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POLYMETHYLMETHACRYLATE (PMMA) 1s WIDELY USED in biomechanics and civil
engineering for its properties. While various fillers have been studied to enhance me-
chanical properties of PMMA, the impact of sand as a filler has been less explored.
This study investigates the effects of varying sand content on the mechanical proper-
ties and workability of PMMA-based resin composites, assessing their suitability for
biomechanical applications. Specimen types with different sand contents (0%, 26%,
30%, and 52%) were examined through the cone spread test for workability, uniaxial
tension tests for mechanical properties, and the finite element analysis (FEA) to sim-
ulate material behavior. Results were validated against numerical models to evaluate
consistency. Adding sand significantly increased the Young modulus by 108%, 174%,
and 286% for sand contents of 26%, 30%, and 52%, respectively, while decreasing
the Poisson ratio. However, increased sand content reduced workability, highlighting
a trade-off between mechanical strength and ease of handling. Numerical simulations,
covering the sand volume ratio from 1% to 52% in 1% increments, showed that predic-
tive accuracy varied: differences were up to 20%, for volume ratio up to 30%, while for
contents above 30%, the discrepancies between model predictions and experimental
data were below 5%. Incorporating sand into PMMA resin enhances its stiffness and
suitability for biomechanical specimen testing. Sand-filled PMMA composites show
promise for advanced engineering applications, though further optimization is needed
to balance workability and mechanical strength.
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properties, uniaxial tension test, Digital Image Correlation DIC, numerical modelling.

® Copyright (© 2025 The Authors.
@ Published by IPPT PAN. This is an open access article under the Creative Commons
BY Attribution License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

POLYMETHYLMETHACRYLATE (PMMA) IS WIDELY USED IN THE FIELDS of
biomechanics [1], medical |2, 3], civil engineering |4], and electronic research |5, |6].
Its versatility stems from exceptional properties such as transparency, lightness,
and resistance to weathering, making it a preferred material for many advanced
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engineering and medical applications. Research on the modification of PMMA
with nanoparticles opens new avenues for creating composites with enhanced
electrical, optical, and mechanical properties, significantly broadening its appli-
cation in modern technologies |6, |7]. The introduction to the synthesis and ap-
plications of PMMA in nanotechnology, biomaterial engineering, and electronics
underscores the material’s ongoing evolution and increasing significance.

Research on synthetic resin composites filled with sand has highlighted their
varied mechanical and thermal properties [8-12]. It has been discovered that
these properties can significantly change with the introduction of nano-silica
particles and other modifications to the resin composition |5, (13} 14]. Addition-
ally, analyses of the effects of diverse types of resins, hardeners, and diluents on
the workability of resin mixtures emphasize their importance for potting pro-
cesses [16].

In experimental studies related to biomechanics, PMMA resin is frequently
chosen for embedding specimens |17-20]. Attaching biological samples directly
to the standard clamps of a testing machine is challenging due to their complex
geometry and soft structure. Therefore, it is necessary to use a potting compound
that adapts to the shape of the specimen and ensures a proper grip in the
testing machine. Such a potting material needs to have high stiffness and strength
compared to the stiffness and strength of the tissue itself. The diversity of tissue
types suitable for biomechanical testing, coupled with the broad spectrum of
potential results within even a single tissue category, underscores the necessity
for a comprehensive statistical analysis. The variability of the results mandates
the use of a substantial number of samples to ensure the reliability of the testing
outcomes. Consequently, there is a critical need to refine the potting process for
embedding these samples.

In composite material research, the Finite Element Method (FEM) is often
utilized [21}23]. This allows for a detailed analysis of stress states within the
material structure and the determination of effective mechanical properties. For
example, in studies [24, 25|, a heterogeneous material was examined, which fa-
cilitated the determination of Young’s modulus and other characteristics. Such
numerical studies always require experimental confirmation to validate the model
and to identify reference values to which the model should converge |26, 27]. The
test providing the most interpretable results is the uniaxial tensile test, from
which Young’s modulus and Poisson’s ratio can be determined, using modern
measurement techniques such as Digital Image Correlation, as seen in |28]. The
aim of this study is to investigate the impact of using sand as a filler in a PMMA
resin mixture for applications in biomechanics research. The study intends to
combine experimental and numerical research to determine how filler affects key
mechanical parameters and the workability of the material, which is crucial for
embedding samples. A novel aspect of this research is the increase of resin stiff-
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ness through the addition of sand, leading to reduced displacements of the resin
pot in the testing machine, which could enhance the precision and reliability of
biomechanical tests. Additionally, this modification results in a cost-effective use
of materials, offering economic benefits alongside technical improvements.

2. Experimental methods
2.1. Material and sample fabrication

Mechanical testing utilized dog-bone shaped specimens, designed in compli-
ance with ASTM D638 [29] (type IV) specifications, as depicted in Fig. 1. These
specimens measure 121.5 mm in length with a minimum rectangular cross-section
of 6 x 10 mm?.
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Fi1G. 1. The geometry of a tensile sample.

The specimens were crafted from PMMA resin (Technovit 3040, Heraeus
Kulzer, Wehrheim, Germany [30]). According to the manufacturer’s guidelines,
the resin should be mixed at a ratio of 2:1, using Technovit 3040 Powder and
Technovit Universal Liquid. The specifications for the resin, corresponding to the
previously mentioned 2:1 powder to the solvent ratio, are detailed in Table 1.

TABLE 1. Specification of Technovit 3040 resin.

Solidification time [min]| 8-10
Density [g/cm?®] (DIN53479) 1.18
Resilience [kJ/m?] (DIN 13907) 7.1
Bending strength [N/mm?| 96
Compressive strength [N/mm?] 110
Young modulus [MPa] 2000-2300

In this study, we created four distinct mixtures, illustrated in Fig. 2: a con-
trol mixture using Technovit 3040 Powder (designated as mixture M1) and three
additional mixtures incorporating varying amounts of CEN EN 196-1 standard
sand [31], labelled as mixtures M2, M3, and M4. For each distinct mixture, we
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Fia. 2. Overview of tested sample variants: 12 samples across 4 mixture types.

prepared three samples, ensuring a robust data set. Table 2 presents the theoret-
ical composition of these mixtures, showing the quantity of ingredients utilized
prior to accounting for any losses during the sample moulding process. The need
for a higher ratio of liquid to powder in the mixtures containing sand was to
achieve a fluid consistency before the mixtures solidified. The table also indicates
the volume ratio of sand and zeolite in the mixture. To counteract sand sedi-
mentation at the bottom, 1g of zeolite was added to each of the sand-containing
samples. We also investigated the solidification time of these mixtures, conduct-
ing the process in a stable environment with a temperature of 24 degrees Celsius
and 37% humidity level. The content percentage was determined by compar-
ing the weight of sand and zeolite to the post-solidification weight of the entire
sample. All samples were shaped using silicone moulds.

TABLE 2. Composition of PMMA samples with varying sand and zeolite contents.

Mixture | Powder | Liquid | Sand | Zeolite | Sand and z'eolite Samples No. Avg. den’sity
D | gl | [g) | [g) | lel |volume ratio [%] lg/om’]
M1 12 65 | 0 0 0 M1#1, M1#2, M1#3|  1.08
M2 10 65 | 6 1 ~ 20% M2#1, M242, M2#43 1.35
M3 7 5 | 11 1 ~ 36% M3#1, M3#2, M3#3 1.54
M4 5 4.5 16 1 ~ 52% M4#£1, M4#£2, M4#3 1.73

2.2. Workability test

The consistency/workability [16] of each mixture type was assessed utilizing
a scaled version of the cone method, traditionally employed in laboratories to de-
termine the workability of cement mortars based on mixture flow, in accordance
with the PN-EN 13395-1 [32]. A cone with dimensions of 40 mm in bottom diam-
eter, 23 mm in top diameter, and 20 mm in height was used. Following the filling
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F1a. 3. The spreads after solidification.

of the cone with the mixture, its removal allowed for the measurement of the
mixture’s spread in two perpendicular directions. The spreads after solidification
are depicted in Fig. 3.

2.3. Tensile test

Tensile testing was performed on four distinct sample types, each made from
a resin mixture with varying amounts of sand. For each mixture type, three sam-
ples were tested using a Zwick/Roell Z10 universal testing machine (Zwick/Roell
GmbH & Co. KG, Ulm, Germany). The procedure began with a 10 N preload on
the specimen, followed by applying tension at a steady rate of 0.5 mm/min until
failure. To assess strains in both horizontal and vertical directions, two virtual
extensometers were utilized, as depicted in Fig. 4. Extensometer 1, with a length
of 30 mm, recorded vertical deformations, whereas extensometer 2, measuring
8 mm in length, tracked horizontal deformations.

Fia. 4. Experimental setup (a) and configuration of extensometers (b).

3. Numerical model

To simulate the mechanical behaviour of samples composed of the epoxy resin
and sand mixture, the Finite Element Method (FEM) approach was utilized, em-
ploying ABAQUS/CAE software (Dassault Systémes, version 2023). The sample
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geometry, mirroring the base dimensions of 44.9x10x6 mm? as shown in Fig. 1,

was first generated. Using a Python script, sand particles, modelled as spheres
with diameters ranging from 0.5 to 2 mm, were randomly distributed within the
resin. This iterative process aimed to reach target volume ratios of sand to resin,
spanning from 0% to the maximum filler volume of 52% as defined in Section 2,
with increments of 1%, and ensured no particle collisions occurred.

Meshing was performed using a free mesh algorithm, resulting in a final
mesh comprising 102,517 nodes and 593,513 linear quadrilateral elements (C3D4
type) with an element size of 0.5 mm. On the interface between sand particles
and resin, nodes were shared to ensure seamless integration. Material models,
assumed to be linearly elastic, were characterized by the parameters detailed in
Table 3. The properties of the resin were derived from the experimental part of
this study. The properties of quartz were obtained from Table II of 33|, where
the Voigt—Reuss—Hill averaging method was applied. To estimate the isotropic
properties of the elastic modulus and Poisson’s ratio for our numerical model,
we averaged the three values listed in that study.

TABLE 3. Material properties for numerical analysis.

No. | Material | Young’s Modulus [GPa] | Averaged Poisson’s ratio [-] | Reference
1 Resin 2.8049 0.3831 Current
2 | Quartz 98.4367 0.0647 133

Boundary conditions reflective of uniaxial tensile tests were then applied, as
illustrated in Fig. 5. The value of the prescribed extension was up to €, = 2%o in
the longitudinal direction. The analysis was carried out under static mechanical
conditions for each volume ratio, conducting 3 simulations per ratio to determine
the average effective Young modulus FEeg, which is defined as follows:

Z?:1 Fi

AL’
AOXT@

(3.1) Eof =

where )" | F; is the total force applied along the longitudinal axis at the
boundary of the specimen, Ag denotes the initial cross-sectional area, AL is
the displacement applied in the longitudinal direction, and Lg signifies the ini-
tial length.

The transverse strain in the y-direction was determined in correspondence
with the procedure from the experimental part. The average value for the central
section of the specimen was analyzed. This section was offset by 1 mm from
each edge, resulting in an initial width of wy = 8 mm, as illustrated in Fig. 5.
The transverse strain was calculated by averaging the differences between the
deformed y-coordinates of nodes n; and m;, subtracting the initial width wy,
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Fi1G. 5. Scheme of numerical model setup.

and finally dividing by wg. The formula is expressed as:

s

(3.2) €y =

The Poisson ratio was calculated as:

% Z}i1(mi - ni) — Wo

wWo

(3.3) v=——=.

4. Results

4.1. Solidification time and workability

Table 4 presents the average solidification times across different sand con-
centrations in the samples. There was a strong correlation (with Pearson’s cor-
relation coefficient of 0.72) between the amount of sand and the time it took
for the samples to fully solidify. This trend suggests that as the sand propor-
tion in the mixture rises, so does the time required for the sample to completely

TaBLE 4. Solidification time of analysed mixtures.

Mixture ID

Solidification time

M1

6 min 57 s 4+ 29 s

M2

7min 15s £ 19s

M3

7min 16 s + 12s

M4

9min 36 s £ 20s




60 R. WoLny, T. WiczeENBACH, L. PAcHOCKI, K. WILDE, M. RUCKA

harden. However, for the samples analysed in this study, there was also an in-
crease in the liquid-to-powder ratio, which could influence solidification time.
Therefore, establishing a direct cause-and-effect relationship between sand con-
tent and hardening time necessitates additional research. Workability tests, as-
sessing how the mixture spreads, indicated a decrease in workability as sand
content increased. Specifically, for sand contents of 20%, 36%, and 52%, there
was the respective decrease in a spread diameter of about 1%, 9%, and 9%, when
compared to the spread diameter of the sand-free mixture.

4.2. Tensile test and identification of material parameters

Young’s modulus calculations were carried out for stresses between 2 and
10 MPa. The determination of Poisson’s ratio involved using a linear function to
fit the relationship between transverse and longitudinal strains, identifying the
function’s slope as Poisson’s ratio. For samples containing 20%, 36%, and 52%
sand, there was a respective increase in the average Young modulus of 108%,
174%, and 286% compared to the modulus of the sand-free sample. Concur-
rently, tensile strength decreased by 49%, 50%, and 55% for these sand contents.
Poisson’s ratio was reduced to 69%, 68%, and 66% of its original value. Table 5
summarizes the average failure strain, failure stress, Young’s modulus, and Pois-
son’s ratio, alongside their standard deviations (SD). Figure 6a displays the
stress-strain curves for trials in the longitudinal direction, while Figure 6b illus-
trates these curves in the transverse direction. Figure 7 depicts the patterns of
failure observed.

(a) (b)
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F1G. 6. Stress-strain curves for all samples evaluated: (a) longitudinal strains;
(b) transverse strains.
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TABLE 5. Mechanical properties of PMMA composites with varying percentages of sand
and zeolite.

Mixture
1D

Averaged failure
strain £ SD [-]

Averaged failure
stress £ SD [MPa]

Averaged Young
modulus + SD [GPa]

Averaged Poisson’s
ratio + SD [

M1

0.0135 £ 0.0011

33.5309 £ 2.2293

2.805 £+ 0.0799

0.3831 £ 0.0066

M2

0.0043 £ 0.0007

17.072 £ 0.5291

5.86 £ 0.3096

0.2627 £ 0.0285

M3

0.003 £ 0.0008

17.3402 + 1.651

7.6794 £ 0.2226

0.262 £+ 0.0287

M4

0.0019 £ 0.0005

15.6976 £+ 0.9381

10.8139 £ 0.9554

0.2528 £ 0.0198

=
=

4.3. FEM results

MI1#2

M2#1
M2#2

M3#1
M4#1
M4#2

Fi1Gc. 7. Failure patterns of all samples.

M4#3

The FEM model analysis, which incorporated a matrix of randomly placed
spherical sand particles, yielded Young’s modulus values depicted in Fig. 8.
While these values demonstrated a consistent pattern of increased stiffness with
added sand, they did not fully align with experimental observations. To quantify

121

Young modulus [GPa]
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— FEM
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0 10 20

30 40 50

Filler volume percentage [%]

Fia. 8. Comparison of Young modulus results for experiment and FEM.



62 R. WoLny, T. WiczeENBACH, L. PAcHOCKI, K. WILDE, M. RUCKA

the relationship between the simulated and experimental data, we linearly in-
terpolated the experimental results and calculated key statistical metrics: the
Pearson correlation coefficient (PCC), the Normalized Root Mean Square Er-
ror (NRMSE), and the Mean Squared Error (MSE). The values obtained were
MSE: 0.41, NRMSE: 0.10, and PCC: 0.99, suggesting a strong linear correlation
between the simulation and experimental findings, despite the observed discrep-
ancies in stiffness trends with an increasing sand content.

A comparison of the experimental and numerical Poisson’s ratio for specific
volume ratios is presented in the Table 6.

TaABLE 6. Experimental and FEM averaged Poisson’s ratio + SD value.

Volume | Experimental Averaged Numerical Averaged
ratio [%] | Poisson’s ratio + SD [-] | Poisson’s ratio + SD []
20 0.2627 £ 0.0285 0.3062 + 0.0410
36 0.262 + 0.0287 0.2991+ 0.02397
52 0.2528 + 0.0198 0.2968 + 0.03744

5. Discussion

This research demonstrated that the chosen ratio of components in the sam-
ples yielded a consistency suited for encapsulating biological specimens with
complex geometries, a technique that has been effectively applied in biomechan-
ical studies [18]. Increasing the sand content to 52% by volume marginally re-
duced the mixture’s ease of handling by 9%, as per the solvent ratio discussed in
the document. Adding sand significantly enhanced the resin’s Young’s modulus,
making the composite stiffer, which is beneficial for mounting biological spec-
imens. Although the tensile strength of the sand-infused resin was lower than
that of pure resin, its failure stress remained adequate for supporting biological
specimens, such as spinal ligaments. For instance, human spine ligaments can
stretch from 1 mm to 13 mm under forces up to 900 N without failing [34-36].
Real-world applications involving the resin-sand composite for spinal ligament
tests have validated these observations [18].

The possibility of reducing the powder component in favour of sand, without
adversely affecting the material’s suitability for biomechanical testing, suggests
an area for further investigation. Despite the numerical models and experimental
results agreeing on the trend of stiffness increasing with more sand, discrepan-
cies in the precise values of Young’s modulus were observed. These variances
underscore the challenges and assumptions involved in numerical modelling of
composite materials.
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Moreover, the study demonstrated the potential of Technovit 3040 resin pow-
der reduction in the preparation of biological material samples for mechanical
tests. According to the 2022 price list [30], the cost of sample preparation can
be reduced by 48.75%. What is more, the number of samples prepared can be
doubled without compromising mechanical properties.

In numerical analysis of composites, simplifications such as perfect adhesion
between the resin matrix and sand fillers, or assuming uniformly spherical sand
particles, are often necessary to simplify complex simulations. However, real ma-
terials seldom exhibit these ideal conditions. Factors such as the bonding quality
at the particle-matrix interface, variations in particle size, and the presence of
voids or imperfections significantly affect the composite’s mechanical properties
but are frequently simplified in simulations [37].

Furthermore, representing sand particles as spherical in the finite element
method (FEM) models might not capture the true, irregular shapes found in the
resin, potentially altering the predicted stress distribution within the composite.

The discrepancy in Young’s modulus values between the experimental and
simulation results at a 20% volume fraction of sand can be attributed to a non-
uniform distribution of sand particles in the experimental specimen. Because
liquid PMMA has a lower density than sand particles, the inclusions tend to
settle at the bottom during preparation, leading to localized densifications that
increase stiffness in those regions — effects that standard modeling assumptions,
which presume a random distribution of inclusions, cannot predict. In the exper-
imental setup, virtual extensometers observed the bottom face of the specimen,
capturing these localized increases in stiffness. In contrast, the numerical model
distributes the inclusions more uniformly throughout the specimen, failing to
account for the stiffness variations caused by particle settling.

6. Conclusions

This study has shown that it is both feasible and advantageous to enhance
the mechanical properties of PMMA for biomechanical uses by incorporating
sand. This modification not only increases the stiffness of the material, making
it better suited for embedding biological specimens, but it also offers a more
cost-effective and potentially more environmentally friendly alternative to pure
PMMA. Although accurately modelling the composite material poses certain
challenges, the encouraging agreement between experimental and numerical find-
ings underscores the efficacy of numerical analyses in predicting the behaviour of
PMMA-sand composites. Future research should concentrate on optimizing the
numerical models to better understand the composite’s behaviour and extend
its applications in biomechanical engineering.
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