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Abstract

A topological interlocking assembly is an arrangement of blocks, where all blocks are kinematically con-
strained by their neighboring blocks and a fixed frame. This concept has been known for a long time, attracting
recent interest due to its advantageous mechanical properties, such as reusability, redundancy and limited crack
propagation. New mathematical methods enable the generation of vast numbers of new topologically interlock-
ing blocks. A natural next question is the quantification of the mechanical performance of these new blocks.
We conduct a numerical study of topological interlocking assemblies whose blocks are constructed based on the
hexagonal grid. By varying a design parameter used in the generation of these blocks, we study its influence on
the structural performance of the entire assembly. The results improve our understanding of the link between
the block parameters and the mechanical performance. This enhances the ability to custom design blocks for
certain mechanical requirements of the topological interlocking assemblies.

1 Introduction

Constructing large modular structures from identical blocks has been a longstanding practice, particularly in civil
engineering. Traditionally, such structures are composed of bricks which are cuboids, one of the simplest geometric
forms. While straightforward, this approach often requires adhesive bonding between blocks, thereby introducing
additional points of potential failure and complicating the processes of recycling and reuse. A promising alternative
is to employ block geometries that admit the construction of so called topological interlocking assemblies (TTAs). A
TIA is an arrangement of blocks such that, once a subset of these blocks (called the frame) is fixed, the remaining
blocks are kinematically constrained solely through their contact with neighboring blocks and the frame.

In this paper, a new topological interlocking block, called the starfish block, is introduced. By employing a
design parameter, we are able to construct different versions of this block. This enables a comprehensive study of
the mechanical performance of the resulting assemblies, derived from variations in the described design parameter.
Here, we examine FEM simulations to study the interaction between the blocks in the planar assemblies under
transverse loading.

1.1 Advantages and applications

One of the main advantages of using a block admitting a TTA over conventional assemblies is that TIA do not require
any adhesives. This allows easier disassembly of the structure once it reaches the end of its life cycle. Further, as
the blocks in the assembly are only kinematically constrained, the propagation of cracks is more limited [10]. This
also allows easier repairs of the assemblies, particularly as some unused blocks can be stored on site, due to all of
them possibly having the same geometry. Another advantage is the accessibility of the construction site. As the
blocks are significantly smaller than the final structure, only smaller access to the building site is required.

Moreover, using interlocking blocks can minimize material usage, as demonstrated by the concrete blocks con-
structed in references [9] and [11].
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1.2 Literature review

The concept of topological interlocking assemblies has a long history. Abeille and Truchet first introduced interlock-
ing assemblies [5], which were later generalized by Frézier [4]. The modern study of TTAs was initiated by Dyskin
et al. [3], who established it as a novel material design concept. Their work demonstrated, for example, that all
Platonic solids can be arranged as TIAs [2]. Further, the authors of [1] have shown quite favourable responses of
TIAs to local impacts.

More recently, a more general method for constructing planar TIAs based on wallpaper symmetries has been
introduced in [6, 8]. This approach was used to design e.g., the so-called Versatile Block, which admits three
different symmetric arrangements.

The creation of large numbers of TIAs is facilitated by the new approach. As a relatively recent development
in the field, only a limited number of research results are currently available. For instance, it has been shown
that different arrangements of the same block can have significantly varying mechanical performances [7]. Thus,
a crucial next step is to analyze the mechanical performance of the geometry of the blocks created using the new
method, which will be presented here. Combined, the results of [7] with the present work reveal a large design space
and demonstrate that both, arrangement and geometry variation, have a significant influence on the mechanical
performance of a TTA. Moreover, they underscore that there is a high potential for optimization and custom tailoring
of TIAs.

2 Construction of the Blocks

This section describes the construction of the starfish block, which is based on the method presented in [6, 8]. The
authors of [6, 8] exploit a given wallpaper group to construct blocks admitting TIAs. Such a group yields a tiling
of the plane consisting of copies of the same tile, called a fundamental domain. The method begins by deforming
a fundamental domain such that the result is another fundamental domain of the same wallpaper group. The two
resulting fundamental domains are then placed on parallel planes and interpolating between them results in a block,
respecting the chosen wallpaper group.

Here we consider the wallpaper group p6, which is generated by a 60° rotation around the origin together with
two linearly independent translations. This group admits a hexagonal tiling of the plane, hence an equilateral
triangle can form a fundamental domain (see black outline Fig. 1).

Figure 1: Deformation of the fundamental domain and a part of an assembly

All edges of this triangle are then deformed by translating the points at i and % of the considered edge into

the normal direction of the edge (see red outline Fig. 1). The magnitude of this translation forms our proposed
design parameter (denoted by d), which varies throughout our analysis. This deformation is depicted in Fig. 1 and
results in another fundamental domain of the wallpaper group p6. As described, these two fundamental domains
are placed on parallel planes which are 20mm apart and then interpolated between them, resulting in the so-called
starfish block. For a selection of parameter d, the blocks and their assemblies are shown in 2.
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Figure 2: Blocks (a,c,e) and assemblies (b,d,f), the frame colored red.

To achieve comparability, the triangle was chosen such that it has an area of 800mm? resulting in an edge length
of a ~ 42.9829mm. Thereby the starfish block considered here has the same height and volume as the Versatile
Block in [7].

3 Simulation setup

We consider blocks with parameter d ranging from lmm to 1lmm in lmm increments as well as 15mm, and
18.5mm. As the largest possible value for d without self-intersections is x == @ ~ 18.6mm, blocks with d > = are
not considered.

3.1 Assembly generation

The assemblies are generated using the CAD software Fusion 360. To take the design parameter d into account,
a user parameter is introduced. Then an initial starfish block is constructed and arranged into a planar assembly
in accordance to the symmetry group p6. This assembly contains 24 inner blocks and a frame consisting of the 30
blocks on the perimeter. Next, the blocks are moved, so that there is a gap of 1 x 10~°mm between all blocks which
are in contact. The user parameter d was varied to the chosen values, with the entire assembly exported as a .step
file.



3.2 Simulation setup

The mechanical performance of the assembled blocks is evaluated using the commercial finite element software
Abaqus/Explicit 2024 in a quasi-static simulation. The chosen material is steel with a Young’s modulus of 210GPa,
a Poisson’s ratio of 0.3 and a density of 7.85_%;. The contact formulation is surface-to-surface contact with a
low friction of 0.01 and an exponential pressure-overclosure relationship starting at 1 x 10~#*mm resulting in slight
contact between the neighboring blocks due to the chosen gap.

The blocks in the frame are kinematically constrained and a uniform pressure load of 0.15MPa is applied to the
side of the assembly consisting of the deformed fundamental domains. The length of the simulation is chosen as 2s
to achieve kinematic equilibrium as the load is applied with smooth steps until 1s.

After the simulations are finished, the maximum Mises stress, contact pressure as well as minimum deformation
in direction of the applied load are extracted over the entire assembly.

4 Results and discussion

4.1 Results

Three key mechanical performance indicators are chosen: the maximum Mises stress, the maximum contact pressure
and the minimum deformation, in the direction in which the load is applied, all of them over the entire assembly.
The relationship between the considered parameter d and the performance indicators is summarized in Fig. 3.
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Figure 3: Parameter d w.r.t. to mechanical performance indicators of the TTA.

All three indicators show that the mechanical performance improves significantly until around d = 10mm. This
suggests that increasing the parameter d initially improves the mechanical performance, as the parts of the blocks
that are kinematically constraining each increase in size, which leads to a better load distribution and thus reduces
stress concentrations. This observation is also in good agreement with the fact that for d = Omm the assembly does
not admit a topological interlocking.

However, further increasing the parameter d, seems to reverse this trend. From around d = 10mm onwards
the mechanical performance in all three indicators reverses, although it decreases not as much as the performance
indicators of d = 1mm, see Fig. 3.
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Figure 4: Stresses (Pa) and deformations (mm) on selected assemblies

Fig. 4 shows the FEM results for the Mises stress (left column) and the deformation (right column) of the
entire assembly for d = 3,8, and 15mm. Note that the frame is not shown in order to better highlight the internal
results and the U2 direction is normal to the assembly plane. The maximal Mises stress and the maximal absolute
deformation vary with the choice of parameter d, and the corresponding values in combination with the contact
pressure are listed in Table 1. However, the distribution of the two mechanical performance indicators within the
assemblies is similar.

Parameter d Max. Mises | Max. contact | Max. abs. deformation
Stress [MPa] pressure [MPa] | normal to pressure [pm)]
3mm 33.00 40.49 26.95
Smm 15.56 17.69 10.44
15mm 25.91 27.87 17.23

Table 1: Some of the mechanical performance results.

4.2 Discussion

As noted above, mechanical performance increases up to 10mm, after which the trend reverses. We hypothesize that
this reversal is caused by thin regions and acute angles in the block resulting from the large deformation parameter
moving the effected vertex close to another edge. These thin regions result in stress concentrations as the cone in



which the stress can be transferred from one block onto a neighboring block cannot distribute the load over much
material. An example of this stress concentration behavior for d = 15mm can be observed in Fig. 4e, where the
points moved close to another edge show stress spikes, which reduce performance.

Our findings demonstrate the high level of influence the parameter d has on the mechanical response of the
assembly. Further, it seems that there is an optimum performance w.r.t. this design parameter, which is not at
the boundaries of the possible values for d. Thus, an optimization of the parameter d is necessary for maximizing
the performance of the assembly. This optimization needs to balance the advantages of larger deformations, which
distribute the load better, with the disadvantages of concentrated stresses from localized weaknesses.

5 Conclusion and outlook

The work presented in this paper shows that a design parameter for a block geometry can have a significant
influence on the mechanical performance of a resulting TIA and particularly highlights that the optimum of the
design parameter is not at the boundaries of its possible values. Combined with the findings of [7] this shows
that the mechanical performance of TIAs can be tailored through different design parameters, both on the level
of arrangements as well as on the level of the block geometry. These results provide a clearer understanding of
how geometry affects mechanical performance of TIAs. Nevertheless, further investigations of the influence of block
geometry are required, with emphasis on how specific geometric parameters influence load transfer, contact pressure,
and stability, in order to achieve a comprehensive understanding of these relationships.

One significant limitation of our study is the limited focus on a single parameter used in the generation of the
block. Future research should explore the influence of other parameters, such as the height or smoothing of the
block, to understand their individual influence on the mechanical performance better. Additionally, the interplay
between multiple parameters e.g. the design parameter d and the height of the blocks, should be investigated,
ideally revealing some scale-free parameters.

Furthermore, the current analysis was conducted on a relatively small assembly. Expanding the study to a
larger-scale assembly could provide valuable insights into its behavior in a more general setting, and would also
allow an accurate comparison with the results presented in [7].

A similar parameter study could also be performed on other blocks derived from wallpaper groups, such as
the Versatile Block or blocks with a smooth deformation. This could lead to a more holistic understanding of the
influence in mechanical response from the underlying symmetry.

Lastly, the FEM computations took quite a long time resulting in considering only the presented load case even
though TIAs are rigid assemblies for every load case. Thus, it could be advantageous, to develop a tailored tool for
assemblies like the ones presented here. Such a tool would also aid the proposed optimization of the blocks.
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