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ABSTRACT 
I present research investigating the design and simulation of 
topological interlocking assemblies (TIA) made of concrete 
modules to create a self-supporting structure. Several studies 
have performed finite element method (FEM) analyses of 
simple interlocking assemblies. While the global 
performance of the assemblies using different block types 
has been examined, the effect of geometric variations of the 
local geometry on the global performance of such assemblies 
has not been widely investigated. In particular, the angle and 
number of undulations can be varied to increase the 
efficiency of these assemblies of osteomorphic blocks. This 
paper is part of an ongoing project on the design and 
fabrication of TIA using osteomorphic blocks. In it, I present 
a series of FEM simulations that investigate the relation 
between local design of the modules and the global structural 
performance of the assemblies in an arch.   

Author Keywords 
Topological interlocking assemblies; parametric and 
computational design; structural simulation; Finite element 
method; concrete. 
ACM Classification Keywords 
I.6.1 SIMULATION AND MODELING (e.g. Model 
Development). See: http://www.acm.org/about/class/1998/ 
for more information and the full list of ACM classifiers 
and descriptors.   

1 INTRODUCTION 
Topological interlocking assemblies (TIA) are made of solid 
elements. Their overall structural integrity relies on each 
element being kinematically constrained by its neighbors. 
This system establishes equilibrium through compression 
forces, where the weight of each heavy block is used against 
itself to maintain it in the span. Given fixed boundary 
conditions, the assemblies can resist forces without any 
additional binding material such as mortar—adjacency 
replaces mortar. In addition, the global geometry of the 
assembly can be controlled to minimize deflections and 
increase the efficiency of the system. 

Many researchers have studied the design and assembly of 
topological interlocking elements. Dyskin et al. conducted 
theoretical and experimental research, suggesting that the 
properties of topological interlocking, such as increased 

fracture toughness, tolerance to local failure, high 
formability, and low bending rigidity, opens new avenues for 
large-scale mortar-free construction [1]. They later 
categorized various edge conditions of these assemblies as 
either having an external frame, an internal prestressed cable 
or tendon, or self-weight, which are all auxiliary elements of 
the structure [2]. Later, researchers investigated cube-shaped 
topological interlocking systems with an emphasis on those 
built with aluminum, steel, and PVC [3]. Estrin et al. also 
studied multi-layer interlocking elements (as opposed to 
single layer assemblies) while exploring the use of hybrid 
materials [4]. Their research group recently published a 
study hypothesizing that the mechanical responses of 
topological interlocking assemblies are controlled by the 
geometry of the interlocking elements and their surfaces, as 
well as their local surface patterns [5]. Oliver Tessmann 
extensively studied the design of topological interlocking 
assemblies. He parametrically designed differentiated 
interlocking elements for planar and curved surfaces [6] [7] 
[8]. More recently, he published on the application of non-
continuous logics in architecture, offering a relevant case 
study of topological interlocking [9]. Vella et al. created a 
parametric model inspired by the flat Abeille Vault to create 
a double-curvature surface [10]. Weitzmann et al. also 
studied topological interlocking systems as organizational 
mechanisms that can be used for facades, using two or three 
different tetrahedra for planar tiling systems and curved 
surfaces [11]; they later studied how they are used for the 
construction of building floors and conducted numerical 
simulation using finite element method (FEM) analysis in 
DS SolidWorks. They also conducted primary topology 
optimization analysis to demonstrate the material and weight 
improvements to a single unit using Altair’s Inspire software 
[12], and more recently, conducted discrete element method 
(DEM) structural analysis of the modules using Itasca 3DEC 
[13]. Other research studies on TP systems include in-depth 
equilibrium analysis of TI for structural assemblies [14]; 
interlocking cast glass components analyzed by DIANA 
FEA software [15]; and a theoretical and experimental study 
of topological interlocking assemblies by using X-joint 
theory edge modules, which absorb lateral thrusts [16]. The 
literature reviewed for this work is summarized in Table 1. 
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Researchers Module’s geometry, material, 
and assembly  

Method Findings/future directions 

Dyskin, Estrin, 
et al. 2001 [1] 
[2] 

Mechanical properties of 
tetrahedron-based structures; 
planar surface configuration. 

Theoretical and 
experimental study. 

Significant non-elastic strains under 
concentrated force; small bending 
compared to a massive plate with an 
equivalent thickness. 

Schaare, 
Riehemann and 
Estrin 2009 [3] 

Aluminum, steel and PVC cube-
shaped elements; planar surface 
configuration. 

Numerical simulation 
(using 3DS Simulia 
ABAQUS) and 
experimental study. 

The assemblies have high energy 
absorption potential. 

Estrin, Dyskin, 
and Pasternak 
2011 [4] 

Single layer polyhedral assembly; 
multi-layer osteomorphic 
assembly; hybrid structure 
comprising a layer of metallic 
cubes and a silicon rubber; all as 
planar surface configuration. 

Prototyping scaled 
design concepts with 
various materials can be 
combined within a single 
topologically interlocked 
structure.  

Multifunctional hybrids can be 
obtained that combine various 
materials within an assembly. 

Djumas, Simon, 
Estrin, and 
Molotnikov 
2017 [5] 

Explores the idea of hierarchical 
structures to topologically 
interlocked assemblies. 

FEM Numerical 
simulations using 
ABAQUS/Explicit; 
fabrication of elements 
using 3D printing; 
mechanical experiments 
under point loadings. 

Introducing a secondary surface 
geometry to non-planar elements 
creates an additional interlocking 
effect. Patterning of the interlocking 
block surface delays the onset of 
slipping of the central block under 
concentrated load. 

Tessmann, 
2012–13 [6] [7] 
[8] 

Differentiated tetrahedron 
assembly on a planar and curved 
surface. 

Parametric design; 
fabrication through 
creating the unrolled cut 
pattern and using it as a 
mold to cast plaster. 

Potential of the interlocking systems 
for performative sculptures or 
retaining facilities for mud floods; 
identifies need for better sequencing 
and self-organization of elements 
within the system. 

Vella et al. 2015 
[10] 

Inspired by the identical 
tetrahedron ashlars of the flat 
Abeille vault, creates differentiated 
modules covering a double-curved 
surface; the Truchet vault; and 
osteomorphic blocks. 

Parametric design. Abeille-like configuration as a 
generic example of TI; the 
combination of digital design and 
digital fabrication enables the 
reanimation of historic construction 
techniques. 

Weitzmann et 
al. 2015–19 [11] 
[12] [13] 

Tetrahedra projected on planar and 
curved surfaces; potential use for 
construction of building floors. 

Computational and 
parametric design, 3D 
printing modules, FEM 
and DEM structural 
analysis. 

Existing relationship between 
geometry and structural performance 
with an application to the 
construction of floor systems. 

Pfeiffer et al. 
2019 [16] 

Tackles the idea of removable 
structures using X-joint theory 
edge modules. 

Computational design, 
digital machining, and 
assembly 
experimentation. 

Some X-joints undergo substantial 
bending stress and more in-depth 
structural analysis is needed. 
Hexagonal pattern and special edge 
module open door to geometric 
exploration of TIA. 

Table 1. Summary of literature on design, simulation, and experimental testing of topological interlocking assemblies.

Many previous studies have focused on parametric design of 
TIA to create differentiation either in terms of modules’ 
porosities or to accommodate complex curvatures. Some 
have focused on structural performance assessment of the 
assemblies through simulation, while others have 

emphasized prototyping the assemblies through digital 
fabrication [16]. Yet, the relationship between the design of 
the modules and the structural performance of the assemblies 
has not been investigated in depth.  

154PREPRINT PREPRINT



This study employs parametric design and simulation to 
easily vary module geometry and assess its effect on the 
structural performance of the assembly. In other words, the 
focus of this study is to understand the relationship between 
geometry at the micro level and structural performance at the 
macro level. Investigation of this part-to-whole relationship 
can provide a design guide before design parameters are 
adjusted to accommodate more complex curvatures or digital 
fabrication. 
2 PARAMETRIC DESIGN 
Researchers hypothesize that the mechanical response of 
TIA are controlled by the geometry of the interlocking 
elements, their surfaces, and the local surface patterns that 
may be introduced [5]. The geometry of TIA can vary from 
platonic polyhedral geometries with varying numbers of 
faces to osteomorphic blocks. Regarding the surfaces, 
researchers have stated that the contact face between the 
modules can be planar (e.g. contact faces in platonic 
modules), or more complex (e.g. contact faces in 
osteomorphic blocks). Planar contact faces only constrain 
movement in one direction, whereas more complex contact 
faces with curved multi-directional undulations can constrain 
movement in at least three directions [16]. Patterning or 
itching the contact faces of local surface patterns can further 
increase the friction between the modules, thus increasing 
the assembly’s efficiency. 

In this study, design is considered at two scales in the 
parametric design process: local and global. At the local 
level, the geometry and surfaces of the modules is 
considered. Osteomorphic blocks are selected as the module 
geometry. The inclining wavy faces in osteomorphic blocks 
lock the movement of neighboring units in both up and down 
directions (Figure 1). Then, the blocks are shifted in each row 
to achieve interlocking [17]. At the global level, an arch is 
designed as the underlying surface; the number of modules 
projected on it can vary. I parametrically modeled this 
catenary arch after an osteomorphic catenary arch by 
Fallacara [18] using Rhino, Grasshopper and the Kangaroo 
form-finding plug-in. The catenary arch allows uniform load 
distribution and after form-finding, the osteomorphic blocks 
are projected onto the arch. All of the blocks undergo 
topological deformation, meaning that there are dimensional 
and angular variations among them. An arch was selected for 
two reasons: first, the single curvature of an arch seemed 
appropriate for initial investigation before exploring more 
complex double curvature forms; second, the single blocks 
are similar in each row of the arch, while half of the arch is a 
mirrored replica of its first half. This rationale is in line with 
one of the goals of the study—controlled variability. 

I parametrically modeled a square unit and found the mid 
points of each edge to construct lines. After the lines were 

offset, a curve was blended between the two to create the 
lower cross section of the block. The upper cross section of 
the block was designed by flipping the direction of the blend. 
The two cross sections were then lofted, and the blocks 
populated in the x and y directions. Finally, these blocks 
were projected onto the catenary arch. The blocks at the base 
were cut with a plane to create flat edges (Figure 2). 

Figure 1. Mechanism interlocking osteomorphic blocks in the x, y, 
and z directions by shifting each row (left); with undulated contact 
faces (right). 

Figure 2. Parametric modeling process for an osteomorphic arch 

The parameters that affect the geometry of the interlocking 
modules vary the contact surfaces of the blocks by changing 
the offset distance between the two lines (explained in the 
previous step) and the blend factor between the two offset 
curves. In addition, the width and length of the blocks can be 
changed (Figure 3). The constant and variable parameters are 
summarized in Table 2. 
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Figure 3. Parameters that can be varied at the module level

Parameter Value/Range Constant/
Variable 

Catenary span 240 cm Constant 

Catenary rise 260 cm Constant 

Catenary width 120 cm Constant 

Interlocking module 
thickness 

10 cm Constant 

Interlocking module 
offset 

4–18 cm; 1-cm 
intervals 

Variable 

Interlocking module 
blend factor 

0%–1%; 0.1% 

intervals 

Variable 

X-direction 
replication (number 
of units in x direction) 

7–19 units, intervals 
of 2 (always an odd 
number to maintain a 
key stone) 

Variable 

Table 2. Constant and variable parameters in the parametric 
model. 

3 STRUCTURAL SIMULATION 
Masonry is a heterogeneous brittle material that consists of 
units and mortar joints. It can be built out of fired clay, 
concrete, or calcium silicate bricks. Cracking and crushing 
may occur in masonry structures’ units, mortar, at the 
brick/mortar interface, and/or all of the above [19].  

The discrete/distinct element method (DEM) is one method 
for simulating the mechanical behavior of masonry 
structures; it “…is characterized by modeling the materials 
as an assemblage of district blocks or particles interacting 
along their boundaries” [19 p. 37]. DEM is an explicit 
method based on finite difference principles, derived from 
Peter Cundall’s original work [19]. It is presented in the 
UDEC (Universal Distinct Element Code) and 3DEC 
software, developed for commercial use by Itasca Ltd [19]. 

It seems that 3DEC is appropriate for analyzing convex 
geometries; however, it is not capable of analyzing concave 
geometries or geometries with curved surfaces—in this case, 
the osteomorphic blocks. Thus, 3DEC was not used for this 
analysis. 

Instead, I used ANSYS 19.2 software for FEM analysis. Any 
geometry created in Rhino NURBS modeling software can 
be imported into ANSYS. If the geometry is initially 
modeled as an assembly of discrete geometries that each 
have watertight masses and are assembled to have contact 
faces, ANSYS recognizes those contact faces and can assign 
a series of contact types to them. “Bonded” is the default 
contact type, which is applied to all contact regions when any 
geometry is imported. Bonded contact does not allow sliding 
or separation between faces or edges of discrete elements. 
“No Separation” contact is similar to “Bonded” except that it 
applies only to faces or edges. “Frictionless” contact models 
standard unilateral contact (i.e., normal pressure equals zero 
if separation occurs). In this nonlinear mode, the area of 
contact may change as the load is applied; thus, gaps can 
form between the bodies. A zero coefficient of friction is 
assumed in this model, which allows free sliding. “Rough” 
is another contact type, similar to “Frictionless.” It models 
perfectly rough frictional contact but does not allow any 
sliding. Finally, if the “Frictional” contact type is selected, 
the two contact geometries can carry shear stresses up to a 
certain magnitude before they start sliding [20].  

Before analyzing the arch, I conducted a series of simulations 
to benchmark the simulation engine, as well as to understand 
how changing the settings used for contact faces affects the 
results. These benchmarking simulations are presented in the 
following subsections. It should be noted that the legends in 
the simulation snapshots vary from case to case since they 
are auto generated using the minimum and maximum values 
of the related result. Thus, though one legend cannot be used 
for all cases, the maximum result is highlighted as a written 
text in the related tables.  
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3.1 Benchmarking a beam modeled as a continuous 
geometry versus a beam modeled as three discrete 
elements 

ANSYS’s “static structural” module was used for this 
benchmarking simulation. Two beams were modeled in 
Rhino and exported into ANSYS: One had a cross section of 
0.5 m by 0.5 m spanning 10 m modeled as one piece; the 
other a cross section of 0.5 m by 0.5 m comprising three 
equal discrete pieces connected through their contact faces, 
spanning 10 m. Once imported into ANSYS, concrete was 
assigned as the material, and the two edges of the beam 
selected as support using the “displacement” support, which 
restricts movement in x, y, and z directions but allows 
rotation around the y and z axes (degrees of freedom: 
FFFFRR). Finally, a uniform load of 1 KPa was applied to 

the top surface of each beam. The default setting of Bonded 
was used for contact faces of the three-element beam. 

I recorded maximum total deformation and maximum von 
Mises stress for both beams (summarized in Table 3). 
Maximum deformation was similar for both beams, and the 
von Mises stress levels were very close. These results 
demonstrate that the Bonded contact faces for a geometry 
made of discrete elements act in a manner similar to a 
geometry modeled as a continuous geometry.  

Maximum total deformation dominated, leading me to 
assume that the modules will slide off or destabilize before 
cracking. Therefore, deformation was used to compare the 
performance of different scenarios in subsequent 
simulations. 

Beam modeled as a continuous 
geometry 

Beam modeled as three discrete 
elements (bonded contact faces) 

Simulation settings 

Maximum total 
deformation 

0.19 cm 0.19 cm 

Maximum von Mises 
stress 

18 MPa – occurring at the support 20 MPa – occurring at the support 

Table 3. Benchmarking results of the analysis of a continuous and discrete beam. 

3.2 Benchmarking a circular arch made of three discrete 
elements with different contact types 

In this phase, a simple arch made of three discrete elements 
with contact faces is modeled with a square cross section of 
0.5 m by 0.5 m, spanning 10 m with a rise of 5 m. Once 
imported into ANSYS, I assigned concrete as the material 
and selected the two faces of the arch as displacement 
supports (restricted in x, y, and z direction), and self-weight 
as the load.  

The first simulation of the circular arch used the default 
setting in ANSYS (Bonded modules). After the simulation 
was completed, the contact faces between the modules were 

changed to other types. When any one of the contact regions 
is selected, ANSYS displays the location of the contact faces, 
and the two elements that are connected through that face 
(Figure 4).  

I simulated deformation of the arch in multiple simulations 
using the Bonded, Frictionless, Rough, and Frictional, 
settings (Figure 5); deformation values for each scenario are 
summarized in Table 4. Note that the deformation 
visualizations in these figures are scaled up to allow close 
inspection. A coefficient of 0.3 was used for analysis with 
the Frictional setting as in [13].  
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Figure 4. ANSYS displays the elements connected through a 
contact face when that face is selected. 

Contact faces of discrete 
elements 

Maximum 
deflection (cm) 

Bonded 0.022 

Frictionless (coefficient = 0), 
free sliding 0.49 

Rough (coefficient = 0), no 
sliding 0.17 

Frictional (coefficient = 0.3), 
carries shear stress 0.17 

Table 4. Deformation of the arch with three modules with 
different settings for contact faces. 

Figure 5. Deformation simulated with a. Bonded, b. Frictionless, c. Rough, and d. Frictional contact faces. 

Bonded contact faces undergo the smallest deformation. 
Rough and Frictional contact faces create similar 
deformations, both visually and numerically. Frictionless 
contact faces result in the largest deformation, with free 
sliding of the keystone visible. Thus, frictionless contact 
faces (with zero co-efficient) do not seem appropriate for the 
contact faces, since an important feature of topological 
interlocking assemblies is constraint by neighboring 
modules, in which friction plays a role in keeping elements 
in place. Therefore, Frictionless contact faces were not used 
in later simulations. 

3.3 Benchmarking arches with different numbers of 
elements using Rough contact 

At this stage, I increased the number of elements in this 
simple arch from 3 to 5, 9, and then 11, to examine how the 
deformation shape and amount are affected by increasing the 
number of modules. The contact faces were set to Rough 
with a friction coefficient of 0, limiting the sliding of the 
modules. The deformation simulations are summarized in 
Table 5. It should be noted that the modules of the simple 
arch are not interlocking elements, and the simulations are 
done to better understand the effect of increasing the number 
of elements in an arch using a specific contact face setting. 

The results show that deformation increases as the number 
of elements increases. Knowing that no mortar was used in 

this arch (no Bonded contact), these results required further 
validation using an interlocking geometry for the modules; 
regular brick-shaped modules without mortar can easily fail 
under self-weight. 

No. of 
elements 

Max. 
deformation 

(cm) 

5 0.55 

9 1.7 

11 1.91 

Table 5. Deflection of arches with 5, 9, and 11 modules under 
self-weight. 
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3.4 Analysis of the catenary arch 
In this stage, I simulated one version of the parametrically 
designed catenary arch. The curve offset value in the 
parametric model was set to 11 cm, with a blend factor of 
6%. I then simulated the global deformation when the contact 
faces were set to Bonded, Frictional (co-efficient = 0.3), and 
Rough (Table 6). The visualizations are presented in Figure 
6. 

Contact faces Maximum 
deformation (cm) 

Bonded 4.4 e-3 

Frictional (coefficient = 0.3), 
carries shear stress 

0.32 

Rough (coefficient = 0), no sliding 2.6 e4 

Table 6. Topologically interlocked catenary arch 

Figure 6. Simulation of a catenary arch. a. Global deformation with 
Bonded contact faces, b. Local deformation with Frictional 

(coefficient = 0.3) contact faces, and c. local deformation with 
Rough contact faces. 

As expected, using Bonded contact faces resulted in the 
smallest deformation (4.4 e-3 cm). The deformation shape 
presents the global behavior of the arch. When Frictional 
contact faces were used, deformation increased to 0.32 cm. 
In this case, the keystone was the module undergoing 
maximum deformation, causing displacement of 
neighboring units. Finally, simulation of Rough contact faces 
revealed substantial deformation (2.6 e4 cm), with one 
module completely displaced and subsequent failure of the 

whole arch. This simulation shows the important role of 
friction in the analysis, even for the interlocked geometry. In 
future simulations, the global behavior of the structural 
assemblies will be simulated through Bonded contact faces 
and the local behavior of the assembly simulated through 
Frictional contact faces. 

4 CONSIDERATIONS AND LIMITATIONS 
A few points will need to be addressed in future studies: 

Topological interlocking assemblies require fixed boundary 
conditions (various edge conditions of these assemblies 
include either the use of an external frame, an internal 
prestressed cable or tendon, or self-weight). In the 
simulations for the circular or catenary arch under self-
weight, only the base of the arch was set as the support, while 
all blocks along the edge were left free to slide. In Fallacara’s 
built arch, steel wires are integrated into the top surface of 
the arch to prevent the modules from sliding (Figure 7), and 
a beam placed on two sides of the arch to fix the boundary 
conditions. One of the next steps of this research project will 
be to model these boundary conditions and examine their 
effect on the results. Once the appropriate modeling and 
simulation strategies are identified, design parameters can 
easily be varied, and the effect of changing local geometry 
on structural performance closely studied. 

Figure 7. Steel wires on Fallacara’s arch [18]. 

On a separate note, one of the limitations of this study is that 
consideration of all elements was based on simulation, not 
data experimental studies. Load testing physical assemblies 
will be a next step to validate the results of simulation.  

5 CONCLUSION 
This research project is still in progress; the aim is to identify 
the best simulation method for TIA. This will be one that 
considers the effect of the local shape of elements on the 
global performance of structural assemblies. In this work, I 
have confirmed via a series of simulations in ANSYS FEM 
software, that: 

- when an assembly of modules with contact faces is 
modeled and imported into ANSYS, different contact 
types can be selected and applied to it. If the Bonded 
contact type is selected, the assembly will perform in a 
manner very similar to one modeled as a continuous 
geometry in the first place. In other words, failure at the 
brick/mortar interface will never occur in this type of 
simulation. Instead, the global behavior of the assembly 
will be simulated. This is a good simulation strategy for 
understanding the global behavior of these assemblies. 
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- the Frictional contact type recognizes the contact faces 
and allows failure of the brick/brick interface to be 
simulated. The Frictional contact type with a predefined, 
non-zero coefficient can carry shear stresses up to a 
certain magnitude across interfaces before individual 
elements start to slide. In other words, this setting allows 
us to see which module starts to slide first, causing 
maximal deformation or instability of the whole 
assembly. The local behavior of such assemblies can be 
simulated through Frictional contact faces.  

of the topological interlocking modules to understand the 
effect of changing local geometry on global performance. 
This project is being conducted in parallel with one that aims 
to determine how such modules can be fabricated using 3D-
printed forms to cast concrete [21]. The ultimate ambition of 
this research program is to derive the optimized geometric 
properties of TIA based on consideration of the limitations 
of their structural performance and fabrication. The results 
of the present study contribute to knowledge on the design, 
assembly, and fabrication of topological interlocking 
assemblies used as self-supporting structures.  After completing the benchmarking simulations, the next 

step of the study will involve varying the design parameters 
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