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Abstract. The development of additive manufacturing technologies has the advantage of producing
more economical and efficient products. This trend is supported by the fact that this technology is
extensively developed, so that it has easy platforms to use, vast applications, and is more
economically affordable than it was when it was first created in the early 90s. Currently, this
technology is also widely applied in the bioengineering field to produce so called micro-scale
products. In this study, a beeswax printer was developed by modifying a universal 3D printer to
apply beeswax as a microchannel part on paper. Ultimately, this application shall be used for paper
lab-on-a-chip (LOC) that enables us to perform specific functions, such as biological detection.
However, a thorough study is needed to understand the limitations of this beeswax printer, along
with the characterization of its product. Here, an experiment was conducted to find the optimum
conditions of the system with two main parameters, namely the heating characteristics and
flowability of the molten beeswax during the printing process. Additionally, an analytical model was
also developed to validate the phenomena of this advanced printing media. Briefly, the beeswax
printer allowed us to have a fine profile in the range of 0.5-2.0 mm wide and 30-150 pum thick. This
research allowed us to find the desired profile of printed beeswax.
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1. Introduction

Lab-on-a-chip (LOC) is a device that integrates a series of laboratory processes on a
chip to perform a specific task, such as pathogen detection, via serology or molecular
identification (Oh, 2012; Jung et al., 2014; Luka et al.,, 2015). It can facilitate clinical
measures, such as to filtrate/separate raw material, transport chemical reagents, perform
a reaction, and detect biochemical results (Lim et al.,, 2010; Takenaga, 2015). It has small
dimension so that this device can be easily transported. Because of its small size, it requires
smaller specimens and reagents for its operation, i.e. microfluidic system (Ho et al., 2015;
Lafleur etal., 2015). Thus, it has a much cheaper operational cost compared to conventional
systems.

Microfluidic system are fabricated by etching or molding glass, silicone, acrylics, or
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other polymer types (Romao et al., 2017; Economou et al.,, 2018). In general, the polymer
material is easily produced and performs well (Whulanzaetal., 2017a,2018a,2019; Phadke
et al., 2018; Renatan et al., 2020). However, paper-based lab-on-a-chip (LOC) is the latest
innovation, with the advantage of a low fabrication cost (Martinez et al., 2010; Ballerini et
al., 2012; Costa et al., 2014). This can be done by using hydrophilic and hydrophobic parts
to control liquid regimes at an efficient cost (Zhang et al., 2013; Xue etal., 2017). This tuning
of a paper surface can be easily realized by using a wax material as designed by Lee et al.
(2019) and Kim and Noh (2018).

Fluidic channels can be patterned using wax screen printing (Dungchai etal., 2011) and
dipping the object directly on the specimen (Songjaroen et al.,, 2011). Screen printing and
spray methods have also been used to create a wax channel (Juang et al., 2017; Liu et al,,
2017). A recent study also showed the role of additive manufacturing in wax coatings
(Yamada et al., 2015).

An additive manufacturing platform, or 3D printer, has been widely used in deploying
material through nozzles with various driving forces, such as pneumatic, piston, and motor
movement (Naghieh et al.,, 2017). Thus, it enables us to deposit any material required, such
as polymer filaments, hydrogel, ceramic, or composites of these substances (Whulanza et
al., 2017b; Syuhada et al., 2018; Roopavath et al., 2019). Moreover, wax has also been used
as a material in printing (Lu et al., 2009; Carrilho et al.,, 2009). However, further testing and
characterization has yet to be applied to LOC fabrication (Xue et al., 2017).

This report explains the characterization of printed beeswax on a filter paper to be used
as a microchannel. The measurements showed that optimum parameters achieved by our
home-made wax printer inspired by batik printing art. Furthermore, an analytical model
was demonstrated to approach the experimental results of printed wax. Ultimately, the wax
channel was shown to be functionally resistant to liquid water adsorption.

2. Methods

2.1. Beeswax Material

The beeswax used in this experiment was purchased from an Indonesian local
manufacturer Biopolish (Yogyakarta, Indonesia). The properties were as follows: melting
temperature was 62.3°C, latent heat was 141.5 kJ/kg (when melting) and 145.6 kJ/kg
(when solidified), and the density was 789.5 kgm-3 (when melting) and 819.8 kgm-3 (when
solidified) (Putraetal, 2016; Amin etal., 2017).

Table 1 Properties of beeswax material

Properties Beeswax
Melting Temperature (°C) 62.28
Latent Heat (k] /ke] 141.5 (molten state)

145.6 (solid state)
789.5 (molten state)
819.8 (solid state)
Heat Capacity (k] /kg K) 0.508

Density (kgm-3)

2.2. Beeswax Printer Setup

In this study, a 3D Folger Tech RepRap Printer Prusa I3 was modified by eliminating
the x-y-z motor directions into a single axis motor direction and 2 other directions were
fixed. The filament nozzle was then replaced with an electronic batik canting, which acted
as an extruder head with a 0.8 mm diameter. Generally, canting is a traditional ink-pen used
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to apply wax on fabrics with specific batik motifs. Figure 1 shows the setup of the modified
3D printer with a filter paper underneath for printing.

CAD Patterned

: Filter Paper

Filter Paper

Microchannel
fabricated on
filter paper using
beeswax 3D Print

Figure 1 Experiment set-up and apparatus for beeswax printing

The layout of microchannels were previously drafted using any computer-aided-design
(CAD) software and uploaded on the wax printer mainframe. The software enabled us to
arrange the speed movement of the x-axis, the so-called layer rate, and stabilize the
temperature of canting. Once the set temperature of the bed and canting were reached, the
motor stepper was activated to move the canting and extrude liquid beeswax along the
predetermined profile. Later, the liquid beeswax was patterned on filter paper and
solidified instantly to configure the microchannel.

2.3. Beeswax Profile Characterization

The beeswax printer was observed to understand the dependency between operating
parameters, such as heating temperature of beeswax and speed movement of canting with
the geometric wax profile. The heating temperature of canting was set at 60, 70, or 80°C,
whereas the speed of movement, or the so-called layer rate of the canting, were set at 11.5,
22.5, 45.0, and 90 mm/s. The profile of beeswax was observed using the profilometer
Surfcom 2900SD3. Each measurement was repeated for 5 specimens. Moreover, the
observation of hydrophobicity testing was conducted using a digital microscope Dino-Lite
AM4113 by dropping 20 microliters of deionized water on the channel.

2.4. Analytical Model of Beeswax

The geometric beeswax profile was estimated using an analytical model that has been
used in previous work with gelatin printing (Whulanza et al,, 2018b). The liquid wax, to
some extent, was predicted to have a similar behavior to that of a Newtonian liquid.
Therefore, a combination of continuity flow and Poiseuelle’s approach were used
(Whulanza et al.,, 2018b). The experimental area of the beeswax profile was obtained by
multiplying the measured width and height profile.

dv dl
Q= e aha = ahvy, (1)
_ rmrtdp
Q= 4 (2)
ah = " dp 3)
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(4)

where:
Q : volume of printed wax (m3)
: diameter of the canting’s nozzle (m)
: average viscosity of beeswax during extrusion process (Pas)
: effective elevation of extrusion process (m)
: width of beeswax profile (m)
: distance of nozzle tip and base (m)
w + layer rate or velocity of nozzle in x or y direction relative to the base (m/s)
: applied pressure the volume of beeswax (Pa)

e sE S

U <

3. Results and Discussion

3.1. Geometric Characterization of Beeswax Printing

Beeswax printing had the ability to deposit beeswax onto the surface of filter paper.
The movement of the canting’s nozzle was arranged in an x-y direction to produce a fine
line of beeswax following the predetermined pattern. Figure 2 depicts the printing result
and the test with a small drop of water (circa 20 microliter). The resulting print was able to
trap the water inside of the line (Figure 2b). However, water spilled outside of the printed
line at certain operational parameters (Figure 2c). Figure 2d shows the cross-section area
of filter paper to view a different color, indicating adsorbed beeswax. It was conjectured
that this layer is a permeable layer for resisting liquid water (Destyorini et al., 2016;
Plazonic et al.,, 2020).

Figure 2 Observation of beeswax profile on the filter paper: (a) before; and (b-c) after a small
volume of water was added

Figure 3 shows the printed beeswax on paper at various layer rates at the same
canting’s nozzle temperature, i.e. at 70°C. Figuratively, the viscosity of molten beeswax is
dependent on temperature and shear force, which was represented by the nozzle
movement, i.e. layer rate. The current study shows that the higher the shear force of molten
beeswax, the lower viscosity it has. Therefore, it is important to understand our optimum
parameter process (beeswax heating temperature and layer rate). Figure 3 depicts the
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width of the beeswax profile, which tended to be smaller but thickened as the movement
rate increased.

a) 11.5 mm/s | b) 22.5 mm/s

Figure 3 Observation of beeswax profile at various layer rates with the temperature of canting set
at 70°C

Figure 4 shows the results of the profilometer measurement for printed beeswax at
various layer rates at a heating temperature of 70°C. The stylus of the profilometer was
contacted through the printed line and gave the reading profile as observed in Figure 4. This
profile gave information on the width and thickness of the printed line in advance.
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Figure 4 Measurements of the beeswax profile using a profilometer at various layer rates with the
temperature of canting set at 70°C
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The profilometer results confirmed that the higher layer rate produced a shape in the
printed wax with a lower width and thicker profile (Figure 5a). Our study showed that the
optimum height among all various rates was obtained at 45 mm/s (Figure 5b). A cross-
section area was calculated based on the two measured parameters (width and thickness),
as depicted in Figure 5c. Here, the measured height indicated the maximum height of the
profile and was used in cross-section area calculation. Figure 5c also showed that the profile
of the cross-section area was not a perfectly rectangular area. However, we used this
assumption to simplify our approach to find the analytical model of the cross-section area.
Based on our aims, it was more important to understand the trend of the resulting area
rather than the accuracy of the analytical model. Figure 5d shows that the cross-section
area followed the trend of height rather than the width of the printed beeswax.
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Figure 5 Measurements of beeswax profile using a profilometer at various layers with the
temperature of canting set at 70°C

Supplementary Figure 1 summarizes the trend of the cross-section area of printed
profiles with respect to the operating parameters, i.e. heating of beeswax and movement
rate in the canting’s nozzle. It was confirmed that the highest area was achieved at a
moderate layer rate of 45 mm/s, whenever beeswax was heated at 60 and 70°C. At a layer
rate of 90 mm/s. the cross-section area decreased with both the width and height profile. It
was predicted that solidification occurred faster during the printing process. In contrast,
when heating beeswax at 80°C, the cross-section area still increased with the increase in
the layer rate. It can be conjectured that the amount of molten metal was still extruded from
the nozzle at the layer rate of 90 mm/s. Thus, the cross-section area that represented the
mass flow of beeswax was increasing. This is a condition where the phase of beeswax was
at a liquid phase during printing, thus, the mass flow plays a dominant role in forming the
wax profile (Suprapto et al., 2020).
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3.2. Analytical Model of Beeswax Printing

An analytical model was introduced to approach the printing phenomena of liquid
beeswax. It was assumed that the beeswax extruded out of the nozzle in its liquid phase,
solidified instantly on the surface. Supplementary Figure 2a describes the molten wax flow
by its weight with a constant viscosity, according to its temperature. The nozzle was then
moved in the v direction and formed a printed line with a width of one mm. Equation 4 gives
a prediction of width of the printed beeswax on the surface.

The experimental data of the printed line width are presented in Supplementary
Figures 2b and 2c with various heating temperature of beeswax. They showed a similar
trend for all heating temperatures, so that the line width decreased as the layer rate
increased. Moreover, equation 4 was plotted on the charts to highlight the dependency of
profile dimension on layer rate and heating temperature. Both analytical data and
experimental data provided similar findings. It can be inferred that the operating
temperature assured that the wax printing went accordingly.

The analytical data of printed beeswax has a margin error of 18, 11, and 17% for
heating wax at 60, 70, and 80°C, respectively. These results are comparable to the
Schneider’s group that worked with wax extrusion (around 10%) (Takenaga et al., 2015).
The difference was was that they used a numerical 3D computational flow diagram
(www.flow3d.com) in their study.

4. Conclusions

The beeswax printer was successfully tested and thoroughly observed. The main task
of this home-made device was to create microchannels as the main part of paper lab-on-a-
chip. The microchannel was formed by printed beeswax that needs to allow the flow of a
liquid specimen without further spillage outside of the required line. Therefore, it is
important to understand the operating parameters of the beeswax printer to deliver quality.
Here, it can be reported that heating temperature of beeswax materials in the device was
60-80°C and a layer rate of 11-90 mm/s. The device was able to produce printed wax 0.5-
2.0 mm wide and 30-150 pm thick. An analytical model was also introduced to validate the
experimental results and shall be beneficial for further research.
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