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Using plaster-based three-dimensional printing (3DP) technology, calcium phosphate
powder can be bonded together and become a model when a liquid adhesive is injected
into the powder. This technology has many advantages, such as no need for support
materials and fast setting times. However, the accuracy, surface flatness, and resolution
of this technology are not equal to those of other manufacturing processes. These
parameters can be analyzed from an image of each layer using a real-time monitoring
module. Hence, in this study, light-emitting diode (LED) lights with four different
wavelengths were used to irradiate a working platform, and the contour of the bonded
region was obtained from images before and after the adhesive injection. The results
show that the model irradiated by ultraviolet (UV) light (405 nm) has a higher image
contrast from the powder than the model irradiated by visible (VIS) light (660 nm) and
near-infrared (NIR) light (890 nm), the contrast rate of which was 0.92. In addition, four
volumes and four viscosities of adhesive were used to investigate the setting time and
diffusion ratio of the model. The diffusion ratio was approximately 1.37 + 0.04 times
using four volumes of adhesive, but the setting time was in conjunction with the adhesive
volume. In addition, the diffusion ratio of the model increased with the viscosity of
the adhesive, which increased from 1.39 to 1.60 times and extended 70 s for setting
compared with that with an adhesive without stickiness. By using a real-time monitoring
system, the accuracy and quality of the model can be immediately controlled in the 3DP
process, and the printing process can be interrupted to prevent wasting the material if the
model becomes seriously distorted.
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1. Introduction

Three-dimensional printing (3DP) employs additive manufacturing (AM)
technology to fabricate an object by building layer upon layer successively. Different
from the traditional computer numerical control (CNC) machining technology, which
removes material to fabricate a model, the materials in AM technology are added and
joined by the printing head, which moves automatically to define the contour and shape
of the model. Currently, the 3DP process is divided into five main types:(" (1) fused
deposition modeling (FDM),® (2) plaster-based 3DP (3DP™/PGP),® (3) laminated
object modeling (LOM),® (4) stereo lithography apparatus (SLA),® and (5) selective
laser sintering (SLS).© Among these, FDM is widely applied in object proofing and in
the do-it-yourself (DIY) model, and it has advantages of lower cost and higher speed
compared with other processes. SLS has the advantage of producing a model with high
strength, but the temperature of the processing environment is extremely high. 3DP™ is
widely employed in bone reconstruction, such as jawbone and spine reconstruction for
biomedical and clinical research,”® for which the material is calcium phosphate cement
(CPC) and no supporting material is needed in the printing process.

Owing to traumatic accidents and disease, there are millions of patients worldwide
who need to undergo bone grafting surgery annually. Besides autografting from the
patient’s own bone, allografting from donors or bone-substitute materials is considered
a second option.®'» CPC is one of the bone-substitute materials in the field of bone
reconstruction engineering in clinical applications owing to its excellent biocompatibility,
modeling capability, and good manipulation.!V Specifically, CPCs can be replaced by
human bone over time and without any disadvantages, and the time required for surgery
with implantation bone cement is five times less than that required for autografting.
Several types of CPCs were investigated to increase the modeling strength and setting
time by adjusting the composition of CPCs. For example, calcium sulphate cement (CSC)
is another bone-substitute material, which can be blended together with CPC in different
proportions. Guo et al.('? investigated a new type of composite bone cement by mixing
CSC and CPC, and the setting time of the model was 5-20 min. The results showed
that the compressive strength of the cement increased with decreasing CSC content,
but the degradation rate of composite cements increased with time when the CSC
content was more than 20%. Moreover, the bioactivity of the composite cement can be
improved and enhanced by increasing CSC content, and the composite material has a
suitable mechanical strength that can be widely employed in clinical cement. Gisep and
Rahn( used calcium-sulphate hemidydrate and monocalcium-phosphate monohydrate
as the materials of ceramic cement, and employed four solutions as the adhesive in the
setting process. The results showed that the shortest setting time of about 12 min can
be obtained by adding distilled water to the cements, but this sample has the weakest
compression strength. In addition, the highest compression strength, 5.9 + 1.5 MPa, can
be obtained when the adhesive is glucose, but the setting time is 74 min.

Even composite cements are used as the material in the 3DP™ system for jawbone or
spine reconstruction, but few studies are related to the real-time technology in the 3DP™
process. In addition, the adhesive plays an important role in the 3DP™ system, which
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includes different types such as colloids, nanoparticles, and organic substances, and has
different characteristics in clinical or biomedical applications.('4!> Hence, in this study,
we built a real-time monitoring system with four wavelengths of light to irradiate a
working platform and obtain images before and after an adhesive is added into a powder
bed of calcium sulfate cement. By this method, the contour of the bonding region could
be obtained from the intensity variation of two images. Moreover, to avoid the model’s
distortion, the diffusion ratio, the diffusion length of the bonding region, and the setting
time of the model in relation to the volumes and viscosities of the adhesive were also
evaluated.

2. Materials and Methods

2.1 Material and properties

The calcium sulfate can be divided into three types: anhydrite, bassanite, and gypsum,
on the basis of the concentration of H,O. The chemical formulas of the three types of
calcium sulfate and their properties are summarized in Table 1. Bassanite has 0.5 H,O
per CaSO, unit; it transforms into gypsum when water is introduced at room temperature,
as expressed in eq. (1).

CaSOy4 - 0.5H,0 + 1.5H,0 — CaSOy4 - 2H,0 (1)

In addition, gypsum can be dehydrated by heating to 100150 °C, and the water becomes
steam; the reaction is expressed in eq. (2).

CaSO0, - 2H,0 + Heat — CaSOy - 0.5H,0 + 1.5H,0 )

From the spectral features of calcium sulfate, Bishop et al.'9 and Harrison'” found
that bassanite has a lower light reflectance than gypsum in the visible (VIS) region, as
shown in Fig. 1. This difference decreased with increasing wavelength, and they are
close to each other at 800-900 nm. In addition, water has a higher light reflectivity
at 400-500 nm,® and the light is fully absorbed in the near-infrared (NIR) region, as
shown in Fig. 2. On the basis of this concept, four different wavelengths of light were
selected to investigate the contour of the bonding region of gypsum in comparison with
those of bassanite and water.

Table 1

Types of calcium sulfate and their properties.
Property Anhydrite Bassanite Gypsum
Chemical formula Ca(S0,) Ca(S0,)-0.5H,0 Ca(S0,)-2H,0
Molar mass (g/mol) 136.14 145.15 172.17
Specific Gravity 297 2.69-2.76 2.31-2.33
Color Colorless to pale blue white Colorless to white

Solubility in water (g/100 ml) 0.21 n/a 0.24
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Fig. 1 (left). (Color online) Reflectances of bassanite and gypsum at different wavelengths.
Fig. 2 (right). Reflectance of water at different wavelengths.

In addition, adhesives with different viscosities were employed in the setting process
to investigate the diffusion ratio and setting time of gypsum. Generally, cornstarch and
water are mixed and used to make fake blood and simulate blood pressure and rate in
vitro models.(*20  Therefore, cornstarch and water were blended and three different
viscosities were designed to simulate blood or serum and employed as the adhesive in
the 3DP™ system for clinical application. The viscosity of the initial cornstarch/water
was measured using a viscometer (VISCOTECH, LVDV-1); the value was 441.4 mPas (cP)
at room temperature (27 °C). The three different dilution ratios of the initial cornstarch/
water and the water and four different types of adhesive used in the experiment are
summarized in Table 2. In general, the viscosity of pure water is 1 ¢P, and that of blood
is approximately 3—4 cP.

2.2 Experimental setup and methods

In the experiment, a Point Gray Flea2 mono camera (with a 12 mm focal length,
F/1.4 CCTV lens, 170 mm working distance from powder) was employed to acquire
the images of bassanite (powder, without adhesive) and gypsum (with adhesive). In
addition, a set of ring light-emitting diode (LED) lights (75 mm working distance from
powder) operating at four different light wavelengths and a set of light controllers were
used to irradiate the working platform (which is the powder bed in the experiment), as
shown in Fig. 3. The thickness of the powder bed was 0.5 mm. The wavelengths of the
LED lights were red-660 nm, NIR-890 nm, ultraviolet (UV)-405 nm, and white light,
and the four light sources were switched on using the light controller, as shown in Figs.
4(a) and 4(b). During the setting process, the bassanite was bonded by the adhesive and
became gypsum, and the components of the adhesive were the water and cornstarch/
water.
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Table 2

Components of adhesives and their properties.
No. Component Dilution ratio
Type I Water
Type 11 Cornstarch/Water 1:8
Type 111 Cornstarch/Water 1:4
Type IV Cornstarch/Water 1:2
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Fig. 3. (Color online) Schematic of the imaging system comprising the ring light with LEDs of
four wavelengths.
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Fig. 4. (Color online) Layouts of (a) ring LED light and (b) light controller.

The contour of each model layer can be obtained from the difference between before
and after adding the adhesive. The flowchart of the monitoring process in the 3DP™
system is shown in Fig. 5, which consists of six main steps for generating the model
contour from the acquired images, detailed as follows.

Step I: The powder was placed on the working platform uniformly, and it was paved

by an extremely smooth plate to ensure the integrity of the model in the printing
process.
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Fig. 5. Flowchart of monitoring process in the 3DP™ gystem.

Step II: The powder was irradiated with LED light and the powder image was
acquired as a reference using a charge-coupled device (CCD) camera.

Step I1I: The adhesive was sprayed on the target region to bind the powder and form
one layer of the model.

Step IV: LED Irradiation and image acquisition were carried out again to obtain the
image of both powder and bonding model in working platform.

Step V: Two subimages, one before and one after adding adhesive and bonding, were
obtained from the difference in intensity of the images.

Step VI: The contour of the bonding region was obtained and whether defects were
produced during the bonding process was determined. After completing this step,
Steps I through printing the next layer in Step III were repeated.

3. Results and Discussion

3.1 Contours of model with different light irradiation wavelengths

To obtain the contour between the bassanite (before adding adhesive) and the gypsum
(after adding adhesive) accurately, four types of LED light with different wavelengths
were employed to irradiate the working platform, and the images were acquired
alternately. After acquiring the images, the intensities of the bassanite, [shown in Figs.
6(a)—6(d)] and gypsum [(shown in Figs. 6(¢)—6(i)] at each wavelength in the same region
were calculated, and the intensities were normalized to compensate for the variation of
light brightness. The results show that the image contrast between the bassanite and
the gypsum increases with decreasing light wavelength, and it has the largest intensity
difference while being irradiated with UV-LED light, as shown in Fig. 7. The normalized
intensity of gypsum was 92.4% of that of bassanite irradiated by 405 nm light, and the
value was 94.5% while being irradiated by white light.

In addition, the smoother contour of gypsum can be observed owing to the lower
reflectance after the bassanite absorbed the water, as shown in Fig. 8, and these results
were similar to those of Harrison.('” Therefore, the UV-LED light will be employed as
the light source in the real-time monitoring system in the 3DP™ process.
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Fig. 6. (Color online) Images of (a)—(d) bassanite and (e)—(i) gypsum irradiated by different
wavelengths of LED light.
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Fig. 7. (Color online) Normalized intensities of bassanite and gypsum at different light
wavelengths.

Fig. 8. (Color online) Contour of gypsum at different light wavelengths.
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3.2 Contour variation and setting times in relation to adhesive volumes

From these results, the UV-LED light was employed to irradiate the working
platform, and the different volumes of adhesive were added to investigate the diffusion
length and diffusion ratio in the setting process. In the experiment, the monitoring time
was 500 s at intervals of 1 s, and the component of the adhesive was water. The results
show that the diffusion length in the diameter of the bonding region on a single axis
corresponded to the volumes of adhesive that the diameter will diffuse; 3.7, 4.9, 5.7, and
7.8 mm were the initial sizes while the volumes were 0.025, 0.05, 0.075, and 0.1 ml,
respectively, as shown in Fig. 9(a). In addition, the relationship between the diffusion
length and the volumes of adhesive can be fitted and expressed by a linear equation,
shown in Fig. 9(b) and written as

L= 56.52% V(a)+2.15, 3)

where L, and V(a) are the diffusion length of bonding region and the volume of adhesive,
respectively. However, the diffusion ratio of the bonding region with four different
volumes of adhesive approximately ranged from 1.33 to 1.41 times the initial size, and
was 1.39 times the original size with 0.05 ml of adhesive, as shown in Fig. 10.

In addition, the setting time of the model was determined when the normalized length
of the bonding region can be controlled at 97.5% continuously. Figure 11 indicates that
the lower adhesive volume caused the size of the bonding region to become saturated
quickly; the model would be saturated and not diffused continuously in 220, 290, 310,
and 430 s, when four different volumes (0.025, 0.05, 0.075, and 0.1 ml, respectively) of
adhesive were added in the powder bed.

3.3 Contour variation in relation to adhesive viscosity
To simulate the different viscosities of adhesive employed in the 3DP™ system, four
types of adhesive with different viscosities were used to investigate the diffusion ratio
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Fig. 9. (Color online) Diffusion length of bonding region in relation to (a) setting time and (b)
adhesive volumes.
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Fig. 10. (Color online) Diffusion ratio of bonding region with different adhesive volumes.
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Fig. 11. (Color online) Normalized length of bonding region at different setting times.

and the setting time of the model. The results showed that the diffusion ratio increased
and the setting time was extended when the viscosity of the adhesive increased (Type I to
Type I1I); the diffusion ratio and setting time increased from 1.39 to 1.60 times and 290 s
to 360 s, respectively, as shown in Fig. 12(a) and as summarized in Table 3. The reason
was that the cornstarch/water includes many micromolecules, and the micromolecules
flow and cause better ductility than pure water.?'?> However, the adhesive flowed with
difficulty and the diffusion ratio and setting time decreased when the adhesive (Type V)
was too thick. For the 3DP™ process, 2-3 layers of the model can be printed in 1 min,
so the diffusion ratio of the model in the initial 60 s was determined for computing the
volumes of the adhesive, as shown in Fig. 12(b). The diffusion ratio was approximately
1.15-1.2 times with the Type II and III adhesives, and it was 1.1 times with the Type
I adhesive in the initial 20 s of the setting process. From these results, the diffusion
ratio of the model can be obtained and the volume of adhesive can be calculated and
controlled to prevent model distortion in the 3DP™ process.
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Fig. 12. (Color online) Diffusion ratio of bonding region with different viscosities of adhesive.

Table 3

Features of gypsum with four types of adhesive.
No. Diffusion ratio Setting time (s)
Type I 1.39 290
Type II 1.54 310
Type I 1.60 360
Type IV 1.43 280

4. Conclusions

By using the UV-LED as the light source of the real-time monitoring system for
the 3DP™ process that modeled from bassanite and adhesive to gypsum, images with
contrast substantially higher than those using light of other wavelengths can be obtained.
In addition, a smoother contour of gypsum can be observed simultaneously. This study
also showed that the diffusion length and setting time of the model increased with
increasing adhesive volume; the setting time was 290 s when 0.05 ml of adhesive (water)
was added. However, the diffusion ratio of the model ranged from 1.33 to 1.41 times
with four volumes of adhesive, which has high uniformity. In addition, the diffusion
ratio and setting time increased with increasing viscosity of the adhesive because
the micromolecules in the adhesive would flow and assist the adhesive diffusion; the
setting time of 70 s can be extended when cornstarch/water was used. Therefore, the
volume and viscosity of the adhesive and the diffusion ratio of the model should be
considered and estimated to control the dimensions of a model and prevent distortion
during the 3DP™ process. In the future, a real-time monitoring system can be built on
the developed 3DP™ system for jawbone reconstruction and applied to monitor whether
defects are generated during the 3DP™ process.
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