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Abstract— Topologically interlocked assemblies have traditionally been explored to study properties such as strength, toughness and 

fatigue when applied axial compressive load. The interlocked assemblies are used in real-life applications ranging from the aerospace 

industry to the construction sector. This concept is generally applied to segmented blocks to study what parameters affect failure and 

how the failure occurs. The Segmented interlocked assemblies are investigated to optimize performance and weight compared to a 

monolithic design with poor strength characteristics. Strength to weight ratio is beneficial to applications where the efficiency of the 

product relies heavily on the weight. This study is performed on the 3D printed cubes with interlocking geometric slots, and the 

segmented cubes were investigated for failure through a three-point bending test under different conditions. The study used parameters 

such as speed of testing, lubrication between blocks, and the shape of the slots. This paper makes use of the Taguchi design of 

experiments in combination with grey relational analysis to optimize the parameters. Different lubrications were used to create a 

variation in friction between the blocks simply. After processing the data, it was concluded that the best condition was a circle shape, 

with lubrication #1 at an indenter speed of 10mm/min, followed by a circle and dry at 5mm/min. Triangle shape with lubrication #1 at 

a speed of 5mm/min was third in terms of the overall rank. According to the results, the worst-performing condition was a circle shape 

with lubrication #2 at a 1mm/min speed. 
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I. INTRODUCTION

Alben et al. [1] analyzed the properties of fin rays of fish. 

In this study, a linear elasticity model was created for the 

mechanical properties of fish fin rays that predicted the shape 

of fin rays provided its input muscle actuation and external 

loading.  The study involved simulation and physical 

experimentation, which involved the measurement of ray 

deflection at the muscular interface and force-displacement 

response under actuation. This was carried out with the aid of 

a micro-CT scan. The simulation model agreed well with an 

experiment showing the concentrated curvature at the ray base 

at the point of an externally applied force. Ashby [2] 

published a study to shed more light on lattice-like structures. 
The study focused on the effect of properties such as bending 

and buckling on the thermal and electrical properties of 

lattice-like structures. Their stress response and bending 

deformation of the struts that would make up a structure were 

studied. Some key findings included that stretch-dominated 

structures have modulus and initial collapse greater than that 

of a bending dominated cellular structure with similar relative 

density. Lattice structures showcase unique properties such as 

low stiffness and strength but the ability to accommodate 

large strains which also adds an advantage in energy 

absorption and thermal shock. 
Dalaq et al. [3] focused on segmented bodies constructed 

from stiff blocks subjected to transverse force in another 

study.  The finite element method (FEM) studies the blocks' 

flexural behavior to forecast strength and the associated 

toughness. This procedure is used to find the most competent 

interface geometries and the related interlocking mechanism. 

The segmented beams were created with ceramic glass by 

using a laser engraver. The architecture glass reveals that 

enriched blocks can turn the brittleness of monolithic glass 

into more gradual deformation that provides a tougher 

response. It is observed that when compared with the 
monolithic glass, toughness improved by 370 times and 

conserved 40% strength. Another study by Djumas et al. [4] 

analyzed the effect of point loading on different interlocked 

assemblies structures. The idea was to implement the 
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knowledge of hierarchical structure to design tunable 

interlocked assemblies. The deformation mechanics of the 

structure was simulated on Abaqus software using hyper 

mesh. The mechanisms of surface contact, namely slip, and 

tilt were hypothesized to govern the mechanical behavior of 

interlocked assemblies. The final takeaway from this 

experiment was that hierarchical structure could contribute 

significantly to the load-bearing capacity of interlocked 

geometries, along with the capability of altering the 

mechanical behavior of interlocked geometries by varying 

geometrical profiles of the connecting surfaces. 
Lattice structural composites are important for 

functionality in fields such as aerospace. Hu et al. [5] 

optimized the lattice structural composite inspired by 

cuttlefish with biomimetics and topology optimization to 

enhance compressive load-bearing capabilities. A composite 

made up of carbon fiber was used for structural application. 

The samples were prepared in the form of blocks that were 

encouraged by cuttlefish bone. These associated topologies 

were also improved by computer modeling. The lattice 

structure provided superior compressive behavior, and 

stiffness was improved by ten times. Cuttlebone can provide 
superior compressive strength, enhanced porosity, and 

impressive permeability, which is of interest in the fields of 

engineering and biomedical structured materials. Through 

topology optimization, structural compliance was lessened, 

and structural stiffness was enhanced. Lattice structure with 

an optimized performance of Young’s modulus is attained at 

around 26% volume occupied with a relatively low poisons 

ratio and a topology configuration of 82.5% porosity in the 

bone structures. David et al. [5] evaluated the parameters 

affecting the static friction coefficient. The static coefficient 

friction among materials is a constant value. Tests were 
carried out to demonstrate the behavior of shear and normal 

forces needed between contacting surfaces. Thus, there is a 

need to study stress profiles between contacting surfaces to 

understand the associated frictional ruptures.  

Djumas et al. [6]  investigated nacre-inspired materials' 

performance under the topological interlocking block-based 

arrangement. The outcomes demonstrated that hybrid 

structures could be made by combining biomimetic and 

interlocking approaches. Both approaches were combined 

using 3D printing-based technology. Design validation was 

achieved by the experiments using fracture testing. 

Simulations resulting from finite element analysis computed 
the equivalent Von-Mises stresses at the crack tip, and 

revealed regions of stress concentration between interlocking 

geometries. Thus, the topological interlocking improves 

composite structures' mechanical properties by preventing 

elements' brittle failure. Three-dimensional printing 

technologies such as stereolithography use a scanning laser to 

build parts layer by layer in a vat of light-cured photopolymer 

resin. Post-processing process would involve removing 

excess resin and hardening the object in an oven [7]. Another 

technique is photopolymer jetting, which uses light-cured 

resin materials and print heads rather like an inkjet printer 
laying down layers of photopolymer that would be light-

cured. These technologies allow the creation of complex 

shapes and high-quality finishes, making them ideal for 

dentistry applications [7]. 

Tee et al. [8] studied porcupine quills with the aid of 

biomimicry. In this research paper, the compression 

properties of porcupine’s quill were obtained and compared 

with the literature-based analytical solution. This was done 

because a porcupine’s quill is a natural material that can 

endure high compression loads. The study used X-ray 

computed tomography to quantify the microstructures of 

porcupine’s quill before and after experiments. 3D printing 

methods such as stereolithography are used to print the 

complex shapes of the quill. Thus, the compression of the 

whole quill led to a uniform buckling of the outer shell. It has 
been noticed that CAD design controls the seed number, 

relative density, and strut length. By having more struts, 

connectivity can also be enhanced, and stress distribution can 

be uniform as well. Ramaswamy et al. [9] studied the 

performance of interlocked adhesive joints. It has been 

observed that shear strength and work to failure improved by 

10% and 130%, respectively. Liong et al. [10] studied the 

innovative interlocking designing aspects in masonries for 

construction-related applications. The study was focused on 

the parametric investigation of curved surfaces.  

Mirkhalaf et al. [11] studied how brittle ceramics can be 
transformed into tough and deformable materials. The 

property–structure relationship was studied in the study using 

different testing and imaging techniques. Relationships 

between architecture, mechanics, and properties in ceramic 

panels are studied using a combination of testing with stereo 

imaging, 3D reconstruction, and FEM modeling. It has been 

observed that replacing a monolithic plate with an 

interlocking structure provided better fracture and 

deformation behavior. FEM results showed that the 

interlocking angle controlled the contacting pressure.  

Molokitnov et al. [12] performed bending tests on blocks 
and assemblies of unique structures. The interlinkable 

osteomorphic blocks had a dimension of 20 x 20 x 10mm^3 

using a material polyurethane mixture in the mold. Aluminum 

sheets made the rectangular faces of the panels with a 

thickness of 2mm. Three-point bending tests were performed 

on a flat sandwich panel under ASTM C393/C393M-06. The 

study concluded that topological interlocking with 

segmenting a monolithic sandwich core and osteomorphic 

blocks made from polyurethane into an assembly remarkably 

increases its deflection at failure and the energy absorption 

capability achieved.  

Piekarski [13] utilized the concept of geometric 
interlocking in prefabricated construction slabs. The study 

used different equilateral geometric shapes such as triangles, 

hexagons, and rhombi. The study revealed many challenges 

in the construction. However, there is good potential for 3D 

printing technology to be used in this regard. Kuznetsov et al. 

[14] investigated how nozzle diameter and range of layer 

height can affect the strength of 3D printed material using 

FDM with PLA material. It has been observed that controlling 

the geometry of part one can design the desired strength in the 

structure. When it comes to the strength intra, layer cohesion 

plays a significant role. They revealed that as layer height 
increased, the part strength decreased. Also, strength 

improved when the structure was printed with the larger 

diameter nozzle.  

Frey et al. [15] also investigated a similar concept of bio-

inspired interlocking for wooden materials. It has been 
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observed that elastic modulus was significantly improved. 

Kuipers et al. [16] developed the performance of an interlaced 

topographically interlocking lattice using a dual material 

based material extrusion system. Ultimate tensile strength was 

investigated using different orientations. The diagonal 

orientation provided improved strength by improved 

interlocking. Al-Obaidi et al. [17] revealed that interlocking 

geometry-related concepts could significantly delay 

premature bonding rupture. Javan et al. [18] utilized the 

concept of soft interfaces, such as rubber between interlocked 

brick structures. Results showed consistency in mechanical 
character when loaded. Kim and Siegmund [19] investigated 

the performance of irregular interlocked tessellated geometry. 

Shi et al. [20] investigated the shear performance of 

interlocking geometry to improve performance in 

construction sector. The study proposed empirical formula as 

well. In another study, Shi et al. [21] investigated the 

compressive performance of the same interlocking geometry 

used in the previous work. The study also conducted 

numerical results and provided a semi-empirical formula to 

predict the behavior. Prakash et al. [22] studied the 

interlocked concrete blocks using artificial neural network. 
The study revealed that ANN model successfully predicted 

the mechanical behavior. 

Weizmann et al. [23] studied the performance of convex 

interlocking between geometries for construction industries. 

The results showed higher load-bearing capacity when 

compared to other regular geometries again. Maurizi et al. 

[24] investigated the interlocking mechanism using the deep 

learning method. The study provided new insights into the 

interlocking mechanisms using data-driven approaches. 

Wang et al. [25] investigated the interlocking of 3D-angled 

carbon fibers with an aluminum matrix. Simulated results 
were found to be in good agreement with the experiments. 

Mousavian and Casapulla [26] explored interlocking 

assemblies' structural performance and feasibility using limit 

analysis. The study provided a useful understanding of 

structural performance as a function of interlocking geometry. 

Williams and Siegmund [27] also studied interlocked tiled 

architecture based on Archimedean and Lavas approaches. It 

is observed that the area of the smallest tile provided the best 

prediction about behavior. Aharoni et al. [28] provided an 

algorithm to optimize topology using a new-density related 

concept. Fallacara et al. [29] studied the interlocking behavior 

of the curved morphologies. Zakeri et al. [30] investigated the 
buckling behavior of plates made up of interlocked 

geometries. Thus, it has been observed that the buckling load 

was reduced by increasing the plate length and reducing the 

plate thickness. However, thickness reduction was more 

dominant. Xu et al. [31] studied the performance of non-

coplanar interlocking geometries in tube-based shapes. It has 

been observed that interlocking geometries-based tube 

absorbed higher energy as compared to monolithic structure. 

The current study is performed on the 3D printed cubes 

with interlocking geometric slots, and the segmented cubes 

were investigated for failure through a three-point bending 
test under different conditions. The study used parameters 

such as speed of testing, lubrication between blocks, and the 

shape of the slots. This paper uses Taguchi design of 

experiments in combination with grey relational analysis to 

optimize the parameters. Different lubrications were used to 

create a variation in friction between the blocks simply. 

II. MATERIALS AND METHOD 

The current study focused on measuring parameters such 

as toughness, ultimate strength, and stiffness using various 

assemblies of segmented cubes. The authors used different 

segmented blocks, as shown in Figures 1a and 1b. These 
blocks have geometric interlocking shapes in the blocks. 

These interlocking shapes were selected due to the novel and 

undiscovered potential in the assembly of segmented blocks. 

The blocks are 25mm x 25mm x 25mm. They were designed 

on Autodesk inventor and 3d printed using the STL file reader 

Cura Ultimaker. 3D Printing was performed on Wanhao 

printers with set parameters shown in Table 1. FDM 

technology was utilized, and the material for printing was 

selected as PLA.  

 

 
(a) 

 
(b) 

Fig. 1 (a) 3D printing of blocks (b) Segmented blocks of slots of different 

shapes (Circle, Triangle, Rectangle) 
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TABLE I  

PRINTING PARAMETERS SET FOR 3D PRINTING THE CUBES 

Parameters Value 

Layer Height 0.2mm 

Infill Density 20% 

Print Speed 40mm/min 

Infill Pattern Grid 

Build Plate Adhesion Type Raft 
 

3D printing took approximately a total time of two days 

and ten hours for the 25 blocks.  The total length of five 

segmented blocks together came to be around 125.5mm, and 

this was measured with a Vernier caliper which itself has a 

tolerance error of +- 0.1 mm. The blocks were placed on a 

three-point bending test, as seen in Fig. 2, due to lack of load 

cells on both ends to measure compressive forces. The scale 

on the Universal Testing Machine was set to be accurate to 

125.5mm, implying the blocks were compressed from 0.1 mm 

from each side, adding up to 0.2mm.  

 
Fig. 2  Setup of three-point bending test for interlocking blocks 

 
The first grease is referred as Lubrication # 1. Lubricant #1 

was selected to be AP3 Gel Grease. Lubricant #2 was chosen 

to MP3 grease. The properties of each one of the lubricants can 

be found in Table 2. AP grease is Lithium based 

multifunctional high temperature, water safe oil. MP grease is 

used mostly in cars and the MP stands for ‘Multi-Purpose’ 

(Oil). 

TABLE II 
PRINTING PARAMETERS SET FOR 3D PRINTING THE CUBES 

Properties 
AP3 grade (Sterlite 

Lubricants) 

MP3 grade 

(Mobil Grease) 

Soap Type Lithium Lithium 

Visual Colour Light Yellow Medium Brown 

Oil viscosity @ 

40̊C 
120 160 

Drop Point, °C, 
min. 

190 180 

Structure Smooth and buttery Smooth 

Referring to the table II with properties, it has been noticed 

that there is a difference in viscosities between the two 

different kinds of lubricants. Lubricant 1 has a lower Oil 

viscosity compared to lubricant 2 at a temperature of 40 ̊C. 

III. RESULTS AND DISCUSSION 

In Taguchi's designs of experiments, a measure of 

robustness is used to identify control factors that reduce 
variability in a product or process by minimizing the effects 

of uncontrollable factors (noise factors). Control factors are 

those design and process parameters that can be controlled, 

and noise factors cannot be controlled during production or 

product use but can be controlled during experimentation. In 

a Taguchi-designed experiment, as shown in Table III, one 

can manipulate noise factors to force variability to occur. 

From the results, identify optimal control factor settings that 

make the process or product robust or resistant to noise 

factors. Higher signal-to-noise ratio values (S/N) identify 

control factor settings that minimize the effects of the noise 
factors. Due to these reasons, Taguchi was chosen as a method 

of analysis for the experiment. 

TABLE III 

TAGUCHI FACTOR DESIGN TABLE WITH 3 INPUT PARAMETERS 

Sr. No. Parameters L1 L2 L3 

1 Shape Triangle Rectangle Circle 
2 Lubrication Dry Grease 1 Grease 2 

3 Speed rate 1mm/min 5mm/min 10mm/min 

 

Minitab 19 was used to compute our factors to help in 

designing the experiments. Table III shows the factors that we 

input in 3x3 table. This gave us an L9 orthogonal array, so 

nine tests would have to be performed as per Taguchi shown 
in Table IV. 

TABLE IV 

EXPERIMENTS DESIGNED BY TAGUCHI DESIGN  

L1 Triangle Dry 1 

L2 Triangle Gre1 5 
L3 Triangle Gre2 10 
L4 Circle Dry 5 
L5 Circle Gre1 10 
L6 Circle Gre2 1 
L7 Rectangle Dry 10 
L8 Rectangle Gre1 1 

L9 Rectangle Gre2 5 

 

The data generated by the universal testing machine 
(UTM) was computed in excel, and the results can be seen in 

Fig.3. The rows below the graph show how toughness was 

calculated. To find that we had to find area under the curve, 

which was done by choosing a second degree polynomial 

trendline for the curve. The equation generated by excel was 

later integrated, and the final values were input to find the area 

in MPa. Ultimate strength was the highest point of the curve, 

and stiffness using the slope of the linear elastic region. 

 

 

332



   

(a) (b) (c) 

   

   
(d) (e) (f) 

Fig. 3 (a) and (b) Condition 1 -Triangle shape @1mm/min in dry conditions (c) and (d) Condition 4– Rectangle with no Lubrication (dry) @ 10mm/min (e) and 

(f) Condition 7 – Circle with No lubrication @ 5mm/min 

TABLE V 
OUTPUT RESULTS OF TAGUCHI DESIGN  

Shape Lubrication Indenter Speed (mm/min) Toughness (MPa) Ultimate Strength (MPa) 
Yield Strength 

(MPa) 

Tri Dry 1 171.68 14.10 2.35 
Tri Gre1 5 203.00 11.38 1.89 
Tri Gre2 10 173.56 11.30 2.30 
Cir Dry 5 152.00 14.58 2.95 

Cir Gre1 10 199.60 14.69 2.52 
Cir Gre2 1 180.00 11.15 1.68 
Rec Dry 10 177.00 14.17 2.19 
Rec Gre1 1 181.93 11.10 1.58 
Rec Gre2 5 187.90 11.81 1.91 

 

Grey relational analysis was implemented in this study to 

identify the best and most optimized combination of 

independent variables that yield the best mechanical 

properties. The Minitab 19 Software was used for Grey 

Relational Analysis. Grey Relational Analysis was done 

through a multiple-step sequence, as depicted below in Figure 

4. Grey Relational Analysis was done based on the values 

shown in Table V. For the experiments, the normalized values 
of original sequence such as toughness, ultimate strength, 

yield strength, are larger- the better performance 

characteristic. 

 Xij=
������� 	���


���	���
���� 	���

  (1) 

The deviation sequence of the normalized data is obtained 

by normalizing the data points between the values of 0 and 

1. The deviation sequence is calculated using equation 2, as 
depicted below.  

 ∆0
 (�) = �0 (�) − �
 (�) (2) 

The Grey Relational Coefficient is calculated using 

equation 3. The formula includes the data points from the 

deviation sequence responses.  

 �
 (�) = 
� ��� �	�∗����


��� �	�∗����

 (3) 

The next step is to determine the Grey Relational Grade 

(GRG). The GRG of each experiment is determined by 

computing the average of the response variables from the 

Grey Relational Coefficient Responses. Equation 4 shows the 

formula used to compute the Grey Relational Grade. 

 �
 =  
�

�
∑ 	�
�

���  (4) 

Tables VI, VII, and VIII display the Grey Relational 

Analysis steps and the associated ranks. 
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Fig. 4  Multistep Sequence used for Grey Relational Analysis 

TABLE VI 
NORMALIZED EXPERIMENTAL RESULTS 

Normalized Experimental Results 

Toughness Ultimate Strength Yield Strength 

0.3859 0.8357 0.5639 

1.0000 0.0780 0.2314 

0.4227 0.0557 0.5309 

0.0000 0.9694 1.0000 

0.9333 1.0000 0.6884 

0.5490 0.0139 0.0732 

0.4902 0.8552 0.4453 

0.5869 0.0000 0.0000 

0.7039 0.1978 0.2417 

TABLE VII 

DEVIATION SEQUENCING VALUES 

Deviation Sequence 

Toughness Ultimate Strength Yield Strength 

0.6141 0.1643 0.4361 

0.0000 0.9220 0.7686 

0.5773 0.9443 0.4691 

1.0000 0.0306 0.0000 

0.0667 0.0000 0.3116 

0.4510 0.9861 0.9268 

0.5098 0.1448 0.5547 

0.4131 1.0000 1.0000 

0.2961 0.8022 0.7583 

 
Fig. 5  Plot for Means using Taguchi design 

TABLE VIII 
RANKING OF EXPERIMENT OUTPUT CONDITIONS 

 

IV. CONCLUSIONS 

The experiment or conditions with the best performance 

characteristic were noted by referring to the ranks in Table 

VIII. The larger, the better was selected for all parameters, as 

the higher the value of toughness, Ultimate Strength, and 

Yield strength, the better it is. After processing the data, it has 

been concluded that the best condition was a circle shape, 

with lubrication 1 (Gre 1) at an indenter speed of 10 mm/min, 

followed by a circle, Dry, at 5mm/min. Triangle shape with 
Lubrication 1 at a 5mm/min speed was the third in overall 

rank. According to our results, the worst performing 

conditions were circle shape with Lubrication 2 at a speed of 

1mm/min.  

The study also observed a common trend that the shape 

circle is the best, followed by a triangle and a rectangle. It has 

also been noted that the circle shape ranks last, which is again 

sensitive and subject to other varying parameters. Lubrication 

1 is found in one of the top 3 ranks, and Lubrication 2 is 

among the last, pointing out the role of lubrication in the 

interlocking process. The study indicates future work to 
reveal the potential of different lubricants and interlocking 

geometric shapes to have a tunable desired set of properties 

such as toughness and flexibility. 
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