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A B S T R A C T

Topological interlocking (TI) structures, known for their superior energy dissipation, damage tolerance, and 
adaptability, are gaining increasing attention as innovative solutions to advanced structural designs. In this 
study, a general framework is developed for designing TI elements with curved contact surfaces, enabling the 
creation of monomorphic elements through a matched concavo-convex interface. The element shapes are 
controlled by parameters such as polygon type, polygon length, curve function, and element thickness. This 
approach can be applied to designing TI elements for both planar and non-planar structures. Validation is 
achieved through the design of 24 planar and 12 non-planar TI elements, along with two 3D-printed prototypes. 
Furthermore, the impact performance of typical TI plates is compared to that of a monolithic structure to 
demonstrate the effectiveness of the generalised interlocking mechanism.

1. Introduction

Topological interlocking (TI) structures consist of elements that 
interlock through kinematic constraints arising from their geometric 
design and mutual arrangement. This design principle eliminates the 
need for external connectors or binders, as each element is held in place 
by constraints from neighbouring elements. When the assembly is con
strained at the periphery, each element becomes securely locked in 
place, with geometry and interfacial contact ensuring structural integ
rity. This interlocking mechanism enhances structural robustness [1], 
localises failure [2], and enables element replacement, making TI 
structures highly sustainable and resilient [3]. Additionally, their 
segmented nature allows for superior energy absorption [4,5] and vi
bration attenuation under dynamic loads [6]. TI structures also exhibit 
strong tolerance to missing elements, maintaining structural function
ality even when certain elements are removed [7]. These advantages 
make TI structures promising for civil engineering applications, such as 
retaining walls [8], pavement blocks [9], seismic-resistant members 
[10], and tunnel shielding [11].

Classical TI elements can be categorised into two main families. The 
first consists of polyhedra derived from convex polygons, while the other 
features curved contact surfaces, such as osteomorphic elements [12]. 

The two types of TI elements employ distinct methods to control their 
morphology and achieve the interlocking effect. Polyhedral TI elements 
are shaped by geometric principles. The movement of the central 
element is constrained by neighbouring elements due to the reciprocal 
movement tendencies of their lopsided planes. These elements can be 
arranged in a checkerboard pattern to form a planar structure, with 
adjacent elements featuring mutually perpendicular frictional contact 
planes [13]. The example of a tetrahedral TI structure is illustrated in 
Fig. 1(a). The middle sectional plane displays a regular tiling with 
reciprocal inclined plane directions in the contact area, which makes the 
centre element interlocked by its neighbouring elements. Dyskin et al. 
[14] discovered that identical elements in the shape of five platonic 
bodies (tetrahedron, cube, octahedron, dodecahedron, and icosahedron) 
can be assembled into planar structures with topological interlocking 
features. Later, a series of indentation tests were carried out by Dyskin 
et al. [14] to study the mechanical behaviour of polyhedral TI structures 
assembled from the tetrahedral and cubic elements. The results indi
cated that these structures were highly flexible and exhibited a strong 
tolerance for missing elements. Weizman et al. [15] developed poly
hedral TI plates using semi-regular and non-regular tiling, which involve 
combinations of two or more regular polygons and identical irregular 
polygons respectively, to explore their potential applications in 
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architectural design, emphasising their advantages in reusability and 
damage tolerance. Additionally, Bejarano and Hoffman [16] proposed 
an algorithm to automatically generate TI structures with tetrahedral 
configurations using square tiling. The geometry of the element was 
controlled by its height and centre point. The tetrahedral TI element was 
applied to non-planar surfaces, such as cylindrical, spherical, and torus 
surfaces, using shape generation with a square mesh. However, the 
design options were limited due to the difficulty in calculating the 
effective interlocking inclination angle [16].

Dyskin et al. [2] proposed the first TI element with curved interfaces, 
an osteomorphic element featuring two-sided curved surfaces with a 
concavo-convex morphology. By aligning the protrusions and recesses of 
osteomorphic elements, they could be assembled into a structural unit, 
as depicted in Fig. 1(b). The morphology of osteomorphic elements was 
defined using mathematical functions that meet symmetry, periodicity, 
and surface contact conditions [2]. The interlocking mechanism of 
osteomorphic elements resulted from the mutual jamming of protrusions 
and recesses on their contact surfaces under a confining load. Experi
mental tests and numerical simulations reported by Dyskin et al. [17]
demonstrated that TI structures with curved interfaces created flexible, 
failure-tolerant structures capable of creating multi-layer configura
tions. Inspired by the work of Dyskin et al. [2], Rezaee Javan et al. [18]
proposed a TI element with a four-sided curved interface, exhibiting 
enhanced impact energy absorption capacity compared to osteomorphic 
elements. Their experimental results demonstrated that the interlocking 
assembly plates exhibited significantly enhanced flexural performance 
and a localised failure mode, in contrast to the brittle-dominated 
behaviour observed in monolithic plates [18]. Additionally, Akleman 
et al. [19] developed a method to generate TI elements with larger 
curved contact areas using wallpaper patterns and fabric textures. TI 
elements with curved contact surfaces reduce the reliance on frictional 
contributions compared to polyhedral TI structures, thereby broadening 
the scope of applications for TI structures [20]. Recently, more alter
native TI element designs have been proposed. For example, Koureas 
et al. [21] investigated the effect of hierarchical interlocking on 
beam-like topologically interlocked structures. Their research showed 
that introducing sinusoidal surface alterations to planar-faced blocks 
could significantly enhance the interlocking performance. Dalaq and 
Barthelat [22] studied the structural behaviour of segmented beams 
composed of rigid elements under transverse forces, starting with simple 
cube geometries and subsequently enhancing the interfaces using 
two-dimensional polynomial functions. Test results for the ceramic glass 
segmented beams revealed that the enhanced blocks transformed brittle 
failure into graceful progressive deformation, achieving toughness 370 
times greater than that of monolithic structure while retaining 40 % of 
its strength. However, previous TI elements were primarily derived 

based on square tiling and applied to planar structures. Xu et al. [23]
proposed a non-planar TI element with curved contact surfaces, based 
on hexagonal tiling, for tubular structures by morphing a planar struc
ture into a cylindrical surface, representing one of the few studies on 
non-planar TI elements. The tubular structure assembled with these TI 
elements demonstrated greater energy absorption capacity and a more 
localised failure pattern compared to both monolithic structure and the 
structure assembled with traditional elements. This configuration shows 
potential for use in tunnel segments, where the surrounding soil pressure 
can effectively provide the necessary confining load. Currently, the 
design alternatives for elements with curved contact surfaces are 
limited, and it is difficult to link shape morphology with design pa
rameters using the methods in existing studies.

Although previous studies have made progress in the development of 
TI structures and concluded that polygon tiling provides the geometric 
foundation [26,27], they primarily focused on regular or semi-regular 
tilings, leaving many other tiling options unexplored. Moreover, the 
existing designs for TI elements are limited, with the majority focusing 
on polyhedral planar structures that heavily rely on material friction, 
hindering the broader application of TI structures. Besides, the rela
tionship between the interlocking effect and surface morphology re
mains unclear for elements with curved interfaces generated using 
existing methods in the literature. At present, there is a lack of a general 
method for generating TI elements with various designs that can meet 
diverse performance demands.

In this study, a generalised approach is developed for designing TI 
elements with curved contact surfaces, applicable to both planar and 
cylindrical structures. By employing appropriate curve functions, such 
as sinusoidal functions, the framework generates precisely matched 
concavo-convex interfaces to achieve interlocking. The parametric 
design enables control over shape morphology using polygonal proto
tiles, curve functions, and element dimensions. Unlike previous ap
proaches that produce isolated TI cases, this method systematically 
generates an entire family of TI elements. These elements feature 
monomorphic prototile characteristics, which enhance manufactur
ability, construction efficiency, and recyclability. The effectiveness of 
the proposed framework is demonstrated by examples of TI elements 
created based on different plane tilings. Finally, the impact performance 
of typical planar TI structures is compared to that of a monolithic plate 
to highlight the benefit of the interlocking mechanism.

2. General framework for creating TI structures

In this section, a systematic approach is developed for creating TI 
elements characterised by curved interfaces. The generated elements 
can be assembled into planar structures and have the potential to extend 

Fig. 1. Examples of two typical TI element families: (a) tetrahedral TI elements [24], and (b) osteomorphic TI elements [2,25].
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into non-planar forms, such as tubular structures, while preserving their 
monomorphic feature. The developed framework can be implemented 
using the 3D geometric modelling software Rhino to create TI elements.

2.1. Selection of polygon tiling

In the past, a variety of TI elements have been introduced in the 
literature [2,14,18,23,27–30], all sharing the ability to completely cover 
a flat surface with non-overlapping figures. This study expands the 
design options for TI elements by using tilings that have not been 
explored in previous research. In the classical book by Grunbaum and 
Shephard [31], a wide range of plane tilings has been discussed. In this 
study, four representative types of polygon tilings from their work are 
selected as the basis for generating TI elements, considering design and 
construction simplicity: regular tiling, parallelogram tiling, Laves tiling, 
and brick wall tiling, as shown in Fig. 2. The selected tilings consist of 
tiles that are identical in size and shape, resulting in a monomorphic 
prototile. This simplifies manufacturing and construction by enabling 
single moulding and straightforward assembly.

As shown in Fig. 2(a), regular tiling consists of identical regular 
polygons, such as equilateral triangles, squares, and hexagons. Paral
lelogram tiling, depicted in Fig. 2(b), is created using irregular four- 
sided polygons. Brick wall tiling reported in [32] provides another 
monomorphic design option, allowing the prototile to cover a plane 
using various laying arrangements, as shown in Fig. 2(c). Brick wall 
tiling is not edge-to-edge, as the long side of a rectangle tile is shared by 
two adjacent tiles. Therefore, the curve function for brick wall tiling 
requires special attention. The ratio of the shorter side to the longer side 
should align with the ratio of protrusions and recesses to ensure a snug 
fit in the plane tiling. Fig. 2(d) shows eight Laves tilings selected for their 
monomorphic prototile and edge-to-edge characteristics. Regular tiling, 
parallelogram tiling, and Laves tiling are edge-to-edge, i.e. adjacent tiles 
share a complete side, which ensures a compatible concavo-convex 
relationship between the edges of the tiles.

2.2. Creating interlocking effect for polygonal prototile

In this study, curvature is introduced to the prototile edges to create 
an in-plane interlocking effect. The reciprocal local curvature of the 

matched edges prevents the in-plane movement of the elements. The 
curved edges also form the basis for creating a concavo-convex contact 
surface between elements, which is crucial for resisting out-of-plane 
movement. A sinusoidal function, as given in Eq. (1), is used to 
generate curvature for prototile edges (Fig. 3). 

f(x) = Asin(k
πx
a
), kϵZ (1) 

where x is the position along the edge; A is the amplitude, representing 
the peak deviation of the curve from the edge; k is the wave number, 
which controls the number of protrusions and recesses, and k must be 
an integer; a refers to the edge length.

The curvature direction and shape, controlled by the amplitude and 
wave number, are critical for achieving non-overlapping plane tiling. 
Depending on the period of the sinusoidal function, the edge shape can 
be classified as half-wave shape and full-wave shape, as shown in Fig. 4
(a). The half-wave shape exhibits reflective symmetry about the 
perpendicular bisectors, while the full-wave shape has 180-degree 
rotational symmetry about its midpoint. Since the resulting prototile, 
with edges featuring protrusions and recesses, can only cover the plane 
when the number of protrusions is equal to that of recesses, half-wave 
shapes must be excluded for prototiles with an odd edge number [33]. 
This is because their edges would inevitably have mismatched pro
trusions and recesses. For prototiles with an even edge number, 
employing a half-wave shape requires dividing the edges into two 

Fig. 2. Four plane tiling types as foundations for TI elements: (a) regular tiling [31], (b) parallelogram tiling [31], (c) brick wall tiling [32], and (d) irregular Laves 
tiling [31].

Fig. 3. Introduction of curvature to prototile edges.
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groups. These groups must have opposite convexities, determined by the 
positive or negative amplitude value, to ensure a balance in the number 
of protrusions and recesses. For the full-wave shape, the edge-matching 
rule is naturally satisfied without the need to adjust the amplitude. Fig. 4
(b) shows examples of transforming a regular hexagonal prototile into 
ones with curved edges, featuring half-wave shape (Prototile A) and 
full-wave shape (Prototile B).

The out-of-plane interlocking of the TI structure is attained through 
matched concavo-convex surface morphology between neighbouring 
elements. This surface morphology is achieved by ensuring that the 
curved edges on the top and bottom surfaces of the element have 
reflective convexity, as shown in Fig. 4(c). The green lines serve as 
auxiliary lines, indicating the reflective relationship between the curved 
edges on the top and bottom surfaces. The creation of interlocking 
interface for TI elements will be discussed in detail in Section 2.3.

The function used to generate curved edges could be any function 
that produces the concavo-convex property, such as the circular curve 
employed by Yong [6] to create osteomorphic elements. The selection of 
the sinusoidal function in this study is motivated by three key factors. 
Firstly, the shape generated by this function perfectly aligns with the 
concavo-convex profile required for TI elements. Secondly, in previous 
studies, such as the one reported by Weizmann et al. [27], polylines 
arranged in a zig-zag pattern were used, forming triangular or rectan
gular interfaces. However, the sinusoidal function offers a smoother 
profile, which reduces stress concentration at the contact areas between 
elements, as shown in Fig. 5. Additionally, the sinusoidal function is one 
of the simplest periodic curve functions, providing a straightforward 
relationship between the curve’s shape and its parameters.

2.3. Creating interlocking interface for TI elements

In this study, the contact surfaces of the TI elements are generated 
and controlled using the curved prototile edges on the top and bottom 
surfaces, by employing the “loft” function in Rhino. The generated in
terfaces are ruled surfaces, formed by a continuous series of straight-line 
segments connecting the curved prototile edges, as illustrated by the 
yellow isocurves in Fig. 6(a). By applying the loft function to each pair of 
top and bottom curved prototile edges, interlocking interfaces are 

created. Fig. 6(b) shows the examples of TI elements (TI element A and 
TI element B) generated from Prototile A and Prototile B.

Fig. 6(c) illustrates the matched concavo-convex contact surfaces of 
pairs of elements, where the protrusions of one element fit into the re
cesses of the other, and vice versa. When a confining boundary is applied 
to compress the assembly, these complementary surfaces effectively 
restrict out-of-plane movement. The interlocking effect is achieved 
through both the material jamming between protrusions and recesses as 
well as the frictional resistance at the interfaces. In contrast to poly
hedral TI elements, friction plays a secondary role compared to geo
metric constraints.

2.4. Non-planar TI elements

The planar TI elements generated by the proposed method can be 
adapted to create non-planar elements for shell structures using the 
“FlowAlongSrf” function in Rhino. This function transforms an object 
from a source plane to a target surface, as demonstrated by Xu et al. 
[23]. The effectiveness of this method lies in the resulting non-planar TI 
elements, which retain their monomorphic characteristics and inter
locking effect. However, not all TI elements are compatible with this 
method. To ensure interlocking and monomorphic features in the 
resulting non-planar TI elements, two criteria must be met: 1) the target 
surface must be developable and with uniform curvature, and 2) the 
prototiles are isotropic in the uv plane directions, i.e., the prototiles are 
arranged translationally along the u and v directions, ensuring that the 
size of each element remains consistent in these directions, as illustrated 
in Fig. 7.

Fig. 4. Process of generating curvature for prototile edges: (a) edge matching rules, (b) prototiles with edges modified using sinusoidal function, where a refers to 
polygon length and k refers to the wave number (Prototile A: A = 1/4a,k = 1, half-wave; Prototile B: A = 1/4a,k = 2, full-wave), and (c) curved edges for the top 
and bottom surfaces of TI elements.

Fig. 5. Interfaces with different curve functions: (a) polylines and (b) sinu
soidal function.

Fig. 6. Generating TI elements: (a) formation of interfaces in TI elements, (b) 
TI element A and TI element B, and (c) paired elements with matched concavo- 
convex interfaces.
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2.4.1. Cylindrical target surface
To transform planar geometry onto cylindrical surfaces, the "Flow

AlongSrf" in Rhino is employed. This tool constructs a precise map f 
between the plane and the target surface, as demonstrated in Fig. 8, 
ensuring that the intrinsic properties of the geometry, such as distances 
and angles, are preserved. When used with cylindrical surfaces, which 
are developable surfaces with uniform curvature, the function guaran
tees that the transformed TI elements retain their monomorphic fea
tures, making it ideal for creating tubular or arch designs. This capability 
enables the accurate and efficient morphing of planar TI elements onto 
cylindrical surfaces, preserving both their interlocking interfaces and 
monomorphic characteristics.

2.4.2. Isometry of prototile arrangement
Fig. 9(a) shows two tubular assemblies transformed from planar TI 

structures through morphing. TI element A originates from hexagon 
tiling, while TI element C is derived from square tiling. Both element 
types feature half-wave curved edges. Fig. 9(b) compares the dimension 
and curvature of the non-planar TI elements with their planar prototypes 
before transformation. It can be observed that the non-planar element 
derived from the TI element A retains the monomorphic feature, while 
the one from the TI element C does not. Before transformation, both TI 
elements A and C exhibit monomorphic features. In both types, the 
adjacent elements have identical dimensions of 3.6 mm and zero cur
vature. After transformation, the curves in adjacent TI element A 
experience a uniform stretch to 3.9 mm and gain a consistent curvature 
of 1/r (where r is the radius of the cylinder), thus preserving the 
monomorphic feature. Conversely, for TI element C, the adjacent ele
ments are not isometric in the v direction due to a 90◦ rotation of the 
right element relative to the left. After morphing, the different defor
mation scales in the u and v directions result in variations in dimension 
and curvature. Specifically, the curve of the right element retains its 
original dimension of 3.6 mm and zero curvature in the v direction, 
while the left element’s curve stretches to 4.7 mm and acquires the 
curvature of the cylindrical surface as 1/r in the u direction. Unlike the 
assembly formed by TI element A, the arrangement of TI element C does 
not satisfy the isometry requirement. Consequently, differences in di
mensions and curvature after the mapping prevent it from preserving 
the monomorphic characteristic. Therefore, to achieve non-planar TI 
structures, planar TI elements must fulfil the isometry requirement in 
both directions.

2.5. Summary of design framework

The framework developed in this study for designing TI structures 
with monomorphic prototiles featuring curved interfaces involves three 
main steps: 1) selecting a 2D polygonal tiling that inherently possesses 
monomorphic characteristics, 2) shaping the contact edges to create 
concavo-convex features with an equal number of protrusions and re
cesses, and 3) constructing interlocking interfaces based on curved 
edges. To create cylindrical structures, the configuration of planar TI 
elements must satisfy the isometry requirement in the uv directions. The 
morphology of TI elements is governed by four design parameters, 
including polygonal prototile, polygon length, curve function, and 
element thickness, as demonstrated in Fig. 10. The design workflow is 
outlined in Fig. 11.

3. Validation of the proposed framework

3.1. New TI elements developed using the proposed framework

In this study, the four typical polygon tilings introduced in Section 
2.1 are employed to generate new TI elements. In these examples, the 
curve function has a consistent amplitude set to a quarter of the square 
length a, as shown in Fig. 12. By implementing the proposed method
ology to the four types of plane tilings, 24 planar TI elements are 
generated, as depicted in Fig. 12, along with their corresponding 
polygonal prototiles and curve functions. The assembled planar struc
tures consist of both complete and truncated elements: the elements at 
the plate boundary have to be cut to conform to the straight edges. The 
primary distinctions among these TI elements lie in the polygonal pro
totiles and the curve functions used to generate various element geom
etries and interface morphologies. Notably, in the case of the triangular 
prototile, the half-wave function is excluded due to its tendency to create 
an imbalance between the number of protrusions and recesses. When the 
half-wave function is employed in the elements with even edges, the 
polygon edges are designed to have different convexity to ensure an 
equal number of protrusions and recesses in the plane. The concavo- 
convex interface morphology, as shown in the paired TI elements in 
Fig. 12, is formed by lofting the matched top and bottom edges with 
opposing convexities. The TI structures are then created by assembling 
the TI elements according to their matching shapes.

Among the 24 planar TI assemblies, half exhibit isometry in the uv 
directions, as indicated by the red dash lines in Fig. 13(a). Along these 
lines, the neighbouring elements are arranged isometrically, either 
translationally or reflectively, ensuring that each element experiences 
consistent deformation along these directions during morphing. These 
assemblies can be transformed into non-planar structures based on a 
cylindrical surface. Fig. 13(b) illustrates two examples of transformed 
structures and their non-planar prototiles TI element D and TI element E, 
representing arch and tubular structures. As can be seen, the two non- 
planar TI structures exhibit matched curved interfaces and isometry 
arrangement in the uv directions after transformation. The two struc
tures maintain both the interlocking effect and monomorphic properties.

3.2. 3D printed prototypes

To further demonstrate the effectiveness of the proposed framework 
in generating TI elements, two prototypes are fabricated using 3D 
printing technology. The planar structure is designed based on regular 
square tiling, while the tubular structure is derived from rectangular 
parallelogram tiling. The TI elements are produced using a liquid-crystal 
display (LCD) resin printer and then assembled into a planar structure 
measuring 50 × 50 × 25 mm and a non-planar structure measuring 
D50 × L50 × T25 mm.

LCD 3D printing technology is an advanced resin-based 3D printing 
method that uses a digital screen to control UV light exposure on a 
photopolymer resin, enabling highly detailed and precise 3D prints. 

Fig. 7. Example of TI assembly with isometric prototiles in the uv 
plane directions.

Fig. 8. Mapping planar geometry onto cylindrical surfaces.
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Similar to SLA (Stereolithography) and DLP (Digital Light Processing) 
technologies, it utilises a liquid crystal display to mask and project the 
image of the model layer by layer. In this study, the Anycubic Photon M3 
Max 3D printer is employed for its high precision and large build vol
ume, making it ideal for fabricating detailed components. The printer is 
equipped with a high-resolution monochrome exposure screen and a 
parallel matrix light source, ensuring uniform exposure and accurate 
printing [34]. For materials, UV resin is selected for its compatibility 
with the printer’s 365–410 nm UV wavelength range. Critical printing 
parameters are carefully controlled to achieve optimal results. The 
printing speed is maintained below 6 cm/hr to ensure high precision, 
with the bottom exposure time set to 30 seconds and regular exposure 
time to 3 seconds. The layer thickness is set at 0.05 mm.

Figs. 14(a) to 14(c) show the printed planar elements and their as
sembly. During the assembly of the planar TI structure, all elements are 
arranged on a working plane based on the protrusions and recesses of 
the elements. By applying a frame as the boundary, the TI elements 
match seamlessly, resulting in a tightly compacted planar structure. The 
movement of each element is restrained by the geometrical constraint 
imposed by the neighbouring elements, creating an interlocking effect.

Figs. 14(d) to 14(f) show the printed non-planar TI elements and the 
assembled tubular TI structure. During the assembly of the non-planar TI 
structure, a PVC tube support is used to provide a cylindrical base sur
face for positioning the non-planar elements. The boundary of the non- 
planar TI structure is then secured with a rubber band, as shown in the 
figure. Once the boundary confinement is applied, the PVC tube is 
removed, and the assembly remains stable, demonstrating the efficacy of 
the interlocking effect.

It can be seen that the interlocking mechanism is effective in both 
planar and non-planar TI structures, where the curved contact surfaces 
and the unique geometry of the elements ensure structural integrity. In 
assemblies constrained at the periphery, each element is locked in place, 
enabling the structure to resist gravity and multi-directional motions. 
This stability, even under tilting or external motion, is attributed to the 
geometric constraints imposed by neighbouring elements. The authors’ 
previous experimental studies [18,23] on the impact performance of 
planar and tubular TI structures with curved interfaces further support 
these findings, demonstrating that structural stability remains unaf
fected by the movement of testing specimens, as each element remained 
securely interlocked within the assembly [23,28]. While confinement is 
critical for activating and maintaining the interlocking mechanism, it 
does not necessarily require fixed external devices. In practice, sufficient 
confinement can be achieved through passive means inherent in existing 
loading scenarios, such as the self-weight or external pressures. As 

Fig. 9. Morphing process: (a) converting planar TI structures to tubular structures, and (b) comparison of dimension and curvature in uv directions.

Fig. 10. Design parameters.

Fig. 11. Design framework for TI structures.
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demonstrated in [23,28], such passive loading conditions are adequate 
to sustain the mechanical engagement of TI structures, enabling prac
tical applications without the need for continuous external restraint.

In this study, the prototypes have been produced on a small scale. 
Although the physical models primarily demonstrate shape morphology 
and do not undergo structural performance testing, the manufacturing 
and assembly methods described provide valuable guidance for pro
ducing and constructing TI structures. Manufacturing tolerances, which 
can influence assembly fit and mechanical performance, are excluded 
from the current scope to maintain clarity in the development of the 
design methodology and to avoid confounding factors in the interpre
tation of interlocking effects. Future work may consider tolerance- 

informed design, incorporating probabilistic modelling or experi
mental validation to assess the robustness of TI structures under real- 
world fabrication constraints.

3.3. Impact performance and interlocking mechanism

This section examines the impact performance of TI plates, high
lighting the interlocking mechanism through a comparison with con
ventional monolithic design. Three typical planar TI elements, derived 
from regular triangle, square, and hexagon, are selected for the analysis. 
All elements are made of concrete. The TI element created based on 
square tiling serves as the reference, characterised by an edge length of 

Fig. 12. Twenty-four planar TI structures and their paired prototiles (a: the length of square prototiles).
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a = 50 mm, a height of h = a/2 = 25 mm, and a curve function defined 
by f(x) = 6sin2 πx

a (x ∈ [0, a]). The curve function amplitudes for the 
other two designs are adjusted to ensure uniformity in height, volume, 
and interface morphology. The impact performance of 
400 × 400 × 25 mm TI concrete plates (compressive strength: 
28.6 MPa) is simulated using LS-DYNA. A typical finite element model 
for the TI plates is shown in Fig. 15. Each plate is impacted by a rigid 
spherical indenter (25 mm diameter) at velocities ranging from 0.2 to 
3.0 m/s. The boundary of each plate is confined by a steel frame sub
jected to a torque of 10 Nm. A 4 mm mesh size is applied across the 

plates. The concrete behaviour is modelled using the continuous surface 
cap model (CSCM), with failure defined by a maximum principal strain 
of 0.10. The steel frame is modelled with an elastic material model (MAT 
001). Interactions between TI elements are simulated using "Automa
tic_Surface_To_Surface" contact with a friction coefficient of 0.4 for all 
concrete-to-concrete interfaces, while the interaction between the 
indenter and the TI structure is modelled using the same keyword but 
with a frictionless setting. These contact settings have been demon
strated to be reasonable in prior study [35].

3.3.1. Effect of topological interlocking
To demonstrate the influence of interlocking design on the structural 

performance of TI plates compared to a monolithic plate, Fig. 16 pre
sents the relationship between energy dissipation and maximum 
indenter displacement, along with the effective stress distributions of the 
monolithic plate and a typical TI plate at a drop height of 1.0 m. The 
energy dissipation is calculated as the difference in kinetic energy of the 
indenter measured before and after its impact with the plate. As can be 
seen, compared to the monolithic plate, TI plates exhibit greater 
maximum indenter displacement and energy dissipation. The enhanced 
energy dissipation is directly linked to the higher displacement which 

Fig. 13. Twelve transformable planar assemblies and post-transformed examples (a) planar structures that meet the isometry requirement, and (b) two examples of 
non-planar TI structures.

Fig. 14. Examples of 3D printed TI structures: (a) planar TI element, (b) positioning planar elements, (c) planar TI structure, (d) non-planar TI element, (e) posi
tioning non-planar elements, and (f) tubular structure.

Fig. 15. Finite element model for typical TI plates.
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allows the TI system to absorb more kinetic energy before failure. The 
enhanced energy dissipation can generally be attributed to two main 
factors: increased displacement and stress delocalisation. The segmen
tation and mobility of individual elements in TI structures allow for 
greater deformation, which is distributed across interfaces to enable 
controlled energy dissipation. This mechanism prevents sudden failure 
by converting impact energy into recoverable deformation energy, 
thereby improving resilience under dynamic loading. Additionally, un
like monolithic structures, TI designs delocalise stress and promote more 
uniform load distribution, enhancing material utilisation and energy 
dissipation efficiency, as evidenced by the stress patterns in the trian
gular TI plate (Fig. 16).

3.3.2. Impact performance of TI structures at varying drop heights
Fig. 17(a) shows the impact response of TI structures subjected to 

indenter impact from various drop heights. All results are normalised 
against those of a monolithic plate with identical dimensions and con
crete material properties. In general, the relative energy dissipation of TI 
structures decreases with the increase of indenter drop height, exhibit
ing three distinct stages which are highlighted in different colours in 
Fig. 17(a). In the first stage, when the drop height is 0.5 m or lower, all 
TI plates exhibit superior energy dissipation compared to the monolithic 
plate, with the triangular-based configuration performing the best. At 
this stage, the relative maximum indenter displacement of the 
triangular-based plate increases with the indenter drop height, whereas 
the other two TI plates exhibit a decreasing trend. Nevertheless, all TI 
structures maintain values above 1.0, indicating a more compliant 
deformation mode. The enhanced energy dissipation and flexibility are 
primarily attributed to the segmentation and interlocking effect. Seg
mentation reduces stress concentration and promotes progressive fail
ure, while interlocking enhances load redistribution and energy 
absorption through frictional sliding and constrained relative motion 
between elements. As the drop height increases beyond 0.5 m and up to 
2.0 m, the relative energy dissipation of TI structures gradually de
creases. The hexagonal-based TI plate exhibits energy dissipation close 
to that of the monolithic plate, whereas the other two TI plates still show 
enhanced energy dissipation. During this stage, the displacement of the 
triangular-based TI plate continues to increase, reaching its peak value 
at an indenter drop height of approximately 2.0 m, whereas the other 
two TI structures experience a slight decline in displacement. The 
segmented nature of TI structures enables greater global deformation; 
however, as deflection increases, the relative movement between ele
ments intensifies, reducing contact and weakening inter-element 

interactions, which in turn diminishes the effectiveness of interlocking. 
When the drop height exceeds 2.0 m, the relative displacement of all TI 
plates decreases but remains above 1.0, while the relative energy 
dissipation values for the hexagonal-based and square-based TI struc
tures drop below 1.0. This decline is primarily attributed to material 
failure, which becomes the dominant energy dissipation mechanism at 
higher impact energies. At this stage, the energy absorption process is 
governed by fracture rather than interlocking interactions. This shift in 
mechanism is evidenced by the development of larger cracks and the 
failure of central elements, as observed in Fig. 17(d).

Figs. 17(b) to 17(d) compare the stress and deflection contours of 
representative TI plates (with maximum and minimum relative energy 
dissipation) to those observed in the monolithic plate. At Stage I, the 
monolithic plate exhibits concentrated stress at the centre, whereas TI 
plates, particularly the one created based on triangular base polygon, 
show more distributed stress patterns. The deflection contours indicate a 
localised and smaller central deflection in the monolithic plate, while TI 
designs enable greater overall deformation and a more widespread 
distribution of deformation. Under low-velocity impact, the elements in 
TI plates maintain well-formed contact interfaces, facilitating effective 
inter-element interaction and material jamming. These mechanisms, 
involving the transfer of forces through interlocking elements and the 
redistribution of stress, lead to enhanced energy dissipation compared to 
the monolithic plate. At Stage II, the stress patterns in TI plates 
demonstrate increased concentrations along element interfaces, while 
the deflection contours show expanded deformation areas compared to 
the monolithic plate, highlighting how the segmented design enables 
more global deformation through relative movement between elements. 
Stage III is characterised by intense stress concentrations at the element 
interfaces and noticeable failure of central elements in TI structures. As 
the impact energy increases, the stress distribution in TI structures be
comes increasingly chaotic, indicating a breakdown in the organised 
interaction between elements. At this stage, the energy absorption 
process transitions from being primarily driven by element interaction 
and compliant deformation to being dominated by material failure. This 
transition occurs as the deformation becomes too severe for the inter
locking elements to maintain effective contact, leading to localised 
fracture and a significant reduction in the structure’s ability to redis
tribute energy.

4. Discussion

4.1. Parameterisation design method

Compared to previous studies [2,18,36] that employed complex 
geometric or mathematical methods to control element shape, the 
design framework proposed in this paper simplifies the design process 
by establishing a direct and intuitive connection between design pa
rameters and the resultant element shapes. The TI elements generated in 
this study and their interlocking effect are governed by four parameters, 
including the type of polygon tiling, polygon length, curve function, and 
element thickness. This design approach allows for rapid exploration of 
various alternatives by adjusting design parameters, thereby facilitating 
efficient design optimisation. The distinctive appeal of TI structures is 
rooted in their geometric characteristics. Researchers have delved into 
investigating the relationship between mechanical properties and geo
metric features [30,37,38]. The approach proposed in this study pro
vides a robust framework for performance-oriented design and 
optimisation of TI structures. By leveraging the inherent geometric ad
vantages, this method enhances the ability to fine-tune structural 
properties to meet specific performance criteria.

Additionally, the monomorphic nature of the TI elements generated 
in this study offers distinct advantages for manufacturing and con
struction practices. Despite the potential for higher manufacturing costs 
due to the complexity of element shapes, the monomorphic prototile 
requires only a one-time moulding, making it reusable. Furthermore, the 

Fig. 16. Energy dissipation-maximum indenter displacement relationship for 
monolithic and TI plates at a 1 m drop height, and stress distributions on the 
bottom surfaces of monolithic and triangular-based plate.
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Fig. 17. Impact responses of monolithic and TI structures: (a) normalised energy dissipation and maximum indenter displacement at various indenter drop heights, 
and (b-d) comparisons of stress and deflection contours at drop heights of 0.2 m, 1 m, and 3 m.
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uniformity interlocking nature of TI elements minimise assembly errors 
and reduce costs associated with bonding, connecting materials, and 
alignment. The streamlined assembly process has the potential to 
improve overall efficiency and contribute to more precise and reliable 
construction.

Numerical results presented in Section 3.3 demonstrate that specific 
design parameters, particularly the polygon shape, exert a sound influ
ence on structural compliance and energy dissipation. These observa
tions suggest a strong correlation between geometric configurations and 
the resulting mechanical performance of TI structures. Although the 
present study primarily focuses on establishing a geometric design 
framework and validating structural feasibility, the observed trends 
provide initial evidence of parameter-performance linkages. This work 
therefore serves as a foundational step toward the future development of 
performance-driven design strategies and optimisation.

4.2. Geometric flexibility in TI element design

In this paper, several TI element designs are presented as examples. 
However, the proposed approach offers a vast range of design possibil
ities by integrating various plane tilings, curve functions, and contact 
surface morphologies. Given that numerous polygon shapes can tessel
late the plane [39], there exists a rich selection of prototiles for devel
oping TI elements. Furthermore, alternative curve functions, such as 
circular, wavy polynomial, and square wave functions, which introduce 
protrusions and recesses, can be used to modify edge shapes. Besides, 
other curve representation methods like the Bezier curve that controls 
the shape by changing the positions of control points, can also offer more 
design alternatives. Despite these possibilities, as demonstrated in Sec
tion 3.3.2, certain geometric configurations, such as hexagonal tiles, 
exhibit less favourable mechanical responses. This highlights that the 
effectiveness of each design must be evaluated based on its mechanical 
performance rather than simply its geometric variety. The relationship 
between the TI element geometry and the overall mechanical perfor
mance warrants further exploration.

4.3. Shaping strength with geometry: the interlocking blueprint

The comparison of impact responses between monolithic and TI 
structures highlights the significant role of interlocking on structural 
performance. The segmentation and element interactions enhance 
compliant deformation and energy absorption. However, as deformation 
increases, damage initiates and intensifies, weakening the interlocking 
effect. At this stage, the energy absorption mechanism shifts from being 
primarily governed by element interactions and compliant deformation 
to being dominated by material failure. Furthermore, as demonstrated in 
Section 3.3, the morphology of TI elements plays a crucial role in 
interlocking efficiency. Triangular-based configurations exhibit superior 
energy absorption due to improved contact engagement and more 
effective stress distribution. In contrast, hexagonal-based design does 
not provide a significant advantage under high-impact energy condi
tions. This study highlights the influence of geometric design on me
chanical behaviour, providing a foundation for further research to refine 
and optimise interlocking-based structural systems.

5. Conclusions

This paper proposes a versatile framework for designing topological 
interlocking (TI) elements with curved contact surfaces, significantly 
expanding their geometric and structural possibilities. The method in
volves three key steps: 1) selecting monomorphic polygonal prototiles, 
2) shaping edges with curve functions to form concavo-convex features, 
and 3) creating curved interfaces to ensure self-aligning assembly and 
robust interlocking. This approach enables the creation of new TI ele
ments based on various polygonal tilings and edge curve functions, with 
interlocking achieved through matched concavo-convex surface 

morphology. The geometry of TI elements is governed by four param
eters: polygonal prototile type, edge length, curve function, and element 
thickness. The proposed approach enables the design of both planar and 
non-planar TI structures. To demonstrate the effectiveness of the 
generalised framework, 24 planar and 12 non-planar TI elements are 
designed, and the feasibility of the designed TI structures is further 
validated through two 3D-printed prototypes representing both planar 
and non-planar structures. The investigation of the impact performance 
of TI structures confirms their superior energy dissipation capacity 
compared to monolithic plates, particularly under lower impact en
ergies. The interlocking mechanism enhances energy dissipation 
through inter-element interactions, stress delocalisation, and a more 
compliant deformation mode. To enable performance-driven design and 
practical implementation, a deeper understanding of the relationship 
between geometric parameters and mechanical behaviour is essential. 
Future studies will systematically evaluate how design parameters, 
including polygon shape, size, and curve function, affect the structural 
performance of TI assemblies. Such efforts are critical for developing 
robust design guidelines and optimisation strategies tailored to engi
neering requirements and loading scenarios.

TI structures offer practical advantages, especially in applications 
requiring energy dissipation, damage tolerance, and modularity. 
Promising applications include impact- or blast-resistant panels, where 
inter-element motion helps prevent catastrophic failure, as well as 
architectural facades and pavements benefiting from dry assembly and 
adaptability. In seismic design, their ability to accommodate relative 
movement while preserving global integrity is particularly valuable. 
While confinement requirements may pose challenges, however, passive 
strategies like gravitational confinement offer feasible solutions. Future 
research should explore practical confinement methods to facilitate 
broader implementation. Furthermore, the potential to increase tough
ness and control crack propagation through material selection offers 
promising avenues for future research. By incorporating graded or 
ductile materials, it is expected that the crack arresting behaviour and 
energy absorption capacity can be enhanced. Additionally, optimising 
the interface morphology to control crack propagation paths will also be 
explored to prevent catastrophic failure. Apart from that, a key focus of 
future work will be the examination of the mechanical behaviour of non- 
planar TI structures, extending the findings of the current study to 
broader, more complex structural applications.
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