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f CEFT, Faculdade de Engenharia da Universidade Do Porto (FEUP), Rua Roberto Frias, 4200-465, Porto, Portugal
g ALiCE, Faculty of Engineering, University of Porto, Porto, Portugal
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A B S T R A C T

Polydimethylsiloxane (PDMS) is an elastomer that has received primary attention from researchers due to its 
excellent physical, chemical, and thermal properties, together with biocompatibility and high flexibility prop
erties. Another material that has been receiving attention is beeswax because it is a natural raw material, 
extremely ductile, and biodegradable, with peculiar hydrophobic properties. These materials are applied in 
hydrophobic coatings, clear films for foods, and films with controllable transparency. However, there is no study 
with a wide range of mechanical, optical, and wettability tests, and with various proportions of beeswax reported 
to date. Thus, we report an experimental study of these properties of pure PDMS with the addition of beeswax 
and manufactured in a multifunctional vacuum chamber. In this study, we report in a tensile test a 37% increase 
in deformation of a sample containing 1% beeswax (BW1%) when compared to pure PDMS (BW0%). The Shore A 
hardness test revealed a 27% increase in the BW8% sample compared to BW0%. In the optical test, the samples 
were subjected to a temperature of 80 ◦C and the BW1% sample increased 30% in transmittance when compared 
to room temperature making it as transparent as BW0% in the visible region. The thermogravimetric analysis 
showed thermal stability of the BW8% composite up to a temperature of 200 ◦C. The dynamic mechanical 
analysis test revealed a 100% increase in the storage modulus of the BW8% composite. Finally, in the wettability 
test, the composite BW8% presented a contact angle with water of 145◦. As a result of this wide range of tests, it 
is possible to increase the hydrophobic properties of PDMS with beeswax and the composite has great potential 
for application in smart devices, food and medicines packaging films, and films with controllable transparency, 
water-repellent surfaces, and anti-corrosive coatings.

1. Introduction

Smart materials have been studied by researchers due to the prop
erties of absorption and transmission of light with external stimuli, thus 
creating new mechanisms, such as transmittance devices that allow 
users to control the incidence of light and heat (Tan et al., 2021; Wang 
et al., 2021; Liu et al., 2021). Polydimethylsiloxane (PDMS) has received 

primary attention for a wide range of applications, due to its excellent 
features of transparency, biocompatibility, and flexibility, among other 
properties (Liu et al., 2021; Yun et al., 2022; Zhang et al., 2017; Oh et al., 
2021). Polydimethylsiloxane excels among a wide range of silicones due 
to its excellent optical properties and biodegradability. Another very 
important global factor that has brought satisfactory results to the 
environment is the use of biodegradable products. Among the 
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biodegradable materials, beeswax also belongs to the materials of nat
ural origin These materials are utilized due to their excellent chemical 
and thermal properties (Smith et al., 2021; Yamamoto et al., 2016; Ren 
et al., 2020; Dinker et al., 2017; Cavallaro et al., 2015; Amin et al., 2017; 
Zeng and Taylor, 2020). PDMS is a synthetic silicone rubber belonging 
to organosilicon polymers, while beeswax comes from a metabolic 
process of the bees through the abdominal segments. Both PDMS and 
beeswax retain non-toxic and biodegradable characteristics (Zhai et al., 
2021; Akther et al., 2020; Heo et al., 2020; Xu et al., 2021; Cheng et al., 
2018; Higazy et al., 2022; Selim and A.A). Another notable impact factor 
present in the use of beeswax is that it is a natural and sustainable raw 
material (Khanzadi et al., 2015; Reis et al., 2017).

There is a growing interest in the studies of these materials due to the 
wide range of applications in different fields. Both PDMS and beeswax 
are relevant in applications in the food, cosmetic, pharmaceutical, and 
medicinal industries (Fratini et al., 2016; Ploy Klangmuang, 2016; 
Felicioli et al., 2017; Soleimanian et al., 2017; Bernal et al., 2005; Szulc 
et al., 2020; Wardhono et al., 2019; Luo et al., 2021; Farias and Khan, 
2021). In the case of PDMS, the range extends to the areas of mechanical 
and civil engineering solutions, electronic devices, and biomedical 
employment (Qian et al., 2018; Adiguzel et al., 2017; Yi et al., 2020; 
Wang et al., 2020; Nazari et al., 2016). Among these areas, the appli
cations for beeswax were diverse, such as food packaging (Bucio et al., 
2021), (Cosate et al., 2019), burns, medicines, conservation of statues 
(Čížová et al., 2019), and waterproofing (Omar-Aziz et al., 2020). pol
ydimethylsiloxane is also broadly followed by filtration membranes 
(Adrees et al., 2019; Gouyon et al., 2020), microfluidic devices (Gouyon 
et al., 2020), (dos Santos et al., 2018), blood analogues (Pinho et al., 
2019), lubricants (Ressel et al., 2020) and optical devices (Hu et al., 
2020). This wide range of applications is justified by the admirable 
properties exhibited by these materials. PDMS is a biocompatible sili
cone (Montazerian et al., 2019), (Rao et al., 2013), viscoelastic, chem
ically and thermally stable, highly flexible (An et al., 2016), corrosion 
and abrasion resistance (Bolvardi et al., 2018), (Zhang et al., 2021) and 
optically transparent (Park et al., 2018). However, beeswax has some 
similar characteristics such as being biocompatible (Manivannan et al., 
2021), extremely ductile, biodegradable (Pavon et al., 2020), antibac
terial (Mazur et al., 2018), (Bahrami et al., 2019), and humidity resistant 
(Sun et al., 2021).

PDMS and beeswax exhibit hydrophobic characteristics and are 
widely applied in coatings, resulting in a decrease in surface energy (Lee 
et al., 2016a; He et al., 2018; Oliveira et al., 2017). The improved 
properties that can stand out are water repellent (Syafiq et al., 2019), 
anti-fogging (Tarmizi et al., 2019), self-cleaning (Zhang et al., 2020), 
oxygen permeability (Haq et al., 2016), and water vapour permeance 
(Bucio et al., 2021). Syafiq et al. presented a study to develop a trans
parent hydrophobic hybrid coating by adding PDMS to 3-aminopropyl
triethoxyslane (APTES). The hydrophobic coating showed improvement 
in self-cleaning, anti-fogging, and transparency properties due to the 
presence of PDMS. After prolonged outdoor exposure at a 20◦ angle, the 
coating exhibited 84% transparency indicating excellent self-cleaning 
properties, the hybrid coating also exhibited anti-fogging behaviour 
after prolonged exposure to mist, and small water droplets disappeared 
after 6 min, consequently these properties, the hybrid coating has high 
relevance for application on external surfaces of photovoltaic panels 
(Syafiq et al., 2019).

Smart materials are classified in this way, as they can react to an 
external stimulus and have adaptive behaviours. Recently, studies of the 
use of this type of materials for application in smart windows have been 
reported, La et al. reported a smart thermosensitive window based on 
polyampholyte hydrogel (PAH) and PDMS. The smart window works 
with temperature-stimulated transparency and opacity, ie during the 
day at high-temperature PAH is transparent to visible light and at night 
at low temperature, it blocks visible light. The smart window fabrication 
attached a PDMS film to a citron plate as a substrate for PAH, after 
irradiation with a UV lamp for 4h the precursor solution was crosslinked 

in PAH. A layer of PAH/PDMS was removed from the glass plates and 
dialyzed in a deionized water bath for 12 h. The window obtains 80% 
transmittance of opalescence at low temperature and transparency at 
high temperature. Its application is aimed at building windows with fast 
switching (La et al., 2017).

The objective of this study is evidenced by the development of a 
PDMS composite containing different proportions by weight of beeswax, 
with a focus on improving the hydrophobic properties of PDMS. So far 
there are no reports of studies mixing only PDMS and beeswax in various 
weight ratios, but the work contains a high amount of mechanical, op
tical, and wettability tests followed by analysis and evaluation of me
chanical, chemical, optical, and wettability. This compound has great 
potential for application in many everyday products such as food 
packaging, controllable transparent films, and transparent protective 
films.

2. Materials and methods

2.1. Materials

PDMS used to manufacture the samples were silicon-based silicone 
(Dow Corning Sylgard 184), consisting of a 2-component kit, part A 
being the polydimethylsiloxane prepolymer and part B being the 
crosslinking agent, both offered by the Polytechnic Institute of Bra
gança. The beeswax used was purchased from a local beekeeper 
(Portugal, Bragança). Specification of the PDMS in Table 1.

2.2. Preparation of the specimens

The samples were manufactured using specially designed equipment, 
a Multifunctional Vacuum Chamber that controls some important pa
rameters to improve process efficiencies, such as temperature, agitation 
speed, and internal pressure (Ariati et al., 2022). The complete fabri
cation of samples consists of 3 steps. Firstly, 1% beeswax was added to 
the PDMS (5.5 g). The mixture was blended in a mechanical stirrer with 
a speed controller for 3 min at 23% of the maximum engine power until 
the mixture was homogeneous, controlling the temperature at approx
imately 65 ◦C. In the second step, the curing agent was added with the 
10:1 ratio, recommended by the manufacturer, followed by the stirring 
in the chamber at a multifunctional vacuum at a rotational speed of 150 
RPM, carrying out the process of simultaneous degassing for approxi
mately 3 min and poured into metallic moulds. The last step of the 
manufacturing process is to remove the few bubbles from the previous 
step by placing the mixture in multifunctional vacuum chamber, for 5 
min. Samples were left for 48h at room temperature of 25 ◦C to complete 
the curing process. The samples were enumerated according to the 

Table 1 
Properties of the beeswax and PDMS.

Properties PDMS Beeswax References

melting temperature 
(◦C)

− 49 60–65 (Panou et al., 2013), (Amin 
et al., 2017), (Su et al., 2015)

65–70 (Bucio et al., 2021), (Tulloch 
and Hoffman, 1972)

Density 25 ◦C (g/ 
cm3)

0.98 0.95 (Bucio et al., 2021), (Smitha 
Alex et al., 2017)

Kinematic Viscosity 
(mPa.s) 100 ◦C

– 0.47 Bucio et al. (2021)

Viscosity 5100 cP 0.1 cP 
ratio

(Amin et al., 2017), (T. Dow 
Chemical Company, 2017)

Work time (pot life) 1.5 h – T. Dow Chemical Company 
(2017)

Cure time (25 ◦C) 48 h – T. Dow Chemical Company 
(2017)

Thermal 
conductivity (W/ 
m◦K)

0.27–0.30 0.24–0.32 (Amin et al., 2017), (T. Dow 
Chemical Company, 2017), (
Xiao et al., 2013)
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amount by weight of beeswax. The sample identification was 1st and 
2nd characters (BW) indicate beeswax and the last characters refer to the 
amount of wax in the group. For instance, BW0% means that the sample 
is made with pure PDMS, and BW1%, indicates 1% of wax. In this work, 
tests were done at BW0%, BW1%, BW2%, BW4% e BW8%.

2.3. Dynamic mechanical analysis (DMA)

Dynamic mechanical measurements were performed using the DMA 
Q800 V21.2 (TA Instruments). Two samples were made for each pro
portion of beeswax according to ASTM D7028 (By and Mechanical, 
2012), with the length, width, and thickness equivalent to 27 x 6 × 2 
mm, respectively. The elastic (storage modulus) and viscous (loss 
modulus) components were measured while heating the samples at a 
rate of 3 ◦C/min in the temperature range between room temperature 
and 130 ◦C. The oscillation frequency was fixed at 1 Hz and the applied 
strain was 0.5%.

2.4. Thermogravimetric analysis (TGA)

Measurements were performed using the Q5000 IR instrument (TA 
Instruments) under inert material argon and air, heating the samples 
from room temperature to 400 ◦C. Four samples were used, including 2 
samples of 100% PDMS (without beeswax) and 2 samples with 8% 
beeswax (10 mg) to perform the test and heated under the temperature 
program of 20 ◦C/min. The respective sample weights are listed in 
Table 2.

2.5. Wettability test

The wettability test was performed in a Contact Angle System OCA 
equipment from DataPhysics and the test was processed by the static 
sessile drop method, using distilled water as solvent (see Fig. 1). Two 
samples from tensile samples were used and carried out at a room 
temperature of approximately 25 ◦C. The samples were placed on the 
surface of the equipment and the parameters of focus, luminosity, and 
droplet deposition were adjusted for each sample. The drop of distilled 
water (with controlled volume) was placed on the surface of the sample, 
as shown in Fig. 2, being intercalated every 5 mm and the measurement 
was performed 5 times.

2.6. Spectrophotometry test

To perform the test, a spectrophotometer, model Shimadzu UV-2600 
brand was used. One sample of each beeswax proportion group was 
used, samples from the traction samples. The wavelength range created 
for the equipment was between 200 nm and 800 nm. Transmittance 
measurements were performed with the samples heated due to beeswax 
in the composition. To warm up the samples, a baby bottle heater was 
used in a bain-marie with the samples immersed in the water, raising the 
temperature to 80 ◦C. After a few minutes of heating, the samples were 
removed from the water, dried, and placed on the spectrophotometer.

2.7. Tensile test

Uniaxial tensile tests were performed for 5 specimens of each sample 
in a universal testing machine, brand SHIMADZU, software version 

1.5.1. The test was performed according to ASTM D412 (American So
ciety for Testing and Materials. ASTM, 2018). To perform the test, a 
pre-test was set up on the machine, with a speed of 5 mm/min being 
adjusted until it reached a preload of 1 N, and from this point, the test 
was set up for a speed of 500 mm/min until the sample breaks. To 
minimize the slip effect of samples during the test, fine sandpaper was 
placed on the ends of the samples.

2.8. Hardness test

The test was performed in a portable Shore A analogue hardness 
tester according to ASTM D2240 (American Society for Testing and 
Materials. ASTM Rubber Property—Durometer et al., 2017). To measure 
hardness, two samples of each proportion of beeswax were placed on a 
flat surface with the flatter side of the samples being chosen for testing. 
Five-point measurements were taken at room temperature of approxi
mately 25 ◦C.

2.8.1. Scanning electron microscope (MEV)
For a more detailed study of the microstructure of the samples, a 

Scanning Electron Microscope - NanoSEM - FEI Nova 200 (FEG/SEM) 
system was used. The working principle of the test consists of using an 
electron beam to explore the surface of the sample. Before the analyses, 
the samples were prepared (4% and 8% beeswax). It consisted of a cross- 
section and then a metallic coating of the surface to be analyzed, to make 
them conductive and generate images with good resolution in the SEM. 
The formation of images in SEM was given through secondary electron 
(SE) signals, which is the most used method to obtain topographical 
information.

3. Results and discussion

3.1. Dynamic mechanical analysis test

The DMA test was used to explore the mechanical characteristics of 
composites and analyze their behaviour with increasing temperature. 
Fig. 3 represents the behaviour and the results are shown in Table 3. 
Fig. 3a shows the superposition of the storage modulus variation with 
temperature for pure PDMS (BW0%) and compounds with different 
beeswax content (1, 2, 4, and 8%; in weight percentage). The storage 
modulus of Polydimethylsiloxane (PDMS) initially increases with the 
addition of beeswax, demonstrating mechanical reinforcement at room 
temperature and in the temperature ranges tested. However, when 
adding higher concentrations of beeswax, specifically 4%–8%, a 
decrease in Storage Modulus is observed. This inverse behavior can be 
attributed to the less homogeneous distribution of wax particles in the 
PDMS matrix, resulting in non-uniform interactions that negatively 
affect the mechanical properties of the composite. Therefore, homoge
neity in the distribution of beeswax particles is crucial to maintain or 
increase the stiffness of the material. Before the glass transition, the 
BW8% had a maximum storage module of 3.3 MPa. The glass transition 
occurred around 76 ◦C, while the elastic state started around 87 ◦C, 
followed by a storage modulus of 1.3 MPa.

The presence of crystalline domains in beeswax causes a decrease in 
storage modulus at the glass transition zone. These domains appear to be 
modestly cross-linked, minimizing storage module drop (Osman et al., 
2001). This is followed by a sharp decline marked by a unique modulus 
value for each sample, indicating the crystalline phase melting phe
nomena (Roy and Bhowmick, 2010). The glass transition temperature of 
the composites produced is between 75 and 77 ◦C, as shown in Fig. 3a. 
At 30 ◦C, the highest storage modulus comparable to 3.7 MPa was found 
for the BW4% compound. When beeswax exceeds its melting tempera
ture, the particles evenly change from solid to liquid, limiting contact 
with the PDMS and supporting the drop into the storage module.

The Loss Modulus of pure PDMS and composites including beeswax 
is shown in Fig. 3b. When compared to the other composites, pure PDMS 

Table 2 
Mass of samples used in the TGA.

Specimen Mass (mg)

BW0% - Air 10.203
BW0% - Argon 11.523
BW8% - Air 10.985
BW8% - Argon 12.984
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has the lowest Loss Modulus; however, as the amount of beeswax grows, 
the Loss Modulus at ~30 ◦C increases due to the greater amount of mass 
of the beeswax in the PDMS. The Loss Modulus evolution with the 
temperature follows a similar trend for all the tested compositions. After 
~90 ◦C the Loss Modulus of the PDMS and PDMS + beewax have similar 
values, indicating that the addition has a negligible effect. The BW8% 
composite has the highest loss modulus before the glass transition and 
the lowest Tg compared to the BW4% composite. The loss modulus of 
sample BW8% was 0.23 MPa, which was greater for the sample with the 
greatest percentage of beeswax.

It is worth noting that melting the crystalline phase of beeswax 
resulted in a higher decline in the temperature range of 75–80 ◦C. 
Another noteworthy aspect of beeswax is that the BW8% sample had the 
lowest loss modulus of 0.018 MPa after the test. The same phenomenon 
happens again after 90 ◦C due to the action of solely PDMS after the 
melting point of beeswax.

3.2. Thermogravimetric analysis test

Thermogravimetric analysis is a critical technique for analyzing and 
identifying thermal stability. The samples of pure PDMS and PDMS 
containing 8% beeswax were tested in an inert argon atmosphere, and 
the results are displayed in Fig. 4.

The DSC thermogram presented in Fig. 4 was obtained using the TA 
Instruments DSC Q2000. The samples, with 10 mg of mass, were heated 
at a rate of 10 ◦C/min from − 50 ◦C to 300 ◦C under a nitrogen 
atmosphere.

Fig. 4a indicates that neither sample loses weight until roughly 
200 ◦C, validating the thermal durability of the composite BW0% and 
BW8% up to this temperature in an inert environment. This conclusion is 
consistent with prior research findings (Dinker et al., 2017), (Cheng 
et al., 2018). The weight of the two materials falls after 200 ◦C; never
theless, at 390 ◦C, a weight loss of 4% and 7% is reported for BW0% and 
BW8%, respectively. Because beeswax is included in the makeup of the 
BW8% sample, a 40% bigger decrease was predicted. This large weight 

Fig. 1. Specimens manufacturing process using a multifunctional vacuum chamber.

Fig. 2. Wettability test: (a) positioning for dripping and (b) performing the test.
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reduction is beneficial to thermal stability studies (Abdelwahab et al., 
2012). A study in the literature shows that the weight loss of beeswax is 
100% when subjected to 443 ◦C (Dinker et al., 2017), which can be an 
explanation to justify why at approximately 390 ◦C the BW8% sample is 
close to 8% loss.

The peak melting temperatures in Fig. 4b are fairly comparable 
because of the variation in one inert material; in this figure, one can see 
the accurate heat flow of the BW8% sample in two inert substances. The 
melting temperature of the sample BW8% in argon is 67.93 ◦C, which 
might vary according to the origin and location of the beeswax, and this 
is consistent with the findings given in the literature (Bucio et al., 2021), 

Fig. 3. Dynamic mechanical analysis. (a) Storage modulus and (b) loss modulus.

Table 3 
Dynamic mechanical analysis (DMA) test result (at 35 ◦C).

Composites (wt.% 
beeswax)

(Storage modulus)máx 

(MPa)
(Loss modulus)máx 

(MPa)
Tan 
delta

0.0 1.70 0.11 0.065
1.0 3.04 0.19 0.062
2.0 2.93 0.18 0.059
4.0 3.72 0.21 0.068
8.0 3.34 0.23 0.055
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(Buchwald et al., 2005), (Masae et al., 2014). 3.3. Wettability test

The determination of the water contact angle (WCA) to measure the 
hydrophobic nature of the samples as well as the wettability of their 
surface. Table 4 shows the findings for the various measurements of each 
% of beeswax.

The hydrophobic behaviour of the examined materials is represen
tative of all composite compositions. Table 4 depicts a pure PDMS 
sample (BW0%) with contact angle with water of 124◦, which is 
consistent with the approximate values reported in the literature (Zhang 
et al., 2020), (Sales et al., 2021), (Gokaltun et al., 2017). Furthermore, 
the hydrophobicity of PDMS is connected to the presence of 

Fig. 4. (a) Thermal gravimetric analysis of the pure PDMS and BW8% and (b) Correct heat flow BW8% sample in two inert substances.

Table 4 
Contact angle values (n = 4) and S.D. obtained for pure PDMS and composite 
PDMS/beeswax.

Sample BW0% BW1% BW2% BW4% BW8%

Contact Angle 
±S.D.

123.8 ±
2.4

126.1 ±
1.8

128.9 ±
0.8

134.2 ±
2.5

144.9 ±
4.3

R. Ariati et al.                                                                                                                                                                                                                                   Journal of the Mechanical Behavior of Biomedical Materials 160 (2024) 106716 

6 



methyl/siloxane groups in the material’s chemical structure (Akther 
et al., 2020), (Tanardi et al., 2014). A sample with a surface that has a 
contact angle with water that is less than 90◦ is considered a hydrophilic 
surface, a surface that has a contact angle with water that is less than 
150◦ is considered a hydrophobic surface, and a surface that has a WCA 
greater than or equal to 150◦ is considered a superhydrophobic surface 
(Alzahid et al., 2018).

Furthermore, adding beeswax to PDMS would make the surface more 
hydrophobic due to the creation of beeswax-rich domains inside the 
sample, which might enhance surface roughness produced by the lotus 
leaf effect (Muscat et al., 2014), (Zhang et al., 2019). However, while 
some readings of the composite containing 8% beeswax surpassed 150◦, 
the arithmetic mean was lower. These changes might be related to a 
reduction in roughness and surface energy, which are the major criteria 
for lowering a material’s wettability (Pakzad et al., 2020).

The performance of beeswax in the composites was directly related 
to the percentage of beeswax applied to the samples. The contact angle 
with water rises as the proportion of beeswax increases. The BW8% 
sample, on the other hand, had the greatest contact angle with water, 
measuring 144.85◦. When BW1% and BW8% were compared to pure 
PDMS, there was a 15% and 18% improvement, respectively.

3.4. Spectrophotometry test

PDMS is a very transparent polymer that provides for good light 
propagation. Small quantities of chemicals are applied to improve their 

mechanical qualities. Pure PDMS demonstrated 88.9% transparency in 
the visible region, which is consistent with previous research (Hu et al., 
2020), (Chen et al., 2015). When PDMS is combined with waxes, such as 
paraffin wax and beeswax, it becomes opaque at room temperature 
(Owuor et al., 2018). When heat is applied to the material, the effect 
reverses; as the temperature rises, the substance becomes transparent 
(Sales et al., 2021), (Shi et al., 2020). Other investigations using a 
PDMS-wax combination are likewise encouraged to transparency by 
actuation stress, with a very short time from opaque to transparent 
(Weng et al., 2016), (Park et al., 2016).

As previously stated, the BW0% sample acquired 88.9% trans
mittance in the visible band, between 380 and 740 nm, as shown in 
Fig. 5a, at room temperature of 25 ◦C. The transmittance value for the 
BW1% sample was reduced to 64% in the visible area, as predicted since 
beeswax has an opaque property at room temperature, as shown in 
Fig. 6a, and is consistent with the research described in the literature 
(Sales et al., 2021). Transparency decreases as the amount of beeswax 
increases, demonstrating a clear inverse relationship. For samples with a 
greater proportion of beeswax, there was a significant increase in 
transmittance near the beginning of the visible zone, but Table 5 shows 
that the transmittance only reached 38%, 32%, and 24% for BW2%, 
BW4%, and BW8%, respectively. It was unexpected that the BW2% 
sample reduced the transmittance by almost ~58% in the same visible 
area range when compared with pure PDMS; nevertheless, due to this 
impact of the wax at room temperature, transmissibility tends to 
decrease when the amount of beeswax is raised added.

However, when the composites were tested at 80 ◦C, the trans
parency of the samples containing beeswax increased dramatically, as 
seen in Fig. 5b. As shown in Fig. 6b, samples BW1%, BW2%, and BW4% 
achieved values as high as pure PDMS in the range of 80% transmittance 
in the visible area. When compared to the same sample at 25 ◦C, the 
BW1% sample had a 21% increase in transmittance, while the BW2% 
sample had a 54% increase in transmittance. When compared to 25 ◦C, 
samples BW4% and BW8% showed a 50% rise. This phenomenon occurs 
because waxes in the solid state do not scatter light, resulting in opacity, 
and as the temperature increases above the wax’s melting point, at 
65 ◦C, the wax becomes liquid and molten, producing expansion of the 
wax beeswax into the PDMS matrix and making it transparent. There 
have been no reports of spectrophotometry experiments for PDMS 
samples with larger concentrations of beeswax for this test so far.

3.5. Tensile test

Mechanical characteristics of composites are commonly assessed by 
measuring parameters such as tensile strength (Shankar et al., 2016). 
Fig. 7a shows the test parameters that were used following ASTM D412. 
Fig. 7b depicts a graph of engineering stress vs engineering stress, and 
Table 6 lists the data gathered. The graphic depicts the arithmetic mean 
of the stress of each % of beeswax as well as pure PDMS, as well as the 
related standard deviation.

The standard variation for maximum tensile strength is approxi
mately 10% of the value achieved by pure PDMS for each sample, which 
is consistent with the standard deviation described in the literature 
(Johnston et al., 2014). It was required to apply sandpapers at the ends 
of the samples to aid the samples not slipping during the test for samples 
with high standard deviation, which might be owing to the equipment’s 
displacement speed.

Fig. 6b depicts a typical behaviour of elastic materials with high 
values of deformation approximately in the linear area of the samples, 
which can be up to 50% (Johnston et al., 2014). The BW0% curve relates 
to pure PDMS with the highest maximum tensile strength value of 4.4 
MPa, which is consistent with the values published in the literature 
(Sales et al., 2021). The BW1% sample, which contained 1% by weight 
of beeswax, showed a 35% reduction in maximum tensile strength 
compared to BW0% and an increase in maximum deformation of 
approximately 37%, which may be due to the ductile behaviour of the 

Fig. 5. Wavelength versus transmittance for different percentages of beeswax: 
(a) at 25 ◦C and (b) at 80 ◦C.
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wax after tension application (Bucio et al., 2021), (Pavon et al., 2020), 
and thus this effect may justify the reduction of the as a result, this 
impact may justify lowering the maximum tensile strength and 
increasing the maximum deformation (Wardhono et al., 2019). Another 
theory proposed to explain the loss in tensile strength is that adding 
beeswax to PDMS changes the network’s cohesive forces, resulting in an 
elastic and brittle composite at room temperature (Oliveira et al., 2017). 
The BW1% composite manufactured in this work demonstrated higher 
maximum strength compared to our previous study, which used the 
same proportion by weight of beeswax; this value was 12% higher (Sales 
et al., 2021), which could be attributed to the manufacturing process, 
which allows some parameters to be controlled. When utilizing synthetic 
filtration membranes, increasing the polyvinyl chloride-co-vinyl acetate 
(PVCA)/PDMS combination also enhances tensile strength (Adrees 
et al., 2019). Other investigations (Brown et al., 2005), (Lee et al., 
2016b) show that when PDMS is cross-linked with the curing agent, 
trapped tangles develop to enhance the network, hence boosting me
chanical characteristics.

The BW2% curve behaves similarly to the BW1% curve, but with a 
59% drop in maximum tensile strength in comparison to the BW1% and 
a 116% reduction in comparison to pure PDMS. This impact was pre
dicted due to the greater concentration of beeswax particles in the PDMS 
matrix, which made the specimen more brittle. BW4 and BW8 samples 
exhibited unexpected behaviour, significantly decreased deformation, 
and increased tensile strength. This behaviour of the BW4% and BW8% 
samples might be attributed to the concentration of beeswax particles in 
the macromolecular area, as previously stated, although this impact 
should work in the other direction, as beeswax promotes increased 
tenacity (Pavon et al., 2020).

An experimental investigation discovered that fatty acids impart 

ductile qualities to beeswax since the elastic limit is reduced when fatty 
acids are removed from beeswax (Buchwald and Greenberg, 2005). On 
the other hand, the use of beeswax enhances the toughness of the 
composite (Pavon et al., 2020). Johnston et colleagues discovered a link 
between the Young modulus and the curing temperature of the samples, 
demonstrating that the curing temperature is directly proportional to 
the Young Modulus, implying that increasing the curing temperature 
increases the elastic modulus values (Johnston et al., 2014).

3.6. Hardness test

Fig. 8 shows a summary of all results obtained in hardness tests for 
pure PDMS (BW0%) and its composites with 1, 2, 4, and 8% beeswax 
addition. The points were positioned on the horizontal axis (abscissa) 
according to the amount of wax used. In addition, the standard deviation 
values were also plotted and presented as can be seen in Table 7.

Although the hardness always increases directly proportionally to 
the increase in the wax amount, the results can be analyzed in two 
groups, the first one regarding small additions (between 0 and 2%) and 
the second for materials with the highest amount of wax (4 and 8%).

In the first group, pure PDMS presented results very close to those 
shown in the manufacturer’s datasheet, which is 44 Shore A (T. Dow 
Chemical Company, 2017). Furthermore, as the amount of wax is 
increased, the increase in hardness presents a linear relationship (coef
ficient of determination R2 = 0.9877) until reaching 4% of beeswax.

Above that value, in the second sample group, the average values 
were very close, which means that considering the standard deviation 
presented, by doubling the amount of wax, from 4 to 8%, the hardness 
was not visibly affected.

3.6.1. Scanning electron microscope
The material’s internal structure is constituted by free disperse 

beeswax particles over the PDMS matrix. Some smaller beeswax parti
cles are embedded by the matrix as shown in Fig. 9a) and 9b). For higher 
additions (8%) the beeswax particles show a tendency to agglomerate in 
elongated particles creating an internal structure with some continuity. 
Also, smaller particles seem to be embedded in the matrix and are 
distributed along the matrix with a more spherical shape.

Fig. 6. Sample heating process for visible analysis: (a) at 25 ◦C and (b) at 80 ◦C.

Table 5 
Comparative results of maximum transmittance in the visible region conducted 
at 25 ◦C and 80 ◦C.

Temperature BW0% BW1% BW2% BW4% BW8%

25 ◦C - Visible region 88.9 63.6 37.8 32.4 23.9
80 ◦C - Visible region 82.6 82.9 81.1 76.8 50.2
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The significant decrease of the E′ from the sample with 4–8% of 
beeswax (with a lower than PDMS), above ~85 ◦C, might be associated 
with the higher percentage of beeswax and, also, with the formation of 
long beeswax particles, forming an internal structure with some 
continuity.

4. Conclusion

This study has demonstrated the impact of incorporating beeswax 
into PDMS on the mechanical, thermal, and hydrophobic properties of 
the composite. The results reveal that varying the concentration of 
beeswax significantly affects the mechanical behavior of PDMS, as evi
denced by changes in tensile strength, deformation, hardness, and 
storage modulus. Specifically, the addition of beeswax enhances the 
stiffness and elastic properties while also increasing hydrophobicity, 
which is indicative of its potential for developing advanced 
biomaterials.

The thermal stability observed in the PDMS/beeswax composites up 
to 200 C further suggests their applicability in biomedical scenarios 
where materials are subjected to elevated temperatures, such as in 
certain medical devices and implants. The ability to tailor mechanical 
properties through compositional adjustments could lead to new appli
cations in tissue engineering scaffolds, where specific mechanical cues 
are essential for cell growth and tissue development.

The significant improvement in hydrophobic properties with 
increased beeswax content, along with tunable transparency at different 
temperatures, positions this composite as a promising candidate for use 
in coatings and membranes in medical devices, where control over 
moisture, optical clarity, and surface interactions are critical.

Overall, this research contributes to the field of biomaterials by 
providing insights into how natural additives like beeswax can modify 
the mechanical and functional properties of synthetic polymers. These 
findings are particularly relevant for the development of new materials 
that mimic or replace biological tissues, thereby supporting the journal s 
focus on the mechanical deformation, damage, and failure of bio
materials under applied forces. Future work should investigate the long- 
term durability, biocompatibility, and specific biomedical applications 
of this composite, as well as explore its performance under physiological 
conditions to further align with the journal’s interdisciplinary emphasis.
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