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Experimental and computational analysis of 3D printed 2D lattices
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Abstract. Additive Manufacturing can offer different solutions in terms of bespoke implants and
deformable structures tailorable by the geometry design. The prototyping phase consists in a
preliminary evaluation of the mechanical performances to find a relation with the geometrical
parameters. For these reasons, numerical tools that can relate directly the geometrical features,
especially for lattice or cellular structures, to the mechanical properties, are often studied to speed
up the design and production process. In this study, the predictability of the deformation of a
structure composed by honeycomb unit cells was studied performing compression simulations.
Successively, the structure was 3D printed using fused filament fabrication and tested using a
positioning stage, the relative displacements of 36 specific points of the structure were extracted
using contactless measurement techniques and compared with the simulations. The results
demonstrated a good predictability of the model in relation to the deformation of the structure with
a stable relationship between the geometry selected and the final mechanical properties.

Introduction

Additive Manufacturing (AM) is a process used to produce highly complex parts that would
otherwise require expensive processing. Because of the ability to produce complex geometric parts
starting from medical imaging data and the possibility to use biocompatible materials, AM 1is
rapidly becoming one of the most studied techniques for orthopaedic applications [1] especially
cranial plates [2]. The main advantage of AM is the possibility to tune the structure depending on
the patient specific needs, geometry and pathology [3].

Metamaterials are being extensively studied due to their capacity to defy the limitations of
traditional materials, offering tailored and exceptional mechanical properties. These engineered
materials are designed at a smaller scale, granting the ability to exhibit characteristics not
commonly found in natural substances. By manipulating their structures and compositions,
metamaterials can display properties like negative Poisson's ratios, negative mass density, or
properties that can be finely tuned. Their response to stress and strain is unconventional, providing
opportunities for applications in vibration damping, impact resistance, and even cloaking of
mechanical waves. Moreover, these materials can be incredibly lightweight yet possess remarkable
mechanical strength, offering valuable solutions in weight-sensitive industries like aerospace and
automotive sectors. Metamaterials can achieve extreme mechanical properties, surpassing those
found in conventional materials, and their structural flexibility and adaptability allow for tailoring
responses to varying conditions. These unique mechanical characteristics open doors to novel
applications, from next-generation mechanical components to advanced robotics and innovative
medical devices, where custom-designed mechanical behavior is crucial.
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In the biomedical context, metamaterials have also played an important role in the development
of structures with advanced functionalities [4,5], these materials are able to obtain specific
mechanical (Young modulus, Poisson’s ratio) and biological properties with a smart design of the
small-scale architecture of the system. This smart use of the design at the unit cell level can also
be used to improve implant fixation [6]. Numerical modelling of mechanical tests involves
computational methods to simulate and analyse how materials respond to compression forces. It's
a vital aspect of understanding material behaviour and predicting mechanical properties without
solely relying on physical testing.

Finite Element Analysis (FEA) is a primary technique used in this modelling. It involves
breaking down complex structures or materials into smaller, manageable elements to simulate their
response to compression. This method predicts stress, strain, and deformation. Defining accurate
boundary conditions is essential for simulation accuracy. This includes specifying the type of
compression load applied to the material, whether it's uniaxial, confined, or any other form of
loading. One key aspect is the validation and calibration of models against real experimental data
[7].

This ensures that the simulations accurately represent the behaviour of the material under
compression. Various software tools are employed for creating models, applying loads, defining
material properties, and analysing results. These tools offer a platform for conducting detailed
simulations and each tool is different in terms of computational costs and accuracy of the model.
While numerical modelling offers cost and time-saving benefits, there are challenges. Accurately
characterizing materials and selecting appropriate models, validating simulations against real-
world data, and managing computational costs for complex models are key among these
challenges.

In this paper, a 2D lattice honeycomb structure was designed in Solidworks (version 2021,
©2002-2023 Dassault Systémes) varying general starting parameters to accommodate the chosen
manufacturing process. Compression simulations were performed using Solidworks and the data
regarding the displacement in the XY field of 36 specific points were extracted. The structure was
then 3D printed and tested. The compression of the structure was recorded using a camera at 24
FPS the deformation of thirty six specific points in the structure was tracked. The tracked
displacement of the points was compared with the results obtained in the simulations and the
Poisson’s ratio of the structure was calculated.

Figure 1. Tested structure and parameters definition.

The predictability of the deformation of the lattice sample in Fig 1, produced through fused
filament fabrication (FFF) of polylactic Acid (PLA), has been analysed using a contactless data
extraction method to obtain the relative displacement of specific points of the structure.
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Materials and Methods

In order to be able to study the deformation of the honeycomb net structure, and assess its
predictability, a compression simulation was first conducted (Fig. 2 a and b). Then, three replicas
of the structure were 3D printed and physically tested, to validate the computational simulations
with the acquired displacement of the trigger points (Fig. 2 ¢ and d). Two different type of
validation tests were made, one to test the behaviour of the structure under multiple consecutive
compressions and assess the repeatability of the experiment, and the second to test if any
differences were present between two identical nets to assess the building process reliability and
repeatability.

For the experimental tests, the extremities of the structure were fully locked for two reasons:
the first is that even though the calculation of the Poisson’s ratio usually requires free edges, we
were not able to obtain a compression system that allowed for free and frictionless movement of
the edges in the Y direction (Fig. 2 c), the second reason was that these locked edges tests are more
similar to the envisioned use of the device, where the structure would be ideally attached to the
patient’s skull. Moreover, two different angle o, defined as arctan(v1/v0), were tested to define a
parametrical system.

Simulation of the compression tests. The starting parameters of the base unit cell were: vO = v2
=v3 =30 mm; vl = 3.75 mm; v4 = 15 mm with a wall thickness of 0.6 mm and a height of 4 mm
(Fig. 1 and Fig. 2a). These parameters were chosen as they could reliably be manufactured to
enable a direct comparison between simulations and experiments. Simulations were conducted in
Solidworks (version 2021, ©2002 - 2023 Dassault Systémes ) where custom material properties
were inserted based on the PLA filament datasheet (Prusa) and literature [8]. The Von Mises-
plasticity model was employed. The left side of the structure was then fully constrained and a
displacement of -6mm was imposed on the right side in the X direction (Fig. 2b) as a boundary
condition. The XY displacements of 36 points positioned at the structural nodes were extracted
and subsequently compared to the experimental results.

NOLLYAITVA

Figure 2. Flow chart of the work performed, with some deepenings on the position of constrains
in the simulation, the experimental setup and data extraction and some other structures.

Manufacturing of the structure via FFF. The structures were produced using a FFF modelling
system (MK3, Prusa© Prusa Research a.s.) equipped with a 0.4mm nozzle. Each structure was
designed in Solidworks (version 2021), exported in .stl files and imported in the slicing software
PrusaSlicer (version 2.4.2) to generate the Geode, the filament used was the Prusament PLA Prusa
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Galaxy Black filament. An infill of 100% was chosen, the nozzle temperature was 125° and the
bed temperature was 60°.

Experimental compression tests. To allow the comparison with the simulations results, the 36
points at the structural nodes (average diameter 2.5 mm) were painted on the structure using white
paint (Fig. 2¢), and compression tests were performed using a bespoke Velmex XSlide positioning
stage powered by an Arcus DMX-A2-DRV-17 engine. The locking mechanism allowed the study
of the deformation of the structure by providing two planes that were at the same height in relation
to the ground, on top of which the edges were located to assure the stability of the structure during
the test. The locking mechanism was also 3D printed (Fig. 2c¢). The locking mechanism was
attached to the positioning stage and the structure was firmly locked in place using pins that did
not allow movement in the Y direction, while the locking mechanism itself prevented the free
movement in the XZ axis. A compression of 6mm was imposed (resolution of I mm/10.000 steps),
with an acceleration of 0,03 mm/s2 until a speed of 1 mm/s was reached. The movement of the
structure, and the subsequent displacement of the points, were recorded using a HD Philips camera
at 24 frames per second held above the positioning stage by a tripod. The recording started 1s
before the start of the compression and was stopped 1s after the compression ended. To obtain a
clear contrast between the white dots present on the structure and the background, a plastic black
mat was positioned under the structure, above the moving thread.

Data extraction and analysis. Data extraction was performed starting from the recording of the
compression tests using Fiji (ImageJ) [9] and the track mate plugin [10]. The recording was
imported in ImageJ as an image stack with 165 frames containing the compression, at the same
time the image stack was cropped to show only the structure. Subsequently, a binary thresholding
was performed on the stack to show only the white reference dots (Fig. 2d). Using the Trackmate
plugin, the displacement of each of the 36 dots was extracted. The Difference of Gaussians (DoGQG)
detector was used selecting an object diameter of 3 mm and a quality threshold of 6, to allow
tracking of the 36 points with no interference. To track the points, the simple linear assignment
problem (LAP) tracker was selected, with a linking max distance of 3 mm and a max frame gap of
6. This allowed to track all the 36 points during the movement avoiding possible track loss from
the software. The obtained data were exported in a CSV file containing the track number, the frame
numbers and the X,Y coordinates of the point for each of the analysed frames. The mean
displacement was then calculated for each point, firstly by averaging the relative displacement
frame by frame of the three compression tests performed on a structure, and then by calculating
the average of all three replicas. Then standard deviation (STD) and the standard error of estimate
(oest) were also calculated. The standard error of estimate was found using the following formula:

—y/ 2
oest = /NTY) (1)

Results

Localized deformation analysis. The location of the points that were painted on the net with white
paint visible in Fig. 3. This aspect has a significant effect on the simulation results and the
experimental tests replicability. Three regions were identified, where all the points exhibited
similar behaviours when compared to the simulations. Points 1-6 (Fig. 3 - blue region) and 31-36
(Fig. 3 - red region) located at the structure edges, demonstrated large variations between the
simulations and physical test data (up to 400%). The displacements results of Point 2 and 22 were
reported in Fig. 3 as references for the behaviour of the other points of the external columns.
Despite the big difference in percentage values between the simulated values and the tested results,
the overall relative displacement of these points is usually less than 0.2 mm, thus the error resulting
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from these regions should not affect the points in the central yellow region. For these reasons,
more emphasis was placed on a comparison between the simulation results and the experimental
results of points 7 — 30 that were located further from the edges of the structure, in the central
region (Fig. 3 — yellow region).
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Figure 3. Points comparison between simulations and experiments, the analysis led us to discard

points between 1 and 6 and between 31 and 36 because of how unpredictable they were, points
from 7 to 30 showed a trend that was closer to the expected one.

Standard error of estimate. For each of the points in the central yellow region (indicated by the
yellow box in Fig. 3), the average displacement and standard error of estimate (cest) were
calculated (Fig. 4). Among the three repetitions of the structures with an o value of 7.125°, clear
trends of points that exhibited the highest and lowest variation were noticed. Specifically, points
7, 18, 19, 23, 24 and 25 had error values between 1 and 1.8 while for the remaining points the
dataset were strongly correlated with cest below 0.8. Among the three replicas, Structure 1 (Fig.
4a) 1s the one with the lowest cest in all points, with most points showing a value under 0.8;
structure 2 (Fig. 4b) is the one with the highest cest in all points but with values of cest<1.2 for
most of the points; andStructure 3 (Fig. 4b) being much closer to the average of the three structures
combined (Fig. 4d). The average value of cest of the three structures combined is 0.687.
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Figure 4. Standard Error of Estimate of three physical repeats of the structure (a=7.125°) (a, b,
¢) and the combined values of the three (d).

Fig. 5 (a and b) shows the values of the standard deviation (STD) expressed in % values of the
combination of the three replicas. For the X axes, the values are below 10% (Fig. 5a) for 21 of the
24 examined points, notable outliers are present such as points 14, 19 and 30 having STD values
between 30% and 60%. In Fig. 5b representing the Y axes, it can be noticed that the values of the
STD fall under 10% with no notable outliers. Fig. 5c allows to understand the values in a clearer
way, for example points 23, 24, 25 that appear to have a higher absolute cest values compared to
the rest of the points, are more similar to the other points when the percentage values are observed.
The average error in Fig. 5c is 23.86% with points 12 and 14 being outliers with error values over
100%. This error can be imputed to the small total deformation that these two points show, the
value of the relative displacement in the y axis is in fact less than 1 mm in both points.
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Figure 5. Standard Deviation values for the three structures combined both in the X direction (a)

and in the Y direction (b); (c) shows the % values of the Standard Error of Estimation of the
graph present in Fig. 4d.
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Discussion and Conclusions

In Fig. 3 it is possible to notice two main areas where the experimental results do not coincide with
the simulations, those two areas are points 1-6 and 31-36 that were very close to the locking
mechanism. The instability of the two areas closest to the edges is an indicator that the locking
mechanism introduced some instabilities at the edges, specifically during the starting phase of the
compression where it is possible to notice the biggest displacement of those points. However,
despite this instability, the displacement of the points remains for most of them less than 0.2mm,
where for the other points the displacement is usually of several millimeters. Therefore, the error
introduced by these points has no impact on the points in the central area that show high levels of
displacement accuracy.

In Fig. 4 (a,b and ¢) it is noticeable how, despite showing the same trend on the points with the
highest error, Net 1 is characterized by an overall standard error of estimate lower than Nets 2 and
3. This can be due to a better locking achieved during the testing phase of Net 1 compared to Nets
2 and 3. The three structures all show comparable values when it comes to cest, indicating that the
FFF process does not lead to significant differences between different structures produced with the
same equipment. Moreover, the performed simulations align closely with the experimental results
obtained with the positioning stage with a prediction error in the Standard Error of Estimate below
20% for most points, and a standard deviation usually below 10%, indicating the similarity of the
results to the real-life situation. The visual comparison between the videos of the deformed
structure and the simulations also shows a very similar deformed configuration between the
simulations and the compression tests, in accordance with the average error observed in other
studies of lattice structures [11,12,13] where errors ranging from 7.4% and 28.2% are reported
between the predicted and tested stress-strains curves. In general, AM structures show to be less
stiff than the simulated structures, leading to higher deformations than expected. These results
show not only that the production process is reliable, but also that the used extraction data process
is reliable, and it could be used in future works to extract data from other deformable structures
without contact: TrackMate is an already established addon to Fiji (Imagel) that is used in various
fields for single particle tracking [ 14] and for automatic cell tracking [15]. This study demonstrates
that it is also possible to study the displacement of specific points within a structure in reliable
way.
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