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ARTICLE INFO ABSTRACT
Keywords: The rapid material fabrications in pixel shape were mechanically studied in comparison with FDM
Material forming and STL 3D printing technique. The pixel extrusion technique was the extrusion with a set of holes

3D printing

in the die. By controlling the flow of each hole in the die, the shape could be adjustable. The pixel
3D molding

molding technique composed of a set of pins. By adjusting the length of pin inside the mold, the
shape of cavity could be designed. Compared to 3D printing which requires the material depo-
sition with 2D scanning for several layers, 3D material fabrication by pixel extrusion and pixel
molding were much faster; however, their resolutions were still much worse compared to 3D
printing at the moment. SEM, Tensile test, flexural test, including hardness were used to observe
the properties of pixel extrusion and pixel molding. The pixel molding technique was also used to
fabricate many materials to compare the properties such as cement, iron, and silica. Apparently,
materials could be formed and mechanical properties were investigated.

1. Introduction

In the modern manufacturing, various production methods of materials and devices are invented for the best fabrication efficiency.
Depending on the type of material and application, the fabrication technology might be different. In metal production, there are many
choices of fabrication process such as casting, rolling, bending, forging, deep drawing, CNC machining, die casting, sintering and so on.
Sintering and casting are also the common processes in ceramic productions. In polymer industry, there are also many production
processes such as casting, extrusion, two roll milling, pressing, blow molding, injection molding. Most of industrial production usually
requires a considerable investment. For example, if only a few samples are fabricated instead of large-scale production, the production
cost per unit could be very high due to expense for die or mold production including the laboring fee. Therefore, most of materials and
devices which are regularly used in daily life are mass-produced to achieve an economical cost per unit. However, a small-number
fabrication of material and device is now possible with the advent of 3D printing techniques. 3D printing techniques, or rapid pro-
totyping technique, are the techniques to form 3D objects without using permanent mold or die which provide a possibility for a small-
scale fabrication of various materials with less monetary investment. It could be used to fabricated various kind of materials such as
polymer, ceramics, metal, and semiconductor [1,2]. 3D printing technique could be categorized in many subtypes such as selective
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laser sintering [3], stereolithography [4], fused deposition modelling [5], gel printing [6], multi-microdroplet printing [7] and so on.
Each of techniques could print different materials for different purposes [8]. The only drawback for using 3D printing compared to
conventional production process in the industry is the production time. Due to laborious movement in 3-dimension, 3D printing
becomes a most time-consuming production process [9].

Many research groups and companies are extensively trying to develop fast and efficient methods for the high-speed 3D printing.
[10]; [11-13, 32]; In FDM, although most of the printing conditions have been already optimized from the 3D printing company, the
printing speed can still be improved by adjusting various conditions such as the filament melting speed, the filament feeding speed, and
cartesian-robot scanning speed [14]. For Stereolithography, the printing speed can be improved by increasing the scanning speed,
increasing the light intensity, including modifying the chemical components in the 3D printing resin such as initiator, monomer, or
oligomer to obtain a faster polymerization speed [15,16]. Nevertheless, the scanning time is still much longer than the fabrication
speed in extruder, die casting, blow molding, or most of other processes in the industrial scale productions. In order to overcome the
time-consuming problem of conventional 3D printing, the shape designable concept and mass production concept have to be combined
[17,18]. In this work, the concepts of die and mold which could shift the shape were demonstrated with comparison between tech-
niques and materials. The material shape could be freely changed according to each pixel in the die and mold. Although the size of each
pixel was still big, the pixel size could be drastically decreased just like the size of LED in the past compared to current LED.

2. Experiment setup

The poly lactic acid (PLA) was extruded through the extruder to obtain the FDM filament for 3D printing. The filament was printed
through the nozzle with different temperature to observe the effect of printing temperature and mechanical property. The next sample
was acrylic sample which was printed by the stereolithography technique from the FormLab 3D printer. PLA was also used to form the
sample by using the extruder which can regulate the extrusion channel. Each channel is called pixel. There are valves to open and close
the channel for each pixel to control the final shape of the sample. Each pixel has the size of 1 x 1 cm. The last technique to form
material in this work is the polymer casting in which the mold has the metallic pins all over the places. Each metallic pin has the
dimension of 1 x 1 cm and can move in and out freely from one another. The shape in the mold was adjusted and polymer was injected
into the mold.

3. Results and discussion
3.1. Comparison between FDM, SLA, PEX, PM techniques

The concept of FDM 3D printing was to melt polymeric filament and to move the nozzle including to deposit the polymer on the
substrate at the same time as shown in Fig. 1A. Polymer melted due to the heat from the heating element inside the nozzle, and, at the
same time, the step motor fed the filament forward with a programable speed. The nozzle was moved according to the movement of
cartesian robot which accurately scanned along the planar of the X-Y axis. The deposition was ongoing until the first layer was
completed and the nozzle moved up to the second layer. The scanning started again until the second layer was accomplished. This
scanning kept on for many layers until a 3D object with desired shape was obtained. For stereolithography technique in Fig. 1B, a laser
was used to activate the polymerization of the monomer/oligomer resin. The laser needed to have enough energy to excite free radical

Laser or light projection
p

A) Filament B)

X-Y movement
>
- 7~

I 2
Melt and deposit

L
Z movement z move

Photopolymerization

a Pixel holes D)

Pixel pins

| l Pixel Injection mold

Fig. 1. Shape adjustable rapid prototyping process. (A) FDM 3D printing using polymer filament and cartesian robot (B) Stereolithography using the
scanning laser beam on the photopolymer (C) Pixel extrusion with adjustable extruded holes, and (D) injection of various material with adjust-
able pin.
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from photo initiator while moving along X and Y axis. Once the laser scanning of the first layer was completed, the same process was
repeated until 3D object was obtained. The scanning speed could be control by mechanical movement of the mirror which directed the
beam onto the resin surface. The quality of stereolithography depended on many factors. If the scanning was too fast and absorbed
energy was not sufficient to complete the polymerization, the 3D printing quality might be unrefined [19,20]. Furthermore, the
scanning speed relied on the mechanical movement of reflective mirror as well [21]. The scanning of cartesian robot in FDM and the
scanning of laser in stereolithography played a crucial role in the fabrication speed of 3D printing [15,20].

In Fig. 1C, another 3D shape shifting fabrication method was demonstrated. The extrusion die composed of multi-hole, so called
here extrusion pixel, which could freely allow polymer to pass or to stop. By adjusting the valve on each hole, the pixel extrusion (PEX)
was obtained. PEX was eligible to extruded long or short samples, and capable of shifting the shape of the sample by turning on and off
each pixel. The same concept was also applied to the pixel molding. By dividing the mold wall into many pieces of pixel, the shape of
the internal cavity could be designed accordingly. After the polymer was injected inside the mold, the sample was obtained with the
same shape as the designed mold. This pin forming or pixel molding (PM) and pixel extrusion (PEX) do not require a long scanning
time. As long as the pixel could be controlled separately, the 3D shape could be modified for each production or mass-production. In
this experiment, we proved the concept with 3 x 3 pixel PEX and 4 x 4 pixel PIN. The PEX with only one pixel was shown in Fig. 2A, the
exact length of extruded material was difficult to controlled since the usual process of extrusion was continuous. The residual internal
pressure kept pushing PLA out of the die even after the extrusion process had already stopped. The samples of PEX with 3,6,9 pixels had
shown in Fig. 2B, C, 2D respectively. Although, the 3D shape could be successfully modified, the control over the shape and the length
were not fully accurate. The samples from PM were shown in Fig. 2E and F. The precision and accuracy of PM was higher than PEX. The
PEX was suitable for continuous production as a profile shape sample, and PM was suitable for the stand-alone sample. Unlike typical
3D printing such as FDM or stereolithography, both PEX and PM did not need X-Y axis scanning and the production duration were
identical to extrusion and injection molding process; therefore, the production processes were much faster than conventional 3D
printing. For a better resolution of sample, smaller pixels and a greater number of pixels could be implemented if this technology was
realized and invested. Compared to light emitting diode, the LED 80 years ago was rather big compared to the size of current LED
which was commercialized nowadays [22,23].

In Fig. 3A, scanning electron microscope revealed the microstructure of FDM sample which composed of PLA deposition line with
the size of 300 pm. This size was identical to the nozzle hole of FDM 3D printer because the deposited material from each layer in FDM
process was extruded from a metallic die which had sufficient temperature to melt PLA. The crack observed along the deposition line
was the result from rapid cooling of the PLA. In Fig. 3B, the array of scanning had the size of 25-50 pm which was the resolution of each
scanning of stereolithography. The material from stereolithography was acrylic with photo initiator, an additive in monomer/oligomer
that required a stimulation from photon in laser to start a free radical in polymerization process [15]. The precision of stereo-
lithography was the best compared to other techniques in this paper. The PEX surface morphology was shown in Fig. 3C. The surface of
extruded sample was microscopically flat. On the other hand, the surface of PM in Fig. 3D had micro defects which could be the result
from the shrinkage during the solidification process inside the mold [24]. The shrinkage was a phenomenon that could commonly
occur in the conventional injection molding as well [25,26].

The mechanical properties of FDM, SLA, PEX, and PM samples were shown in Fig. 4. In Fig. 4A, the tensile tests of FDM samples
produced from different nozzle temperatures were shown. The tensile forces were aligned with the printed line which were horizontal
to the printed layer. The obtained tensile strengths of FDM samples with different nozzle temperatures were not obviously different,
but the elongation at break of FDM samples was highest when the nozzle temperature was lowest at 190 °C. This result also implied

Fig. 2. Pixel extrusion process with (A) 1 channel (B) 3 channels (C) 6 channels (D) 9 channels (E) Pixel molding in cross shape and (F) Pixel
molding in pyramid shape.
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Fig. 3. Surface morphology of (A) FDM sample (B) Stereolithography sample (C) Pixel Extrusion sample (PEX) and (D) Pixel Molding sample
(PM sample).

that the toughness of the sample with low deposition temperature was much higher since the area under the stress-strain curve was
much larger. Lower toughness at high printed temperature was the effect from the thermal degradation which caused the brittleness of
PLA when polymer chains were broken [27,28]. The tensile tests of PLA samples in which the tensile forces were vertical to the printed
layer were shown in Fig. 4B. Apparently the tensile strengths had dropped from 60 MPa to below 30 MPa when the tests were per-
formed in the opposite direction to the printed layer. The vertical elongation of FDM samples were also reduced when printed at higher
temperature. Conclusively, the mechanical property of FDM sample was anisotropic and depended mainly on the scanning configu-
ration during the printing process. The tensile strength of SLA was 34 MPa with a very low elongation at break of 0.03%. The SLA
mechanical test result was inferior to the horizontal test result of FDM samples (PLA) at 190 °C which was stronger and tougher. On the
other hand, the SLA process did not require the melting process of polymer; therefore, it did not have temperature variance.
Furthermore, the tensile strength was homogeneous compared with FDM samples. The tensile tests of PEX with different temperatures
were shown in Fig. 4C. PLA was degraded when processed with higher temperature. Even though the tensile strength was the same at
different temperatures, the elongation at breaks was decreased when extruded temperatures were higher. This effect was the same
when PLA was processed with PM as shown in Fig. 4D; however, in PM, both tensile strength and elongation at break was reduced
when process temperature was higher. The toughness of PM samples was increased when the injection temperature was low to prevent
polymer chain degradation [29,30].

In Fig. 4E, the flexural strengths of the FDM samples were tested horizontally. The strengths of samples which passed high tem-
perature process were slightly lower but the elongations at break were almost the same, and the area under the curve were not much
different. Compared to PLA samples from FDM, the acrylic sample produced from SLA had much higher elongation at break under the
same flexural test. In Fig. 4F, FDM was tested under the flexural force which was vertical to the deposition layer. The vertical flexural
strengths were very low, and higher temperatures could reduce the flexural strength of the FDM samples. In Fig. 4G, the flexural tests
from PEX with different extruded temperatures were obtained. Apparently, Lower strengths were obtained when higher extruded
temperatures were used. The same results were also shown in the samples produced by PIN in Fig. 4H. Higher processing temperature
could degrade PLA samples from every technique which resulted in a lower elongation and strength. PM and PEX provided higher
flexural strengths and elongations at break compared to FDM which could be concluded that PM and PEX were better in term of
strength and toughness. According to Shore D hardness measurements in Fig. 41, the hardness results did not provide a predictable
trend over different temperature which were around 76-86. The average hardness of the PEX samples were among the highest and the
average hardness of PM samples were among the lowest. The XRD of polymer from different fabrication techniques were shown in
Fig. 4J. The PEX samples had the least crystallinity and PM with 190 °C showed highest crystallinity. Nevertheless, all polymer
structures were amorphous with only partial crystallinity. Amorphous structures were prone to the thermal degradation which was the
main reason for the reduction of tensile and flexural strength at elevated processing temperature [31].

3.2. Pixel molding with different materials

The pixel mold from PM could also be used for the fabrication of many materials. In this work, the pixel mold was also used to
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Fig. 4. Tensile test of (A) SLA (B) FDM (C) PEX (D) PM. Flexural test of (E) SLA (F) FDM (G) PEX (H) PM (I) Shore D hardness test of SLA, FDM, PEX
and PM and (J) XRD of SLA, FDM, PEX and PM.

fabricate cement, iron (Fe), and silica (SiO2) as shown in Fig. 5A, B, and 5C respectively. The original size of the mold was 40 x 40 x 65
mm. Cement was casted into the mold by mixing cement powder with water and pour inside the mold. For Fe sample, the 270g of Fe
powder was mixed with 30g PMMA which bound Fe powder together. The composite was casted into the mold afterward. After the Fe
composite was solidified, the sample was sintered at 500 °C for 3 Hours to eliminate the PMMA binder. The sample was heated at 1100
°C for 5 Hours to sinter Fe powder together. For SiO2 sample, the 100g silica powder was mixed with 43g PMMA powder and casted
into the mold. The sample was heated at 500 °C for 3 Hours to eliminate PMMA and at 550 °C for 5 Hours to sinter SiO2. The maximum
compositions in which composite could still flow and be pressed into the mold was 90% by weight of Fe powder in PMMA and 70% by
weight of SiO2 powder in PMMA. The dimension after casting process was shown in Fig. 5D. Among 3 samples, SiO- had highest
shrinkage because the filling ratio was only 70%. Once PMMA was burned away, the gaps between SiO2 powder were decreased and
the sample shrank. In Fig. 5E, SEM image depicted the surface morphology of cement sample which composed of large and small
porosities. The surface of cement was rough due to the nature of cement solidification process which involved the dehydration of
water. In Fig. 5F, the Fe powder with the average particle size of 50 pm was agglomerated. Once mixed with PMMA, the polymer bound
Fe particles together as shown in Fig. 4G. The polymer was not thoroughly distributed. Some particles were not covered by PMMA
because the amount of PMMA binder was only 10%; however, this Fe/PMMA ratio was sufficient to combine Fe powder together and
flow into the mold when pressed. When the green sample of Fe/PMMA composite was sintered at 1100 °C, the particles were well
merged with small amount of micro porous in the Fe matrix as shown in Fig. 5H. In Fig. 51, the average particle size of SiO2 was 30 pm.
In order to inject SiO:2 into the adjustable mold, a higher amount of PMMA needed to be added. The ratio of 30% PMMA in SiO2/PMMA
composite was enough to cover most of the SiO2 power in the composite as shown in Fig. 5J. The composite was casted inside the
adjustable mold and sintered at 550 °C. The powder was merged together with a homogeneous distribution of micro porous as shown
in Fig. 5K. In Fig. 5L, the hardness of Fe was highest among three samples. The tensile tests of concrete, Fe, and SiO2 were shown in
Fig. 5M-0. Concrete and SiO2 which were ceramics had very low elongations at break which were 0.9%. The strength of SiO2 was twice
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Fig. 5. Pyramid samples fabricated from (A) Cement (B) Fe (C) SiO, (D) Dimensions of pyramid samples after PM fabrication. Surface Morphology
observe by SEM (E) Cement (F) Fe powder as raw material (G) Fe/PMMA composite after injected into the mold (H) Fe after sintering process (I)
SiO, powder (J) SiO»/PMMA composite after injected into the mold (K) SiO, after sintering process (L) Shore D hardness of Fe, SiO,, and Concrete.
Tensile test of (M) Concrete (N) Fe and (O) SiOs.

higher than concrete. The tensile strength of Fe was 45 MPa and elongation at break was 4%. The strength of Fe was much higher than
10 times the strength of SiO2. The result from hardness test and tensile test depicted that Fe sample was strongest material for PM
technique. This work confirmed the possibility to use PM for polymer, polymer composite, metal and ceramics fabrication, and the
shape of the sample can be modified accordingly. The resolution of pixel could be improved by reduce the size of each pixel and
increase the number of pixels. If the resolution is much better, PIN technique could be another technique for material fabrication for
both industrial scale and rapid prototyping scale.

4. Conclusion

PEX and PM were proved to be able to fabricate the rapid 3D modifiable model. The resolution of these techniques were still very
rough but they could be improved by reducing size of the hole in PEX and the pin in PM. Although the shape resolutions were not
delicate, the microstructure surfaces were smoother compared to the surfaces of the samples from 3D printing. The mechanical
properties of PEX and PM such as tensile test, flexural test, including hardness were superior compared to 3D printing. PM technique
could also be used to fabricate the ceramics and metal such as cement, silica, and iron which were shown in this work. Obviously, iron
which was produced by PM provided the highest mechanical properties. When the size of the pixel is minimized in the future, the
resolution of these technique will increased. The fabrication speed which is comparable to the mass production but the shape is
adjustable will promote these techniques to be a main production processes in the future.
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