelized design geometry; Right: Finite Element Analysis by ANSYS. 
 

The Ellipsoid Packing and Kissing Ellipsoids algorithms are implemented using C#. 

The Ellipsoid Packing algorithm provides multiple adjustable inputs that serve as 

response factors in determining the lattice geometry. These inputs include boundary 
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geometry, tensor field, maximum ellipsoid principal semi-axis length, minimum 

ellipsoid principal semi-axis length, pre-existing ellipsoids, and maximum iteration. 

The lattice generation workflow starts with producing a tensor field for the boundary 

geometry with the assistance of ANSYS. The boundary geometry is first analyzed as a 

solid in ANSYS using a user-defined loading condition. Then, a CSV file containing 

the X, Y, Z coordinates of each node as well as key parameters evaluated at each node 

can be exported. As a convention of this workflow, the CSV file is exported in a format 

that contains maximum principal stress, middle principal stress, minimum principal 

stress, and Euler angles indicating the necessary angle of rotation to transform from the 

global coordinate system to each node’s principal stress axis. Finally, the CSV file is 

translated to a tensor field (Figure 4). 

 

Figure 4. The tensor field created from the CSV file. 

Ellipsoid packing is initiated following the outlined process of tensor field generation. 

This consists of packing the design geometry with the associated tensor field with as 

many ellipsoids as possible. Simultaneously, the ellipsoids are scaled and rotated in 

accordance with the tensor field input. 
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The dense packing is realized by iteratively adding new ellipsoids and relaxing the 

existing ellipsoids. A user-defined input of an initial number of ellipsoids is needed to 

begin the packing into the design geometry. To continue ellipsoid packing, collisions 

are checked between pairs of ellipsoids. This process is particularly complex and 

computationally expensive when applied to ellipsoid geometries because the ellipsoid 

collision point doesn’t necessarily correspond to the line that connects the centroids as 

it does in spherical colliding. To simplify this process, the orientation difference of two 

colliding ellipsoids is assumed to be small, hence the collision point is still assumed to 

be in close proximity to the connection line. For each pair of ellipsoids, the summation 

of the two rim distances along the center connection line is calculated (Formula 1-3) 

and then compared to the centroid distance. When calculating the rim distance, a 

rotation transformation is applied to align the ellipsoid axes to the global 3D Cartesian 

coordinate system so that standard ellipsoid function can be used to simplify the 

calculation (Figure 5). If the sum of rim distances is greater than the centroid distance, 

they are determined to be colliding, otherwise not. If no collision is detected, indicating 

all the ellipsoids are fully relaxed within the boundary geometry, one more ellipsoid is 

added into the boundary geometry. If collisions are detected, a relaxation process is 

initiated and the colliding ellipsoids are moved away from each other by half of the 

overlap distance. 
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Figure 5. Left: A pair of ellipsoids in the global coordinate system; Mid: Transform the ellipsoids to the local 
coordinate system of ellipsoid 1; Right: Transform the ellipsoids to the local coordinate system of ellipsoid 2. 

 

After the collision detection process is completed, the ellipsoid sizes and orientations 

are updated according to the tensors interpolated at the new centroid locations as a 

response to the tensor field. The three principal semiaxes of each ellipsoid are 

respectively aligned to the directions of the three tensors, and semi-axis lengths are 

determined by both the tensor magnitudes and user-decided maximum and minimum 

ellipsoid semi-axis lengths. Generally, an ellipsoid is expected to be smaller when the 

tensor magnitudes are higher, and is to be oriented towards the largest of the three 

tensors (Figure 6). In order to realize this, a mathematical mechanism is designed. Each 

tensor is mapped to a semi-axis length inversely proportional to its magnitude, with the 

maximum and minimum magnitudes of the tensor field as a source range and the user-

input maximum and minimum semi-axis lengths as a target range. Each mapped length 

is then assigned to the two ellipsoid axes orthogonal to the tensor (Formula 4-6). Of the 

two lengths that an ellipsoid axis receives this way, the smaller of these two, 

corresponding to the larger orthogonal stress, is chosen as the length of that semi-axis. 
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Figure 6. Larger tensor magnitude leads to a smaller ellipsoid. 

 

 

Ellipsoids are added and relaxed iteratively until boundary geometry is filled (Figure 7). 

When no more collisions are detected within the number of iterations, the packing 

process is finished and the last pack of ellipsoids is output.  

Several optimization techniques are devised to improve the performance of the 

algorithm. When it comes to large-scale ellipsoid packing, looping over all pairs of 

ellipsoids for collision detection can be time-consuming and computationally 

expensive. To reduce the amount of required collision detection necessary during the 

packing iterations, the spatial partitioning technique is applied. The double of the 

maximum ellipsoid semi-axis length is used as the partition size, and the boundary is 

divided into voxels. Collision detection is only applied to a pair of ellipsoids if one of 

them was moved during the last iteration. If no movement occurred in the ellipsoid pair 

in the previous iteration, no new collision detection is applied. 
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Kissing Ellipsoids Algorithm 

The 3D lattice is then generated through the Kissing Ellipsoids algorithm, which 

connects the centroids of the kissing ellipsoids(Figure 8). This algorithm allows for the 

adjustment of the number of struts by changing kissing tolerance (Formula 7). 
 

 

Figure 7. The pack of ellipsoids at different iterations. 

 

 

Figure 8. The lattice created by Kissing Ellipsoids algorithm and the comparison of the tensor field with the 
thickened lattice. 
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Dynamic Thickening Algorithm 

Base upon the Ellipsoid Packing and Kissing Ellipsoids algorithm, some morphological 

parameters of trabecular bone such as trabecular number, trabecular separation, and 

trabecular directionality are successfully interpreted. To associate another major 

parameter, trabecular thickness, with the load responsiveness, the Dynamic Thickening 

algorithm is proposed. It involves in the second round of FEA based on the lattice 

generated from Ellipsoid Packing and Kissing Ellipsoids algorithm.  

This is an iterative process, which analyzes the maximum stress in each strut in each 

iteration and changes the strut thicknesses accordingly. If the maximum stress is beyond 

the user-input optimal range of the material, it will change the thickness based on the 

current stress. It converges when all the struts are within the optimal range (Figure 9). 

Additionally, a minimum-thickness control is also implemented to prevent the struts 

from being too small. The minimum thickness can be determined by design or 

fabrication constraints. 

 

Figure 9. The pipeline of  Dynamic Thickening Algorithm. 
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Figure 10. The example load and support case. 
 

This algorithm is tested on an imaginary loading a supporting case (Figure 10). With 

different minimum thickness input, the volume of the final geometries is also changing. 

The trend shows that when the minimum thickness increases, the total volume needed 

will increase too, indicating a decrease in material efficiency (Figure 11). 
 

 

Figure 11. The thickened lattices with different minimum thickness control. 
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Prototyping 

Building upon extensive prior research, Polybrick 2.0 continues a rigorous exploration 

of ceramics and respective innovative fabrication methodologies. In moving from 

algorithmic generation to physical prototyping, eighteen 38 mm x 38 mm x 38 mm cubic 

prototypes are printed for documentation (Figure 12) and eighteen 25.4 mm x 25.4 mm 

x 25.4 mm cubic prototypes are printed for mechanical testing. For all listed prototypes 

Formlabs Form 2 3D printers are utilized with Formlabs UV curing ceramic resin. 

Proceeding printing and support removal, all prototypes are bisque fired at cone setting 

06 with medium speed to burn out resin material. The prototypes are then glazed and 

kiln fired using cone setting 4 and medium speed. In all cases, an average of 9.6 percent 

shrinkage is observed between the greenware and bisque fired prototypes (Table 2). In 

order to account for this shrinkage, custom settings suggested by Preform, the slicer 

software by Formlabs, are followed and the prints are scaled up by a factor of 1.123. 

Based on observational shrinkage data, a 1.52% discrepancy between the recommended 

shrinkage rate and the actual shrinkage is recorded 

 
Table 2. Shrinkage rates of the printed prototypes 

 

. 
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Figure 12. Close-up images of the physical prototypes showing the spatial and architectural possibilities created 
through varying levels of porosity present in PolyBrick 2.0 geometries 

 
  



  18 

Physical Evaluation of Mechanical Property 

 

 

Figure 13. Snippet from the video recording of Instron compressive tests of the physical prototype. 

 

Proceeding the compilation of outlined algorithmic structures that generate PolyBrick 

prototypes, frameworks for comparative mechanical performance analysis are 

established. Physical compressive buckling testing (Figure 13) is carried through to 

record mechanical properties of strength, stiffness, first failure force, and peak failure 

force, and failure displacement associated with generated PolyBrick lattices.  

Nine cubes are generated with varying control parameters of sphere size and strut 

thickness. The prototypes are printed with Formlabs Form 2 ceramic resin printing 

technologies, treated as described in the previous section “Ceramic 3-D Printing”, and 

tested for compressive buckling performance using an Instron Universal Hydraulic 

Tester (Figure 14). A solid cube with the same bounding proportion is tested as a 

control. 
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Failure loads are recorded and stiffness is derived based on peak failure points (Figure 

15-16). The aforementioned parameters of sphere radii input (1) and strut thickening (2) 

are analyzed in relation to performance. It is observed that thicker struts and smaller 

separation lead to increased first and peak failure force (N) and increased stiffness 

(Figure 16). All PolyBrick prototypes show multiple peak loading values. This is a 

general characteristic of cellular solids and indicates multiple strut/member breakages 

before catastrophic failure (full destruction of the prototype). Higher energy absorption 

and a longer life span can be foreseen in PolyBrick prototypes compared to the solid 

cube prior to catastrophic failure. 

 

 

 

Figure 14. Peak force (N) values for models that are generated. Generated prototypes vary in strut separation and 
strut thickness. Increasing strut thickness and decreasing the separation lead to increased peak load value. 
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Figure 15. Load (N) Displacement (mm) curve of solid control cube with dimensions 12 mm X 12 mm x 12 mm. 
Stiffness was calculated as 1296.31 N/mm based on this curve and used for further material efficiency 

comparisons. 
 

Preliminary material efficiency calculations are done by dividing stiffness (N/mm) by 

average effective volume (mm3). This is to understand the benefits of PolyBrick 

prototypes compared to solid geometries of the same material. For the solid control 

cube, stiffness/effective volume is calculated as 0.75 N/mm4. The PolyBrick prototype 

with 4mm strut separation (sphere radii) input and 1.25 mm strut thickening is chosen 

for comparison because it achieves the highest stiffness of PolyBrick geometries tested. 

The stiffness per effective volume of this prototype is 0.79 N/mm4. This shows that 

Polybrick geometries provide some advantage of mechanical performance per volume. 
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Figure 16. Peak force (N) values for models that 
are generated. Generated prototypes vary in sphere 
radii and strut thickness. Increasing strut thickness 
and decreasing sphere radii lead to increased peak 

load value. 
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Digital Evaluation and Comparative Studies 

To further evaluate the effectiveness of the proposed lattice generation method, 

comparative studies, both qualitative and quantitative, are performed with regard to the 

existing methods including both cellular periodic lattices generated by Crystallon for 

grasshopper, and other lattice precedents such as Sphere Packing followed by 3D 

Voronoi by Alvin Huang (2016), Ellipsoid Packing with 3D Delaunay by Felder et. al 

(2016). 

Crystallon works by applying adaptive voxelization to a set design volume. A 3D unit 

linework pattern is created and mapped into each voxel of the design volume. A 3D 

periodic cellular lattice is generated with each voxel containing the same unit. The main 

input parameters include design volume, voxel size, and unit pattern. Users can morph 

the voxels in some areas using point attractors or curve attractors to locally densify or 

loosen the voxel division and potentially respond to external factors like loading. 

However, attractors are not explicit and are difficult for users to manipulate. The 

inhomogeneity and anisotropy of the periodic cellular lattice highly depend on the 

topology of voxelization and the anisotropy of the unit. 

Huang’s method of Sphere Packing with 3D Voronoi is employed within the context of 

chair design. The furniture geometry is analyzed with Karamba, a Grasshopper FEA 

plug-in. The calculated principal stresses are used to inform the sphere packing process, 

where areas of larger stress are packed more densely with smaller spheres. This is 

similar to the PolyBrick ellipsoid packing logics. The two algorithms differ, however, 

in the process of lattice generation. Huang uses sphere centroids as input for a 3D 

Voronoi algorithm and therefore loses control of strut orientations. While this method 

is able to achieve load-responsive inhomogeneity, it doesn’t have enough control over 

lattice anisotropy due to a lack of strut orientation control. 
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The method of Ellipsoid Packing with 3D Delaunay employed by Felder et al. and the 

proposed packing method are similar in their use of FEA informed Ellipsoid Packing to 

control lattice directionality. However, there are three important differences in the 

algorithmic designs. Firstly, in Felder’s method, Ellipsoid Packing is used to distribute 

lattice nodes and control inhomogeneity. The anisotropy is later achieved through a 

post-processing step, where struts not aligned with the stress field are removed. In the 

proposed Ellipsoid Packing algorithm, both anisotropy and inhomogeneity are 

controlled and enforced by dense packing. A second difference is the ways ellipsoids 

update in response to the stress field. In addition to aligning the ellipsoids to the stresses, 

Felder’s method also tries to align the connection of the neighboring ellipsoids to the 

stresses. The lattice generation technique also shows a difference. In Felder’s method, 

the lattice is generated by the 3D Delaunay triangulation algorithm, while the proposed 

method uses Kissing Ellipsoids. 

In the quantitative comparison, periodic cellular lattices, Sphere Packing with 3D 

Voronoi lattice, and Ellipsoid Packing with 3D Delaunay lattice are generated and tested 

with ANSYS (Figure 17). To begin the quantitative comparison, we generated lattices 

that had identical boundary sizes. When these line bodies were moved into ANSYS, 

they were all piped by the same radius, chosen to be 2mm. The total amount of force 

applied to each lattice is kept the same by dividing an arbitrary load of 1000N across 

the top face vertices of each lattice respectively. Controlling these parameters simplifies 

the post-processing of the axial force and directional displacement data because only 

lattice length is uncorrected for. Because some lattices have an overall longer length, 

meaning there was more material contained in the bounding box, they inherently 

perform better. To adjust for this, stiffness per volume is calculated using the maximum 

Y-direction displacement that occurs at the top face, the original height of the lattice, 

the total area of the top face piped vertices and the 1000N uniform load. The maximum 
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axial force and directional displacement data without this length correction are reviewed 

to get a general sense of the performance of the lattice. 

As the interest group, two ellipsoid packing lattices are tested, one generated with a 

uniform loading condition input and the other with a point loading input. Figure 18 

illustrates how the generated lattices perform in stress, deformation, and stiffness 

against the control lattices generated with different algorithms. An optimal lattice for 

load-bearing applications would minimize the highest stress found in a beam element, 

minimize the maximum deformation of the lattice, and maximize the stiffness because 

the forces would be most evenly distributed and protect the lattice well from breakage. 

Stiffness is essentially a combination of stress and deformation and by correcting for 

volume, we may consider the lattices independent of density. The ellipsoid packing 

lattices formed with uniform loading and point loading both show higher stiffness per 

volume ratios than a majority of the lattices tested, and outperform 11 and 14 lattices, 

out of the total 18 tested, respectively. The lattices each have a stiffness per volume of 

172.7 kPa/m2 and 197.9 kPa/m2 respectively. 

 

 

Figure 17. Part of the test lattices (a)Cubic (b)Dodecahedron (c)Trunc octa (d)3D Voronoi (e)3D Delaunay (f) 
Kissing Ellipsoids. Blue indicates zero deformation, red indicates the maximum deformation within each lattice. 

 



  25 

 

Figure 18. (a) Maximum Tensile Stress in one beam element. (b) Maximum Compressive Stress in one beam 
element. (c) Maximum deformation in the direction of the force application. (d) Stiffness per volume for each 
lattice. For a, b, and c, the lower value is more advantageous. For d, the higher value is more advantageous. 
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CHAPTER 3 

 

SPECULATION OF ARCHITECTURAL SCALE WALL DESIGN 

 
Overall Workflow for the Application in Architectural Scale  

After generating and testing the mechanical performances of speculative PolyBrick 2.0 

prototypes, architectural possibilities are proposed. Principal stresses in preset loading 

scenarios at the architectural scale are analyzed and PolyBrick geometries are refined 

accordingly. For this, the FEA program ANSYS is utilized.  

With the use of global finite element analysis, the aim is to achieve responsive lattice 

heterogeneity at the architecture scale according to prevalent stress magnitude and 

direction data. To initiate this process and illustrate it, a simple hypothetical loading 

condition is applied upon a speculative wall with the dimensions of 0.2 m x 2 m x 3 m. 

This loading condition includes transferred wind loads of 40 kg/m2, a point load of 3100 

kg, and the wall’s self-weight (Figure 19). Data pertaining to stress magnitudes in this 

described loading condition is obtained via ANSYS. 

While stress magnitudes and directions serve to inform a responsive ellipsoid packing 

and thickening algorithm, stress directionalities are foreseen as important drivers of 

tessellation speculations. Using the Principal Stress data obtained from ANSYS, a 

custom algorithm is generated to derive the principal stress lines by gradually growing 

small segments from sample points. Building upon the premise that principal stress 

lines, the derived lines are utilized as guides to trace brick boundaries to prevent sliding 

(Figure 20 (01-08)). 

Brick sizes are constrained to the dimension of the available kiln (61 cm in diameter) to 

ease both digital and physical fabrication. Hence, the bounding condition of each brick 
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geometry is manually assigned using the boundaries of the previously derived principle 

stress lines (Figure 20 (09)). Areas with lower magnitudes of stress—thus larger 

ellipsoid radii—utilize the maximum dimensions within the 61 cm constraint, whereas 

areas of larger magnitudes of stress are populated with smaller bricks (Figure 20 (10)).  

Packing each brick individually post-tessellation generates a new problem of potential 

discontinuities between bricks. The Ellipsoid Packing algorithm is refined once more 

to input spheres located at tessellation boundaries as a starting condition for neighboring 

bricks. Each respective brick is packed in correspondence to its neighbors (Figure 20 

(18-19)). 

 
3D Tessellation 

To further explain how stress curves are guiding the tessellation of the global geometry 

to prevent the local sliding between bricks, more details are provided in this section.  

The process is demonstrated with a simple cube that has a 1KN vertical point load being 

applied near the corner. It’s first analyzed using ANSYS to get the tensor field (Figure 

21, Left). Using the stress curve generation method described in the last section, an 

initial sample point is needed to generate 3 stress curves, respectively corresponding to 

Max Principal Stress, Mid Principal Stress, Min Principal Stress. By sampling more 

points on those 3 curves, more stress curves can be generated and stress surface defined 

by the dense curves will start to form (Figure 22). For example, the surface defined by 

the Min Principal Stress curves from sample points on Max Principal Curve (Figure 22, 

Left), which we call Max-Min surface (Figure 23, Second Left), has Max Principal 

Stress and Min Principal Stress being tangent to the surface and Mid Principal Stress 

being normal at any point on it. Similarly, the Max-Mid surface and Min-Mid surface 

can be generated (Figure 23, Second Right, Right), and they can potentially be used as 

a splitting surface for tessellating.  
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Figure 19. Left: Speculative wall condition with transferred wind loads of 40 kg/m2, a point load of 3100 kg, and 
self- weight were applied. Right: Generated colored mesh with color values correlating to stress magnitude date 

extracted from ANSYS simulation. 
 

 

Figure 20. Full-scale workflow: Stress direction(01) is used to interpolate compressive and tensile curves (07) that 
form global stress lines(08), which are then overlaid with the stress magnitude data (08) to form a speculative 

tessellation(10). Tessellated units are then individually packed (11) using the proposed algorithm and intersection 
points (18) are utilized to achieve seamless packing (19). 
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Figure 21. Left: Load, support, and the corresponding tensor field of the cube. Second Left: The initial sample 
point. Second Right: 3 principal stress curves generated from the sample point. Right: Stress surfaces generated that 

go through the initial sample point. 

 

        

Figure 22. Left: Min Principal Stress curves from sample points on Max Principal Curve. Mid: Mid Principal stress 
curves from sample points on Max Principal Curve. Right: Mid Principal Stress curves from sample points on Min 

Principal Curve. 
 

 

Figure 23. Left: 3 stress surfaces from the initial sample point. Second Left: Max-Min surface. Second Right: Max-
Min surface. Right: Mid-Min surface.  

 

However, whether they can actually be used as a splitting surface will be decided by the 

stresses that are normal to the surface. For an area of a stress surface, if the stresses are 



  30 

in tension, it will be unsafe to split it here, because the tessellated geometry will no 

longer be able to bear the tension. Oppositely, it will be usable if it’s in compression.  

Using this method, the cube is tessellated into 7 pieces (Figure 24).  

 

  

Figure 24. Left: Tessellated cube. Right: Tessellated cube before assembly. 

 

Design Scenario 

Upon establishment of the architectural scale workflow, a site is chosen and a design 

scenario is investigated.  

The plaza in front of Franny’s food truck of AAP at Cornell is selected as the speculative 

site to build a wall. There are some existing benches and sculptures on it supplying an 

interesting place for activities. The wall is imagined roughly in “S” shape, with the 

middle part being lower and the two ends being higher. The lower part can be used as 

seats while the higher parts enclose spaces with more privacy. It also interacts with the 

existing context, using the existing benches as seats and tables (Figure 25, Left).  

Evenly distributed leaning forces are used as design input, and large initial design 

geometry is applied for the initial FEA analysis (Figure 25, Left). As a load-responsive 

design process, a geometry regeneration technique is introduced to remove the part of 

the geometry that has low stress and increase the effectiveness of the material (Figure 
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25, Right). By changing the cut-off threshold, the remaining geometry of the wall varies 

(Figure 26).  

 

 

Figure 25. Left: Initial imagination of the wall in the context of the plaza. Right: The initial geometry for FEA 
analysis 

 
Figure 26. Matrix of regenerated wall geometry with different cut-off thresholds 

 
Design Result 

The resulting wall is porous, responsive to its specific loading conditions, and 

lightweight. Several bricks of this tessellation are printed at quarter-scale for 
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preliminary assembly visualization (Figure 27). The tessellated and packed wall is 

digitally visualized in Figure 28 and physically in Figure 29. More potentials can be 

foreseen from the wall in leveraging architecture design with considerations of 

programs and environmental factors.  

 

      

Figure 27. Model illustration of 3D printed bricks at quarter scale 

 

 

Figure 28. Digital representation of full-scale wall proposal based on the aforementioned loading condition 
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Figure 29. Mockup of the tessellated wall 
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CHAPTER 4 

 

DISCUSSION AND CONCLUSION 

 
Discussion 

Preliminary calculations suggest PolyBrick geometries have the potential to improve 

upon material efficiency rates (stiffness/effective volume) of corresponding solid 

geometries. Such results are promising in achieving the goal of lightweight and material 

efficiency while maintaining high mechanical performance. Hence, ceramic building 

blocks re-enter the canon of architectural load bearing technologies with increased 

porosity and load responsiveness. 

While architectural potential and high material efficiency are observed, a larger sample 

is needed to increase the accuracy of data relating to mechanical performance. This can 

create a useful archival reference for the future analysis and employment of PolyBrick 

geometries at the architectural scale. Additional testing is needed for ellipsoid packing 

based directional prototypes.  

 
Limitation 

Algorithmic limitations pertain to the need for high computation power and time. 

Similarly, ceramic resin printing processes are constrained by fabrication time and the 

print bed size (145 mm x 137 mm x 175 mm). In addition, larger prototypes take several 

days to weeks to print. Ceramic resin pricing is also indicative of a costly process when 

envisioning larger-scale applications. Material constraints largely pertain to unique 

material properties of 3D printed ceramics. Because of its natural porosity and low-

density, the mechanical properties of 3D printed ceramic prototypes are difficult to 
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analyze. Multiple tests are required to record accurate data pertaining to comparative 

mechanical performances.  

 
Conclusion 

In this thesis, a new computational method based on ellipsoid packing is proposed for 

the generation of load-bearing lattice structures. In contrast with existing lattice 

generation algorithms, this method provides comprehensive control over both 

anisotropy and inhomogeneity and increases ease of generating specialized responsive 

geometries. Also, a dynamic thickening algorithm is implemented to compute a load-

responsive thickness for each strut. The proposed generation algorithms are leveraged 

at an architectural scale with a 3D tessellation algorithm and additional research of 

material and fabrication methods.  

Outlined processes of evaluation strengthen the argument for the implementation of 

non-standard, porous ceramic building components as a viable material for load-

bearing/architectural application. Hence, PolyBrick offers a non-standard, lightweight, 

and efficient load-bearing lattice structure system alternative to existing frameworks. 

To facilitate further design exploration and implementation, the complete workflow is 

outlined and formalized as a Grasshopper plug-in, “PolyBrick”. 
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