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In this work the feasibility of combining the concept of topological interlocking assemblies (TIA) with 3D concrete
printing is investigated. In TIA, blocks are arranged in a manner that, when kinematically constrained by a
surrounding frame, all blocks in the entire assembly become immovable solely through the contact between
neighbouring blocks, eliminating the need for binding materials. This study aims to investigate whether blocks
for a TIA can be produced using 3D concrete printing. For this a method for path planning specially tailored for the
manufacturing of TIA blocks, guaranteeing contact between blocks is introduced and three blocks that admit TIA
are manufactured. For one block geometry, an assembly with 18 blocks in the form of a slab system is chosen and
constructed for further experiments. The structural behaviour of this slab system composed of printed topological
interlocking blocks is evaluated by both a finite element method analysis and experimental testing. The findings
underscore the feasibility of integrating TIA with 3D concrete printing, highlighting potential applications in

sustainable construction.

1. Introduction

In the pursuit of enhancing resource efficiency and minimising envi-
ronmental impact, the focus has increasingly shifted towards improving
the sustainability of materials and structures across various industries,
including the construction sector. This drive for sustainability empha-
sises the need for innovative design approaches and construction prin-
ciples that prioritize not only the recyclability but also the reusability
of materials and components. Traditional construction practices often
rely on the use of monolithic components made from high-performance
composites tailored for specific applications. These components, while
effective in their intended use, present challenges in recycling due to
the energy-intensive processes required for their separation and recov-
ery. This dilemma has sparked a crucial question: How can we advance
resource efficiency in construction without recycling?

One promising approach to addressing this question is the adoption
of modular design principles, where buildings and structures are con-
ceived with reusability in mind from the outset. By transitioning from
a traditional, monolithic design paradigm to a modular, component-
based approach, it becomes possible to create structures that are not

only sustainable but also adaptable. Modular components, designed for
easy assembly and disassembly, can be reused in various configurations,
significantly reducing waste and energy consumption associated with
demolition and recycling. The concept of topological interlocking assem-
blies (TIA) stands out as a particularly innovative solution for modular
construction with wide-ranging applications in various fields, see [7,11]
for an overview. It involves the design of mortarless structures composed
of blocks that interlock kinematically only constrained by a peripheral
frame, enabling them to bear structural loads without the need for tradi-
tional binding materials. In addition, a peripheral constraint is critical in
TIA to prevent disassembly of the blocks, as they fit together purely by
geometry rather than friction, mortar or other bonding methods, unlike
blocks that rely solely on local bonding performance ([43,48]).

1.1. State-of-the-art

The exploration of topological interlocking assemblies has gained
momentum with the study [5], and emerged as a promising strategy for
modular design. The innovative approach of TIA is distinguished by its
numerous benefits, including the ability to prevent the spread of cracks
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and maintain structural integrity even with up to 25% of blocks missing
[7,10,11,27]. Several design strategies have been explored for topologi-
cal interlocking assemblies. One approach describes a method for creat-
ing structures using convex blocks [21]. Another strategy uses Voronoi
domains for block design, see [2,35]. In this work, three blocks are
investigated designed by an innovative method inspired by the Dutch
artist M.C. Escher, where topological interlocking blocks are obtained
by interpolating between two tiles, see [13,14]. Topological interlock-
ing blocks obtained with this method stand out due to their simplicity
and versatility, see [12,13].

The application of TIA as a design concept has been investigated
by various groups in the architectural context and conceptually proven
to be a promising design approach for modular structures, see for in-
stance [16,25,37,39,41,42]. An impressive example is the Armadillo
Vault, a large structure with limestone blocks (75 m?) that was built
by cutting limestone to create a large interlocking structure [31].

Manufacturing of topological interlocking blocks with concrete can
be approached with conventional methods such as casting with con-
crete, see [8,18]. Casting of topological interlocking blocks with con-
crete has been investigated for several block geometries. One type of
topological interlocking blocks with curved surfaces that prove promis-
ing are osteomorphic blocks, resembling bone structures, which are intro-
duced in [6]. In [47] methods for casting osteomorphic blocks together
with a mechanical investigation are presented. A similar block design
is proposed in [20] and its impact behaviour as cast concrete blocks is
experimentally and numerically tested in [18,19]. An overview of the
mechanics and manufacturing methods of TIA is further given in [32].
Besides the application of TIA to slab-design, it is also possible to build
non-planar TIA. An assembly in the form of a column is presented in
[46] and realised as a concrete cast structure in [45].

While the principle of connecting 3D concrete printed elements
forms part of many research projects, no published attempt has yet been
made to print topological interlocking blocks with concrete or to utilise
the effects of TIA for the connection of 3D printed concrete elements.
For example, in [4] and [38] a bridge is built by subsequently bracing
the 3D printed elements with polymer bearings in between. A simi-
lar modular construction approach with 3D printed concrete parts is
presented in [26], where a cable-supported 3D printed bridge is built
and tested. Another possibility is to insert metallic connecting elements
into the layers and overprint them. The modules printed with strain-
hardening cement-based composites (SHCC) were later joined together
using the connecting elements [17]. The structural hierarchy of cor-
rugated surfaces of topological interlocking blocks is an efficient way
in order to enhance the performance of TIA, see [9] and 3D concrete
printing of topological interlocking block geometries leads similarly to
corrugated surfaces, possibly enhancing the performance. The possi-
bility of 3D concrete printing of blocks with a locking mechanism is
discussed in several works [8,40] and experiments on the bonding per-
formance of 3D concrete printed surfaces with vertical geometry have
been investigated in [43,48]. However, printing TIA blocks using 3D
concrete printing presents unique challenges: many TIA blocks feature
steeply inclined surfaces, may include pointed corners or both inward-
and outward-sloping walls. Achieving the precision required for these
intricate geometries is particularly demanding, and there is neither a
report in the literature on 3D-concrete-printed topological interlocking
blocks nor on TIA consisting of such blocks.

1.2. Hypothesis

In this work, we investigate the hypothesis that TIA can be manu-
factured using 3D concrete printing techniques. There are several key chal-
lenges that need to be addressed in order to verify this hypothesis: choos-
ing suitable block geometries, developing a method for path-planning,
manufacturing blocks with sloped surfaces using 3D concrete printing
with adequate precision, predicting the mechanical behaviour (e.g. per-
formance) of the chosen assembly by utilising numerical methods, such
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as FEM simulation, and finally experimental testing and applications of
the resulting structures.

From a theoretical point of view, the interlocking mechanism within
a TIA only depends on the contact regions of the boundaries of two
neighbouring blocks, see [15,44]. Thus for the interlocking property,
the contact surface of the blocks plays a key role and one can also con-
sider hollow topological interlocking blocks such that the surface can be
approximated by a 3D printing path. In [24], the design and analysis of
beam-like structures with hollow tetrahedral elements are investigated.
While using hollow blocks leads to significant material saving, it has
been demonstrated that the cellularity of the blocks, e.g., wall thickness
of hollow blocks, has a strong influence on the overall performance of
the TIA, see [22] in the case of 3D printed polymer blocks.

We verify the hypothesis by choosing three simple geometries in
Section 2 that are obtained from the methods presented in [13] and are
suitable for the path-planning method custom-tailored for topological
interlocking blocks developed in Section 3. One of the three geometries
is selected for the construction of a TIA slab system consisting of 18
blocks, providing a first approach to the question of the feasibility of
combining TIA with 3D concrete printing. In Section 4, numerical sim-
ulations depict the behaviour of this system under load. In Section 5,
materials and methods for printing the blocks are presented. Moreover,
the assembly of the chosen TIA together with its frame is described. In
Section 6, the load test of the TIA consisting of 18 blocks using a 3D
photogrammetric measurement system is described and analysed. Fi-
nally, in Section 7 we draw the conclusion that topological interlocking
blocks can be successfully manufactured using 3D concrete printing and
employed in large-scale structures.

2. Modelling and construction of blocks

This work focuses on the construction of blocks based on the meth-
ods presented in [13]. Here, the main idea is to interpolate between tiles
of two tessellations, admitting the same symmetry, using an Escher-like
approach. For example, in Fig. 1 the block is obtained by interpolat-
ing between a square and a rectangle placed in two parallel planes,
i.e. the square “grows out of the plane” into a rectangle, see [13]. The
underlying symmetries correspond to wallpaper symmetries, which are
also known as planar crystallographic groups, mapping one tile of the
given tessellation to another. In this work, blocks are considered which
are constructed from tiles of one of the wallpaper groups p1, p4 or p3
(using the Hermann-Mauguin notation [3]). Blocks created with this
method are chosen for their suitability for 3D printing applications as
they possess a geometry which can be described by relatively few tri-
angles per block and the printing path can be computed as detailed in
Section 3. Moreover, the surface of the blocks can be approximated by
considering layers of the block whose boundary can be obtained by a
piecewise-linear printing path. For this, the top and bottom faces are
omitted, leading naturally to hollow interlocking blocks with vertical as
well as inclined faces.

For testing the 3D printing process, three blocks are chosen as can-
didates, named Versatile Block, RhomBlock and 3-Diamond Block, which
are generated using the methods presented in [13]. For 3D-printing
purposes, we consider hollow block geometries since they can be best
approximated using a printing path. For better visualization, the block
geometry and possible TIA are shown in Figs. 1-3, with the bottom and
top faces closed. The frame consists of the outermost blocks, marked in
white. The resulting 3D-concrete printed blocks are shown in Fig. 12.
Both the Versatile Block and the RhomBlock also possess a versatility
property that makes it possible to create assemblies with copies of them
in several ways, see [14]. These specific blocks have been chosen, as to-
gether their geometries present different challenges for the 3D-printing
process: the Versatile Block has steep inclined faces, the RhomBlock is
very pointed and the 3-Diamond Block has several inward- and outward-
inclined faces.
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Fig. 1. The design of the Versatile Block (a, b) encapsulates the symmetries of various crystallographic groups and can be obtained by interpolating between a square
and a rectangle, see [13]. It is part of a larger family of versatile blocks with the distinguished property of having a large contact area to its neighbouring blocks
in a TIA compared to its overall surface area, see [14]. Moreover, different planar assemblies of the Versatile Block can be used for various applications as the load
distribution depends strongly on its various arrangements, see [1,12]. The block can be assembled in a right-angled configuration, making it ideally suited for the
use in conventional building constructions. It can be arranged into a TIA (c) with outer frame (in white) being fixed.

() (®) (c)

Fig. 2. The RhomBlock can be viewed as a hexagonal counterpart of the Versatile Block, as it allows many distinct planar assemblies, which can be also characterised
by generalised Truchet tiles, see [14]. The bottom tile is given by a lozenge tile, i.e. a rhomb consisting of two equilateral triangles, and the top tile by a hexagon.
The RhomBlock (a, b) is obtained by interpolating between the bottom (lozenge) and top tile (hexagon). The contact to neighbouring blocks of the blue middle block
is indicated by the white outer blocks. It can be, for instance, arranged into a TIA (c) with outer frame (in white) being fixed. The assembly is obtained by the actions
of the wallpaper group p3: rotating copies of the block by 120 degrees and shifting three such copies by hexagonal translations.

(&) (b) ()

Fig. 3. The 3-Diamond Block (a, b), see [13], is characterised by the large contact area with neighbouring blocks. This leads to a large degree of interlocking since
one block is supported by three blocks from below while simultaneously supporting three blocks itself, whereas for the RhomBlock and Versatile Block only two
neighbouring blocks are being supportive and supported. The contact to neighbouring blocks of the blue middle block is indicated by the white outer blocks. Using

translations only, it can be arranged into a TIA (c) with outer frame (in white) being fixed.

(a) (b) (c)

Fig. 4. Model of the chosen assembly, together with frame components: (a) top view, (b) bottom view (c) exploded perspective view displaying the frame composed

of four parts.

For further analysis and testing, a special assembly using Versatile entire model consisting of 18 hollow Versatile Blocks together with the
Blocks is chosen, see also Section 5 for further reasons. To ensure inter- frame (in white) is shown in Fig. 4. Here, we consider hollow blocks
locking within the assembly, it suffices to restrain the outer blocks from because they can be naturally approximated using printing paths, al-
moving using a peripheral constraint, see Fig. 1, due to the property of lowing for material savings while preserving the interlocking property,
being a TIA. Instead, one can also design custom-shaped components see Section 3. A moment resisting frame is given by four parts, where the
for the frame that adapt to the geometry of the underlying blocks. The opposite two parts are equal and ensure no displacement of the blocks
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Fig. 5. Computing the print path (red dashed line) with offset width/2 from the
original boundary surface of the geometry (black line) corresponds to computing
points p;, p,,ps, ... and a piecewise-linear path following these points.

in all directions. Holes in the frame allow adding steel reinforcement
using threaded steel rods to put tension onto the assembly. The shape
of the frame is chosen to be moment-resisting, by its contact to other
frame parts.

3. Path-planning and software workflow

In this section, a path-finding method for the 3D-concrete printing
of topological interlocking blocks is introduced. This method addresses
several challenges to ensure the generation of a piecewise-linear print-
ing path suitable for manufacturing 3D-concrete printed blocks in a
topological interlocking assembly. The resulting path has two essential
properties: continuity, ensuring an uninterrupted printing process with-
out pauses, and no crossings, preventing excess material deposition in
certain regions.

In 3D printing applications, one typically begins with a predefined
geometry, such as a triangulated mesh in an STL file, with the goal of
producing a printed geometry that closely replicates the original shape
or possesses similar geometric properties. More precisely, the initial
shape is approximated using a piecewise-linear printing path. The print-
ing path is given as a list of points P = [p, ..., p,], also known as point
cloud, and the path is obtained by a piecewise-linear interpolation from
point p; to point p;,; for i=1,...,n— 1. In Fig. 5, a printing path for
a given width, such that the boundary of the resulting geometry is as-
close-as-possible to the initial one, is shown.

The geometry of the given blocks, presented in the previous section,
allows a straightforward approach for finding a 3D-path. There are sev-
eral key aspects that have to be considered:

1. What are the parameters of the path (width and height)?

2. How can the interlocking property of the manufactured blocks be
retained?

3. How can one ensure that the 3D-printed geometry is as close as
possible to the initial given shape?

(2)
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The scale for the 3D concrete printer used in this work differs signifi-
cantly from conventional polymer printers leading to several challenges
that need to be addressed in the computation of the printing path. The
pumped concrete is extruded through a round nozzle with a diameter of
19 mm, producing layers with a width of 25 mm and a height of 5 mm.
This layer geometry is determined by the balance between the extrusion
flow rate and the concrete’s deposition speed. Moreover, the printer uses
a constant pump that does not allow stopping at certain points and re-
suming printing at another point, leading to the necessity of computing
a continuous printing path.

The interlocking property and the 3D printing technique both share
the focus on the boundary as a material design concept. For interlocking
purposes, the contact surfaces of two neighbouring blocks are essential,
which has to be part of the path finding algorithm. For the development
of the path, it is assumed that the 3D concrete printer requires a constant
flow rate and a constant nozzle speed to produce a uniform width of the
deposited concrete strand.

This work restricts to the case, where both the bottom and top surface
of the given geometry are planar surfaces which are omitted, and only
the outer perimeter of the given geometry is printed which can be given
as a continuous printing path. In 3D-printing software for commercial
printers this printing mode is usually referred to as vase mode.

To ensure smooth transitions between layers, the connection point
where one layer ends and the next layer begins must be carefully
planned. Instead of directly starting the next layer at the exact endpoint
of the previous one, the printing path is designed to place the starting
and ending points of consecutive layers slightly apart. This separation
helps to avoid abrupt changes in nozzle direction, which can occur if
the nozzle loops back sharply. By planning the path this way, the nozzle
movement remains smooth and consistent, minimising turning points
and maintaining a steady flow rate.

Due to the width of the printing path and the resulting offset of
width/2 from the original boundary of the geometry, it can happen that
for short edges and steep angles the computed path has a self-crossing,
see Fig. 6a. Compared to polymer printers, the control of the material
flow is hard to achieve. As previously mentioned, the flow rate of a con-
crete 3D-printer is constant to avoid blockage in the hose, which can
lead to an over extrusion of concrete at the crossing point. In this case,
one needs to modify the path: first compute all crossings and then dis-
regard certain parts of the initial path, see Fig. 6b.

In Fig. 7, two computed printing paths for the Versatile Block are
shown. The path in Fig. 7a contains crossings (see red circle) with a
closer view given in Fig. 7c. After determining these crossings, the path-
finding method alters the printing path at these regions, as shown in
Fig. 6, leading to a new path without crossings, see Fig. 7b.

Software workflow The original block geometries are given as trian-
gulated surfaces and can, for instance, be realised as STL-files. Next,

(b)

Fig. 6. (a) Illustration of a naive path computation for a 3D printing boundary with an initial path (red dashed line) approximating the original boundary (black
line) containing self-crossings due to the narrow width of the boundary relative to the printing path width (grey), resulting in localised material buildup as shown by
the varying grey intensities. (b) A corrected path, where self-crossing segments have been omitted, achieves a crossing-free path to prevent material over-extrusion

around crossing parts.
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(c)

(d)

Fig. 7. Example of paths with and without crossings for the Versatile Block: (a) top-view and (c) side-view of path with crossings and (b) top-view and (d) side-view

of the path without crossings.

one can compute all edges connecting the bottom and top surface of a
given block and compute a continuous printing path that travels along
the boundary for each printing layer using the method described above.
The resulting path is given as a point cloud and imported into the CAD
software Rhinoceros 3D to obtain a Kuka language generation, which
can be used to control the robot arm that determines the position of the
printing nozzle.

4. Numerical analysis of the chosen assembly

In the following, the topological interlocking assembly consisting
of 18 Versatile Blocks, as shown in Fig. 4, is numerically analysed to
gain insights into and better understand the mechanical behaviour of
the system. Here, a scenario of applying load to the two middle blocks
as conducted during the mechanical test, see Section 6, stands in the
foreground. For numerical simulations of TIA consisting of 64 Versatile
Blocks, where an equal load is put onto all blocks, see [12]. The me-
chanical analysis was performed using the commercial finite-element
software Abaqus/CAE 2022.HF1.

To investigate the static response of the periodic arrangement of the
Versatile Block, quasi-static analyses were performed. The geometry of
the Versatile Block is non-convex and intricate, leading to highly com-
plex contact conditions between the blocks. While the deformations of
the blocks were assumed to be small (following linear strain theory),
the blocks were still allowed to undergo finite rotations. Due to the high
complexity of the mechanical system, explicit dynamics FEM algorithm
(ABAQUS/EXPLICIT) was used to improve the simulation efficiency.
The simulation was performed without mass scaling to ensure that the
dynamics of the system was accurately represented throughout the anal-
ysis.

The blocks were modelled as isotropic and linear elastic material,
made of concrete, with properties listed in Table 1. These values corre-
spond to the material used in the experiment. For simplicity in simula-
tion and to provide a first estimation of the mechanical behaviour of the
assembly, it was assumed that the blocks have perfectly smooth surfaces.
However, this does not fully reflect real-world conditions. Frictional

Table 1
Simulation parameters.
Parameter Value Description
plkgem™]  2400x10~®  Density
E [Ncm™2] 33%x10° Young’s modulus
v [-] 0.2 Poisson’s ratio
u -1 0.55 friction coefficient
a[-] 2.0 Mass proportional damping
p -1 1.0-1078 Stiffness proportional damping

contact between all blocks was defined using an exponential pressure-
overclosure relationship. According to Abaqus definitions, the following
parameters were specified: a clearance between the bodies, ¢, = 0.02cm
(measured in the contact normal direction), a contact pressure at zero
clearance, Pey = 0.5Ncm™2, and a friction coefficient of 0.55 for dry
contact between concrete surfaces. Each block was meshed individually
using 4-node tetrahedral elements. For a detailed explanation of the sim-
ulation setup, refer to [12].

Displacement boundary conditions were applied by fully constrain-
ing the bounding frame in space (see Fig. 8). A transverse pressure of
po = 15.9272Ncem~2 was applied to the top surfaces of the two cen-
tral blocks, as illustrated in Fig. 8. This pressure corresponds to the
force (8.76kN) applied during the experiment, see Section 6. Quasi-
static loading conditions were maintained throughout the analysis. To
account for damping, both a term related to the volumetric strain rate
and a term proportional to the square of the volumetric strain rate were
included. Material damping was used to suppress both low-frequency
(mass-dependent) and high-frequency (stiffness-dependent) responses
(see Table 1).

Contact forces We begin by examining the contact pressure between the
blocks and between the assembly and the frame. The contact pressure
(py = F/A) indirectly reflects the distribution of forces within the TIA
(between blocks) and directly impacts the stress fields within the blocks.
The results are presented in Fig. 9. According to the friction law, the
tangential forces are proportional to the normal forces.
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Fig. 8. Schematic representation of the boundary conditions applied to the TIA. The frame is fixed in space, constraining the p4 arrangement of Versatile Blocks.

A pressure p, is applied to the top surface of the two central blocks.

top plane: frame

contact pressure

[N/em?]
+4.000e+01
+2.522e+01
+1.591e+01
+1.003e+01
+6.325e+00
+3.988e+00
+2.515e+00
+1.586e+00
+1.000e+00
+0.000e+00

bottom plane: together

top plane: blocks

Fig. 9. Contact pressure (FEM simulation) between the blocks in the TIA and the blocks and the frame. The first row represents the top plane, and the second row
represents the bottom plane. Due to the symmetry of the Versatile Block and the assemblies, symmetry can also be observed in the contact pressure distribution.

In the top plane (z = 20cm) of the assembly, contact pressure is
confined to the assembly itself, with the highest values concentrated
around the two central blocks. The pressure at the interface between
the assembly and the frame edges is nearly zero. Notably, the tips of
the middle-left and middle-right blocks exhibit higher contact pressure,
indicating that they “lock” into the frame, restricting rotation. On the
frame, the upper side of the tips bears the highest stress, effectively
“holding” the assembly in place. These areas serve as key points for
force transfer from the assembly to the frame.

In the bottom plane (z = 0.0cm), the highest contact pressure is
primarily observed at the interface between the frame edges and the as-
sembly. Interestingly, only alternate block edges adjacent to the frame
experience significant stress, indicating that not all block edges along the
frame contribute to force transfer. Additionally, the four corner blocks
of the assembly experience almost no contact pressure.

We note that the distribution of contact forces within the assembly
resembles the load transfer paths identified in [22—-24] and described in
detail in [36].

Distribution of stresses Fig. 10 shows the distribution of the maximum
and minimum principal stresses within the assembly. The maximum

principal stress, representing the most tensile stress, is an effective indi-
cator for predicting cracking, given concrete’s very low tensile strength.
In contrast, the minimum principal stress — the most compressive —
serves as a valuable measure, alongside contact forces, for visualizing
load transfer within the TIA. The stress distributions are highly com-
plex, largely due to the non-convex geometry of the blocks. Particularly
noteworthy is the transfer of stress from the top plane, where the load
is applied, to the bottom plane.

Due to the p4 symmetry of the assembly, only one-quarter of it (high-
lighted by the dashed pink square) needs to be analysed. The distribution
of the maximum principal stress on the bottom plane (z = 0 cm) indi-
cates that the critical points of the assembly are located at the bottom
corners of the block tip (highlighted with a red circle in Fig. 10a). At
these points, the stress reaches approximately 590Ncm~2 (equivalent
to 5.9 MPa). The stresses at these critical locations can be compared to
the concrete’s cracking tensile strength to assess the performance of the
assembly. This area of the block is also a prime candidate for fibre rein-
forcement. On the top plane, the lowest minimum principal stresses are
concentrated at the interfaces where the two central blocks meet the ad-
jacent left and right blocks (highlighted with a blue circle in Fig. 10b)
and reach approximately —850 N cm~2 (equivalent to —8.5 MPa).



T. Goertzen, T. Neef, P. Scheffler et al.

z =20 cm

max principal stress

[N/em?]
+5.867€-+02
+2.500e+02

Materials & Design 254 (2025) 114049

z=15cm

+2.186e+02

+1.871e+02
+1.557e+02

+1.243e+02
+9.286e+01

+6.143e+01

+3.000e+01
-6.007e+01

z =10 cm

min principal stress

[N/em?]
+5.157e+01
-5.000e+01

-1.000e+02

-1.500e+02
-2.000e+02

L/

-2.500e+02

-3.000e+02
-3.500e+02

-4.000e+02
-8.476e+02

Ner e

e

x
ot

Fig. 10. Principal stress distributions (maximum and minimum) in five planes of the TIA (z=0cm, z=5 cm, z= 10 cm, z= 15 cm and z =20 cm). Due to the
symmetry of the Versatile Block and the assembly, symmetry (dashed pink square) can also be observed in the stress distribution. The red and blue circles highlight

the critical points in the TIA.

As a side note, we would like to mention that failure of a TIA may
occur not only due to wall cracking but also as a result of a global in-
stability mode.

Deformed state and maximum deflection at a given load Fig. 11 shows the
displacement fields u, in z-direction of the TIA. The displacement u, is
shown because the deformation in z-direction is most dominant due to
the loading direction.

The deformation patterns of the interlocking assemblies align well
with those observed in the experiments (Fig. 18). The results indicate
a difference in displacement distribution between the top and bottom

planes of the TIA, which is attributed to the local rotation of the block
tips.

Within the assembly, deformation is uniformly distributed, leading
to the maximum deflection occurring at the centre where the external
load is applied. This behaviour is consistent with expectations (see [12]).
On the top plane, the maximum displacement is approximately 3.3 mm,
while on the bottom plane, it increases to around 3.7 mm due to the local
rotation of the block tips.

When comparing these results with experimental observations
(Fig. 17), the simulation shows good agreement with reality. However,
it is important to note that the maximum displacement observed in the
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bottom plane: blocks

Fig. 11. Displacements in z-direction. This figure shows displacement fields in z-direction on the top (z =20 cm) and bottom (z = 0 cm) plane of the three TIA. The
maximum deflection occurs at the center of the assembly, with the highest displacement observed on the bottom plane, reaching 0.3729 cm.

(a) (b)

(e)

Fig. 12. Resulting 3D concrete printed blocks of (a) Versatile Block, (b) RhomBlock and (c) 3-Diamond Block.

experiments (blue curve in Fig. 17) is approximately 0.5 mm higher,
which can be attributed to the influence of the dead load.

5. Materials and methods

In Section 3 the theoretical foundation on which the generation of
printed geometries is based is explained. All of the three presented topo-
logical interlocking blocks in the Section 2 were 3D concrete printed.
However, only one was selected for mass production and tested in an
assembly due to its superior suitability for practical implementation, as
outlined in the selection criteria below. The following sections explain
the materials used for the printing process and the experimental condi-
tions in the test environment.

5.1. The selection criteria for the block-production and further testing

To ensure smooth production of multiple topological interlocking
blocks with consistent geometry, the suitability for mass production of
the presented topological interlocking blocks is assessed.

The computed printing paths for the 3-Diamond Block often cross
which leads to artefacts during printing. The contact area of the Ver-
satile Blocks to its neighbouring blocks in an assembly is larger com-
pared to the RhomBlock (its hexagonal counter-part). Moreover, since
the Versatile Block (Fig. 1), admits a topological interlocking assembly
in a rectangular grid compared to the RhomBlock and Diamond Block
(Fig. 12) and due to its versatile and simple nature, it was chosen for
large-scale production and further experiments. The measurements of
the Versatile Block are given as follows: the top rectangle has an area of
20 x 40 cm?, the height of the block is 20 cm and the bottom square has
an area of 28.28 x 28.28 cm?. Note that these areas are approximately
equal by design.

5.2. Fine grained concrete for printing

Fine grained 3D printable concrete is used and described in various
works, see [29,30]. The selected particle size distribution is important

for pump and build-ability and influences the choice of raw materials.
In order to ensure a good pumpability and workability, Elkem’s Mi-
crosilica Powder 971 (MS) was chosen as finest material. To bridge the
gap between the Microsilica Powder, the next larger fraction consists
of Dyckerhoff’s ultra-fine ground cement Microdur R-X, with 95% of its
particles smaller than 6 um and the ordinary cement CEM I 42.5 R from
Holcim.

Regarding the sand component, it comprises BCS 413 quartz fine
sand and locally available sands with a grain size ranging from 0 to
1 mm and from O to 2 mm, respectively these well-developed grain size
distribution is essential for achieving the desired composition and prop-
erties of the concrete mixture.

Once all the fractions are dry mixed for 1 minute, water and su-
perplasticiser are added and mixed for 3 minutes. To extend the work-
ability, a retarder is added and mixed for 1 minute. This ensures a
printing window of 2 h. A good consistency for additive manufactur-
ing with the described setup has a flow spread on the Haegermann
table [24] measuring 17.5cm after compaction strokes. The mixture
of the 3DPC is outlined in Table 2. The concrete achieved, in a 3-
point-bending-test, a strength of 6.1 [0.6] N/mm 2 and a compressive
strength of 88.0 [7.5] N/mm 2 measured on moulded mortar prisms
1600x40x40 mm 3.

5.3. Printing setup

The manipulator system, see Fig. 13, used to print the topological
interlocking blocks, consists of several components, which are a mortar
pump for a continuous concrete delivery with a maximum grain-size of
2 mm. The concrete is pumped through a 15-meter-long mortar hose
with a nominal diameter DN25, extending to the end of the robot arm.

The pumped concrete is extruded through a round nozzle with a di-
ameter of 19 mm, shaping the material into layers with a width of 25 mm
and a height of 5 mm. This shaping results from the interaction between
the extrusion flow rate and the deposition speed of the concrete, which
were verified during the setup and maintained constant throughout the
printing.
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Table 2

Composition of a fine concrete for 3D printing [kg/m?].
OPCI OPCII MS Finesand Sand Sand  Water  Superplasticizer =~ W/B
d95 < 6pm  d95<9um  d95<44um  0.06/0.2  0/1  0/2
395 335 14 230 370 795 279 17 0.42

Fig. 13. The manipulator system consists of a motar pump, motar hose, robot,
nozzle and control cabinet for the pump and robot.

Fig. 14. Print setup with robot, nozzle in the background and print base in front
with 9 pre-printed topological interlocking blocks.

A six-axis industrial robot of the KR 240-2 2000 type, manufactured
by KUKA, was used for the deposition of the concrete strands. A control
cabinet, the KRC2 controller, reads the previously generated printing
path and a second control cabinet is controlling the mortar pump and
other components. Two pallets made of aluminium profiles measuring
100x1200 mm? are used as the printing base and are aligned in a hori-
zontal position.

5.4. Printing of topological interlocking blocks

The production of topological interlocking blocks was conducted in
two batches, with each batch comprising nine blocks. This approach
was adopted due to the constraints in printing space on the two pal-
lets. If more pallets were available, continuous printing of topological
interlocking blocks would not be a problem. Printing was carried out
with a round nozzle with a diameter of 19 mm at a printing speed of
10 cm/s. Printing the first 9 blocks took less than 2 hours, see Fig. 14.
However, this time can be further reduced by repeating the process and
establishing a routine.

During production, the blocks were filled step by step from all sides
with fill material to support the fresh concrete and prevent any defor-
mation like buckling or collision. This is necessary due to the inclined
surfaces of the block geometry to ensure that the blocks can be assem-

bled into a TIA. A high degree of accuracy was essential for the success
of the project. The filler is a commercially available insulating from per-
lite with a density of 0.9 t/m?, as used in the construction of wooden
ceilings. Furthermore the surrounding fill acts as a foil preventing the
concrete from drying out and hinders the flow of hydration heat. This
leads to heating in the fill of up to 50°C and improves the properties
cured concrete. Shortly after the printing process, the blocks and the fill
material were wetted. After 24 hours the fill is removed and the blocks
were stored for 28 days in a normal climate condition at a temperature
of 21 °C and a humidity of 70%. The simplest and quickest measurement
method for determining the geometric accuracy is to measure the mass,
as this correlates with the accuracy. The average mass of the blocks from
batch 1 was 16.3 kg, with a standard deviation of 5%, corresponding to
a volume of approx. 13 litres. For batch 2, the average mass was 15.9 kg
with a standard deviation of 3.8%. The mass is a measure of the accu-
racy with which a block was printed, so this could be increased in the
second batch.

5.5. Production of the frame

In TIA, blocks are arranged in a manner that, when kinematically
constrained by a surrounding frame, all blocks in the entire assembly
become immovable solely through the contact between neighbouring
blocks, eliminating the need for binding materials. To create a frame,
the topological interlocking blocks were placed in the plane and assem-
bled in the favoured arrangement, see [12] for a comparison of different
assemblies with the Versatile Block. 18 Versatile Blocks are arranged
within a slab measuring 130 cm X 130 cm in area and 20 cm in height.
Although the frame could have been 3D printed, a cast version was cho-
sen instead due to the limited workspace of the robot. The frame is
specifically tailored to this assembly and consists of four cast compo-
nents. These parts are designed to interlock and can be secured together
using threaded rods (see Fig. 4). Care was taken to ensure that the topo-
logical interlocking blocks have the best possible contact with each other
and interlock firmly. This ensures that the normal force is transmitted
equally over all blocks. The outer topological interlocking blocks form
one formwork wall of the frame, while the other formwork walls were
constructed using OSB (oriented strand board), see Fig. 15a. In order to
be able to demount the frame again later and only test the interlocking
property, a closed separating foil was placed on the blocks and form-
work panels. A sufficiently dimensioned opening is realised using XPS
and ensured that the frame could be screwed together later. Plastic tubes
formed the empty conduits for the threaded rods M18, which were later
used to screw the frame parts together, see Fig. 15b. The heavy, robust
frame looks oversized. However, as the notches of the blocks reach very
deep into the frame, it is only 5 cm thick at its thinnest point. High
frame rigidity is important in order to achieve surface contact with all
the blocks. A self-compacting and high-strength concrete C3-B2-HF-2-
145-5 was used [33] to cast the frame. The composition and the most
important properties are summarised in Table 3.

6. Load test of the composite ceiling
6.1. Test setup

Firstly, the topological interlocking blocks were placed as closely
together as possible and the nuts on the threaded rod were tightened

gradually and evenly. By slowly closing the frame, a horizontal force
is applied and the individual blocks could be optimally arranged. This
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Table 3

Composition of the self-compacting concrete C3-B2-HF-2-155-5 [kg/m’].
CEM VI/S-LL52.5N  QuartzSand Sand  Grit  Superplasticizer =~ Water =~ W/B  Compressive
BMK D-1 0.06/0.2 0/2 2/5 Liesen 877 Strength [MPa]
621 250 530 837 17 155 0.25 112

Fig. 15. (a) Fabrication of the frame around the assembled topological interlocking blocks. Blocks and frame are separated by a foil, the green line shows the
formwork. (b) The assembled frame is held together by threaded rods and placed on concrete blocks for testing.

Fig. 16. Test setup for testing the composite ceiling (A) with ARAMIS 3D 12M sensor (B), exposure (C), industrial robot (D), reference frame (E), load cell (F), load

application plate (G) and LVDTs (H).

ensures that the load will be distributed evenly. The frame together with
the topological interlocking blocks was then lifted with an indoor crane
and the frame was placed on concrete cubes with an edge length of 20
cm, which serve as bearing points, see Fig. 15b. By lifting up the frame
the load-bearing behaviour of the TIA was activated. A 5 cm high layer
of perlite fill material, the same as for printing, was spread out on the
floor under the blocks to protect the floor from damage in the event of
failure.

The entire composite ceiling was grounded with white paint. By
adding random black speckles, a unique spray pattern was created, as
required for the digital image correlation. A reference frame was also
produced for the photogrammetry. The frame, made of aluminium pro-
files, is decoupled from the composite ceiling and the load arm and
is intended to act as a reference coordinate system to absorb possi-
ble deformation of the composite ceiling. Two LVDTs (Linear Variable
Differential Transformator) with a measurement range of 50 mm were
attached to this reference frame to measure the movement of the load
transfer plate. The two-part plate made of plastic and iron covered the
two centre topological interlocking blocks measuring 40 x 40 cm?. The
lower part of the load introduction plate was made of plastic. The soft
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plastic is designed to absorb unevenness from the blocks and was lev-
elled on the blocks with gypsum. The upper part made of steel ensures
a planar load introduction.

The industrial robot described in Section 5.3 was used to apply the
load onto the two central blocks, as seen previously in the numerical
simulation in Section 4. The load was applied distance-controlled with
a speed of 2.5 mm/s. A load cell U9B Hottinger Briiel and Kjaer GmbH
with a load capacity of 50 kN and a spherical cap were screwed to the
adapter flange of the robot, which was later used to press on the load
transfer plate. Reference points for digital image correlation (DIC) were
glued to the frame of the composite ceiling, the load application plate,
the load cell and the reference frame. This made it possible to track the
relative individual movements of all parts.

An opulent photogrammetry system was provided by the company
Carl Zeiss GOM Metrology GmbH and set up and commissioned by an
employee. Two ARAMIS 3D 12M systems were used to capture the entire
surface of the composite ceiling, see Fig. 16. The measurements were
carried out from two sides in order to avoid any gaps due to concealment
of reference frames or load arms. In addition, four exposure systems
were used to ensure uniform illumination. All measurements, including
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Fig. 18. Deformation during the second test at maximum load of 8.76 kN (a) in the z-direction and (b) in the x — y-direction.

those from the LVDT and load cell, were bundled in a measurement
programme in the Gom software.

6.2. Testing and results

The composite ceiling test is a bending test of a slab supported on
all sides with a point load applied in the centre. The frame generates an
external preload on the topological interlocking blocks and ensures that
they are restrained, as the geometry significantly prevents the blocks
from twisting. The load is applied in a distance-controlled manner using
a robot arm, to which a spherical cap and a load cell are attached. For
load application, these were positioned vertically and centrally above
the load application plate using photogrammetric measurement. The
photogrammetric image acquisition was then started in the GOM Corre-
late Pro software and the industrial robot was moved vertically down-
wards. The test ended either when the composite ceiling failed or with
an emergency shutdown of the robot to protect it from damage. At the
end of the test, the image acquisition was recorded, stopped and saved
in the GOM software.

During the test, the deflection and deformation were recorded as
functions of the load for all blocks in the assembly, the composite ceiling,
and the load frame. Predicting the expected breaking load manually was
not feasible due to the complexity of the composite ceiling. It was hy-
pothesised that the unreinforced topological interlocking blocks would
not bear large loads, close to the tensile strength of the concrete, and
that these loads would be further reduced by potential imperfections re-
sulting from the 3D printing process and interlocking effects. The testing
setup with the robot arm was selected as the initial test method because
it could be realised with minimal time and financial resources.

Contrary to expectations, the slab-system could not be destroyed by
the load applied by the robot arm. The first load was applied over 35
seconds, during which the force increased linearly and reached a maxi-
mum of 7.63 kN at a deflection of 3.9 mm, until the robot’s emergency
stop was activated. The robot’s limit value was reached, and the test
concluded before the blocks failed.

On the one hand, it was surprising that the composite ceiling could
withstand this load, but on the other hand, it was disappointing that the
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ceiling was not brought to the end of its load-bearing capacity. Conse-
quently, an attempt was made to increase the load. During the second
load test, two heavy iron plates were placed on the middle of two topo-
logical interlocking blocks, creating a dead load of 1.11 kN. After placing
the iron plates in the middle of the ceiling, the deflection was zeroed.
During the test, the increase in force was significantly higher than in the
first test, which indicates a higher stiffness. After 15 seconds, the force
dropped from 7.95 kN to 7.45 kN, causing the topological interlocking
blocks to slide together, which resulted in the deflection jumping from
1.23 mm to 2.11 mm. The force then continued to increase linearly, but
at a flatter angle, until the robot’s limit value was reached. With the sec-
ond load, a maximum load of 8.76 kN was achieved with a deflection of
2.95 mm. The end of the test was triggered again by the robot’s emer-
gency shutdown. Cracks in the blocks were not detected at any point
during the load application. The force-displacement curve from the first
and second loading is shown in the diagram in Fig. 17. The deformation
after the load was removed was approximately 1 mm.

The deformation analysis at the point of maximum load of the second
test, namely 8.76 kN, using the photogrammetric measurement system
is illustrated in colour in Fig. 18. The displacement was analysed both
in the load direction (z-direction) and in the x — y plane. Fig. 18 (a)
shows the displacement in the z-direction, whereby the movement of
the load introduction plate is clearly recognisable. The deformation of
the composite ceiling is most pronounced here and decreases from the
centre to the edges. No deformation was detected on the load frame.
The deformation shows an approximate symmetry, with only the lower
right corner of the load introduction plate and the neighbouring blocks
showing increased deformation. The deformation in the x — y-direction
is less pronounced than in the z-direction, which is why a different scale
was selected for better visualisation, see Fig. 18 (b). On the left side, the
displacement is more pronounced and reaches a maximum of 1.1 mm.
Two artefacts caused by the LVDTs became visible in the measurement
on the load introduction plate.

Through an in-depth analysis of the results, a deflection was ex-
tracted in both the x- and y-directions, as shown in Fig. 19. Points
were set from the centre point to the edge of the component in order to
record the maximum deformation both at the time of the highest load
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Fig. 19. Measured deflection of the composite ceiling in x- and y-direction under maximum of the first and second test in comparison with the span-to-depth ratio
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Fig. 20. (a) Demounted parts of the ceiling. (b) The 18 blocks used in the experiments were reused together with other blocks to build a large-scale demonstrator

composed of 54 blocks.

from the first and the second test. The coordinate system introduced
in Fig. 18 was used. DIN 1045-1:2023-08 [28], a standard for design of
structures made of concrete, reinforced concrete or prestressed concrete,
was used to evaluate the measured deflection in relation to the span-
to-depth ratio. This standard specifies that in the serviceability limit
state, the maximum deflection in the centre of the component should
not be greater than 1/250 of the length of the component. For a length
of 1300 mm, this means a maximum deflection of 5.2 mm. These limit
values were also entered in grey in the diagram in order to be able to
make an assessment (see Fig. 19). The analysis shows that the bending
lines of the composite floor as a whole were within the prescribed maxi-
mum deflection limits and were therefore within the serviceability limit
state. Furthermore, a slight misalignment of the load introduction plate
can be recognised in the measured bending lines, but this is only a few
tenths of a millimetre. The asymmetry of the bending lines in the x- and
y-directions is due to the load-bearing behaviour of the topological inter-
locking blocks. As the load is initially transferred in the x-direction, the
deformations in this direction are also greater than in the y-direction.

Following the completion of the test, the composite ceiling was dis-
mantled (Fig. 20a). No cracks or spalling were found on the blocks or
the load frame. The topological interlocking blocks were mounted in a
different construction and successfully reused, see Fig. 20b.

7. Conclusion and outlook
This work demonstrates that the concept of topological interlocking

assemblies and related challenges are compatible with the manufactur-
ing method of 3D concrete printing. The main challenge of creating a
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continuous and efficient printing path led us to consider blocks based on
the methods outlined in [13]. Their design allows the surfaces to be tri-
angulated and easily divided into layers of fundamental domains, mak-
ing them particularly well-suited for 3D concrete printing. While other
block designs can also be realised using 3D-printing techniques, this
feature provides a distinct advantage for the manufacturing approach.
To maintain high and consistent print quality, which is crucial for the
success of interlocking in the assembly, we proposed a filament path
generation method that ensures continuous and uniform nozzle move-
ment. Three different geometries were printed to assess this method: the
Versatile Block, the RhomBlock, and the 3-Diamond Block. The selected
assembly of 18 Versatile Blocks was initially analysed by simulating its
mechanical behaviour. The numerical results showed good agreement
with experimental data, validating the simulation approach. This vali-
dated model will be used in future studies to optimise the structure and
further develop such 3D-printed assemblies Furthermore, the Versatile
Blocks, which were selected for further investigation, were produced in
small quantities and assembled into a composite slab. The initial tests
demonstrated the interlocking effect and a clear load transfer of the
topological interlocking to the frame. The results of the mechanical per-
formance of this construction exceeded all expectations. When a load
is applied to the composite ceiling, the gap between the blocks per-
mits relative motion, enabling the structure to reconfigure itself until
an equilibrium is achieved. Therefore the structure has to be preloaded
to minimise settlement and vibration of the blocks during assembly may
be considered. Preloading TIA for both experimental and numerical ex-
periments has also been previously documented in other works, see for
instance [9,23,34]. It was demonstrated that the TIA of choice displayed
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a relatively small deflection in the order of the size of the assembly, i.e.
the investigation of the composite ceiling with a span of 1.3 x 1.3 m?
could support a load of 8.8 kN, with a maximum load-induced deflec-
tion of 3 mm in the given test environment. In civil engineering, such
modular assemblies could be utilised, for instance, as lightweight ceiling
structures. Since the blocks are not permanently connected, they can be
easily disassembled and reused, representing a significant step toward
sustainable construction practices.

In summary, this study underscores the potential of 3D concrete
printed topological interlocking blocks for innovative and sustainable
construction solutions. The positive outcomes suggest further explo-
ration into optimising and expanding the applications of these versatile
blocks in various construction scenarios. Significant advancements in
this field are anticipated, driven by the promising results obtained.
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