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Abstract The use of light-cured acrylate resin as an infiltrant
can enhance flexural modulus and flexural strength of natu-
ral polymers based three dimensional printing (3DP) parts to
be closed to general use of polymethyl methacrylate resin. It
was observed that flexural properties of infiltrated specimens
were influenced by infiltration conditions. Curing by normal
halogen light bulb was more practical for critical-sized 3DP
parts than curing by typically small probe of dental visible
light curing unit (VLC). Similar levels of flexural properties
were obtained from these two methods. Post-heated treat-
ment after curing was also observed to further increase the
flexural modulus and strength of infiltrated samples. How-
ever, flexural strain at break was not affected by different
curing conditions. Preliminary /n Vitro toxicity test of infil-
trated 3DP parts showed that the cells which were in contact
with samples were healthy. No inhibition zone was observed.

1 Introduction

Rapid prototyping (RP) is a relatively new technology that
additively builds three dimensional part layer by layer in con-
trast to traditionally subtractive process. This approach al-
lows the complex physical structures to be fabricated rapidly
and accurately using graphical data in computer. These ben-
efits place RP technology in use by many industries ranging
from concept modeling, fit & function trials and even small-
scale manufacturing. Numerous RP systems are available in
market including Stereolithography (SLA), Selective Laser
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Sintering (SLS), Fused Deposition Modeling (FDM), Lami-
nated Object Manufacturing (LOM) and Three Dimensional
Printing (3DP). Apart from industrial applications, RP has
also been utilized in medical applications as visualization
and modeling tools to aid with pre- or per-operative planning
and production of patient medical models or customized im-
plants [1-3]. Starting from the digital data of patient’s organs
acquired from medical imaging system such as CT or MRI,
the medical models can be fabricated easily and accurately
in short times by RP technology.

In the case of implant fabrication, implants can be de-
signed digitally to fit the host site and aesthetically correct
for individual patient prior to the surgery. RP is then normally
employed to build positive components having the shape and
size of the desired implants. These positive components are
then used to create silicone or plaster moulds for further cast-
ing by biomedical materials such as bone cement or dental
acrylic [4]. Alternatively, negative moulds with the internal
structure similar to the size and shape of the implants can also
be made, but less frequent than the previous method. These
indirect processes are multi-step and prone to add error in
dimension to the implant models unless carefully planned.
This is due to the fact that RP techniques require the use of
specific raw materials for working and these materials are
usually not designed for biomedical applications. The lack
of biomaterials that can be used with RP systems limits the
direct fabrication of implants. Therefore, a number of bio-
material systems that have properties and characteristics ap-
propriate for processing by some RP technologies have been
studied recently to overcome the limitation [5-8].

Three dimensional printing (3DP) is a fast and low cost
system that does not need support structure to build a
model. The technique involves the spreading of a thin layer
of a powdered material, followed by selective joining of
powder through printing of a binder material. Subsequently,
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Fig. 1 Three dimensional
printing process
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a cylinder containing the powder bed is lowered, allowing
for the spread of the next powder layer. Unbound powder
temporarily supports unconnected portions of the compo-
nent, allowing overhang, undercut and internal volumes to
be formed. The unbound powder is removed upon process
completion, leaving the finished green part,Fig. 1. Until now,
3DP has been studied to directly fabricate drug delivery de-
vices and scaffold successfully [9-15]. However, these 3DP
parts either used solvent as a binder or a polymer solution
to infiltrate the parts. In the case of using organic solvents
as the binder, it was found that there still remained 0.5 %wt.
(5000 ppm) chloroform in samples made by 3DP after 1 week
drying [13]. Recently, residual chloroform extraction using
liquid carbon dioxide has been investigated [14]. This tech-
nique could reduce the level of chloroform to below 50 ppm.
Alternatively, Lam et al. used water as a binder for 3DP
to produce starch-based polymer scaffolds to avoid the use
of solvent binder. However, infiltration of the porous scaf-
folds with solutions of poly(L-lactide) or polycaprolactone
in methylene chloride was required to increase the mechan-
ical strength [15]. In either ways, the residual solvent within
the parts could be a possible source of toxicity. This study,
thus, reports possibility of using light-cured dental sealant
as an alternative infiltrant without using a solvent to increase
the structural integrity of 3DP parts.

2 Materials and methods
2.1 Materials
Materials employed in this study were natural polymers

including cassava starch (Thai Wah Co., Ltd), maltodex-
trin (Shandong Dugqing Inc.), cellulose fiber (Opta Food

@ Springer

Z
Intermediate stage

v

Last layer printed Finished part
Ingredients, Inc.) and gelatin (Geltech Co., Ltd). These ma-
terials were supplied in the form of powders with particle
size ranging 20-200 micron. All the materials used as a
component in the materials mixture system were selected
based on their potentially biocompatible nature and wetting
property by water. Starch and gelatin were recently stud-
ied by many researchers as biomaterials whereas maltodex-
trin and cellulose are found in many pharmaceutical prod-
ucts [16-22]. Hence, a combination of these materials might
provide a useful biocompatible material. Infiltration mate-
rial used was commercial clear light-cured dental sealant
(Dentguard, Thailand) based on a combination of triethylene
glycol dimethacrylate (TEGDMA), 2,2-bis[4(2-hydroxy-
3 methacryloyloxypropyloxy)-phenyl]propane (Bis-GMA)
and urethane dimethacrylate (UDMA).

2.2 Specimen preparation

A mixture of 60% starch, 5% cellulose fiber, 20% gelatin and
15% maltodextrin by weight was prepared by initially stirring
in a plastic bag and then thoroughly mixed by a mechanical
blender. The mixture was then loaded in the 3DP machine
(Z400, Z Corporation). Rectangular bars (80 mm x 10 mm
x 4 mm) were printed using a layer thickness of 0.175 mm.
Distilled water was used as a binder in all formulations. Af-
ter building, all the specimens were left in the machine for
2 hours before taken out and then air blowing to remove the
unbounded powder.

2.3 Infiltration
Infiltration of 3DP specimens was carried out at room tem-

perature by pouring a liquid infiltrant in the container.
The specimens were placed in the liquid and allowed
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the infiltrant to enter the specimens naturally by capillary
force. Then, the fully infiltrated specimens were light cured
by various conditions to solidify the infiltrant portion as
following:

o IF-1: Using dental visible light curing unit (Translux EC,
Kulzer Co., Ltd) with a probe size of 7.5 mm in diameter to
cure repeatedly across the whole specimen on both sides
with 40 seconds exposure for each steps.

o JF-2: Leaving the whole specimen in white fluorescent light
in the laboratory for 1 hour.

¢ JF-3: Exposing the whole specimen to direct halogen light
bulb (Osram HLX-100 w) without blue filter for 1 hour.

¢ TF-4: Exposing the whole specimen to direct halogen light
bulb without blue filter for 1 hour and heat treated at 100°C
for 0.5 hour.

For comparison purpose, pure sealant specimens were
prepared by pouring resin in a silicone mould and cured sim-
ilarly to IF-4 condition. Heat-cured polymethyl methacrylate
(Premium Denture Acrylic, Lang Dental Manufacturing
Co., Ltd) specimens were also prepared according to the
manufacturer instruction.

2.4 Dimension measurement

Dimension of the specimen was measured by a vernier caliper
(Mitutoyo) with the reading resolution of 0.01 mm. The mea-
surement was done three times in each direction and the val-
ues were then averaged.

2.5 Flexural testing

Flexural tests were performed on a universal testing machine
(Instron 4502) equipped with a 10kN load cell. All tests
were carried out according to ASTM D790 at 23°C and 50%
RH. using three point bending method with a span length
of 64 mm. and a constant crosshead speed of 1.9 mmmin~"'.

The reported data are the average values from five replicates.

2.6 Raman measurement

The light-cured sealant and infiltrated samples were char-
acterized for the degree of conversion using Raman tech-
nique. All spectra were obtained with a Perkin-Elmer FT-
Raman spectrometer system 2000R supplied with radiation
of 1064 nm from Nd**:YAG laser and InGaAs detector. The
power was set at 400 mW and the spectral resolution was
4cm™!'. The degree of conversion (DC) was calculated by
the following equation [23, 24]:

DC = 100 x [1 - (Rpolymerized/Runpolymerized)]

where R = peak height at 1640cm™~!/peak height at
1610cm™~".

2.7 Water absorption

Three rectangular specimens for each sample were weighted
in air using a precision balance (Precisa XT220A) prior to im-
mersing in water at 22°C for 24 hours. When the desired time
was reached, they were then taken out, wiped gently by a dry
tissue paper to remove the excess water and re-weighed. The
percentage of water absorption was calculated as follows:

Water absorption(%)

Wet weight after 24 hours immersion (g) — initial weight (g) 100
— X
initial weight (g)

2.8 Cytotoxicity test

Three pieces of infiltrated sample after curing and post-
heated at 100°C for 0.5 hour were tested for toxicity by direct
contact method using L.-929 mouse fibroblasts following ISO
10993. The incubation period was 24 hours. The morphology
of cells was then observed using inverted light microscope
after staining the cells with neutral red.

3 Results and discussion

Although the 3DP part that was built using water-based
binder is sufficiently strong for general handling purposes, it
is still not sufficiently strong for use as biomaterials in the
body. Generally, method employed to enhance the strength
and integrity of 3DP part is infiltration by a low viscosity liq-
uid material that can be subsequently transformed into solid
by various means for example cyanoacrylate adhesive, wax
or epoxy resin [25]. However, these infiltrants are not bio-
compatible for use in medical applications. Therefore, var-
ious solutions of biocompatible polymer such as polylactic
acid and polycaprolactone were previously investigated as
materials for infiltration [15]. Since the viscosity of the poly-
mer solution should be low to aid the penetration into 3DP
part, the percentage of the polymer in the solution cannot be
high resulting in the limitation in degree of strengthening.
In addition, using a polymer solution will make the claim of
using water binder to avoid the residual solvent in the part
invalid since the residual solvent would remain in the part
unavoidably [13, 14].

In indirect fabrication process of implant by RP, heat-
cured and self-cured polymethyl methacrylate are frequently
used casting materials. However, these materials are viscous
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Fig. 2 Comparison of flexural modulus of uninfiltrated and infiltrated samples
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Fig. 3 Comparison of flexural strength of uninfiltrated and infiltrated samples

during mixing process and not suitable for infiltration pur-
pose. Therefore, in this study, light-cured dental sealant was
selected as an infiltrant due to its nontoxic, low viscos-
ity and high strength compared to polymethyl methacrylate
[26-28]. From the results, it was observed that the sealant
could fully penetrate 3DP sample easily and rapidly without
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the aid of vacuum. After curing, no dimension changes
could be detected in all directions and all curing conditions
used. Figures 2—4 show a comparison of flexural modulus,
strength and strain at break among uninfiltrated and infil-
trated specimens. It could be observed that flexural mod-
ulus and strength of infiltrated specimens were influenced
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by infiltration conditions, but the strain at break showed
no difference. In comparison among different curing con-
ditions, the use of fluorescent light (IF-2) was not effective
to cure the infiltrated specimen properly which could be seen
from the lowest flexural modulus and strength values. Speci-
mens cured by visible light curing unit (IF-1) showed similar
level of flexural properties as the specimens cured by gen-
eral halogen light bulb (IF-3). Post-heated treatment (IF-4)
was also observed to further increase the flexural modulus
and strength of infiltrated sample. These differences were
confirmed by Raman measurement. In this study, the objec-
tive of using Raman measurement is to determine degree
of conversion. This is done by comparing vibration bands of
residual unpolymerized methacrylate C=C stretching band at
1640 cm™~! to the aromatic stretching band at 1610 cm ™' [23,
24]. The aromatic band was employed as an internal standard
to normalize the effect caused by external parameters such
as measurement date, instruments or different sample com-
positions. In addition, the advantage of using Raman is that it
is a scattering technique. Clear sealant or opaque infiltrated
samples could be measured and compared. The typical Ra-
man spectra of sealant, uninfiltrated and infiltrated samples
are shown in Fig. 5. No overlapped bands from uninfiltrated
sample are observed in the interested wavelength spectra of
infiltrated samples. It was found that degree of conversion
varied with curing techniques, Fig. 6, in similar ways to the
order in flexural properties. In general, light-cured sealant

polymerizes when the initiator (camphoroquinone) in the
resin is activated by light. Camphoroquinone activation is ef-
fectively initiated by a hue of blue light that has a wavelength
within the range of 400 to 500 nm which is the range of halo-
gen light, not for the fluorescent light. Differences in light
intensity, wave length and exposure time were previously
observed to influence the degree of conversion. Therefore,
the effectiveness of conversion from monomer to polymer
of the infiltrant is thought to be the cause of the different
mechanical properties of infiltrated samples. Figure 7 shows
the correlation between degree of conversion and mechani-
cal properties. It could be seen that the relationship between
flexural strength and modulus and the degree of conversion
is linear on a semi-logarithmic scale. In the case of strain at
break, no correlation was observed.

The use of visible light curing (VLC) unit with halogen
light source equipped with blue filter is a typical method to
cure the sealant in dental practice, but it is impractical for
large-sized sample as in this study due to the small tip of the
light probe. The specimen had to be cured repeatedly area
by area to cover the whole specimen. Alternatively, it was
shown that the use of general halogen light bulb without blue
filter could also cure and enhance the flexural properties of
3DP specimen similarly to the use of a dental curing unit,
but more convenient. Therefore, it would be practical to use
halogen light bulb technique for curing the infiltrated 3DP
parts.
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It can be observed that infiltration greatly enhance the
modulus and strength of specimens well over 10 times and
20 times respectively comparing to original uninfiltrated
3DP samples. Although the modulus of infiltrated samples
increased to approach 80% of the values of polymethyl
methacrylate and sealant, but the strength of the infiltrated
specimen could only reach approximately one third of the
values. Structurally, it can be envisaged that infiltrated 3DP
specimens have structures similar to composite systems that
consist of low strength natural polymer powders and voids
in stronger infiltrant resin matrix. In general, modulus is re-
sulted from the strongest part in material while strength is
resulted from the weakest part. Therefore, the modulus of
the infiltrated samples would be mainly resulted from the
resistance to deformation of infiltrant portion which had mod-
ulus similar to pure sealant. The presence of low modulus
natural polymers in the system did not affect significantly.
In the case of strength, since the natural polymers and the
natural polymers/infiltrant interface were much weaker than
the resin, these areas would be starting points of rupture upon
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loading. Once this occurred, the load was amplified and trans-
ferred to the areas of infiltrant resin within the composite
causing them to be under greater load. Thus, the infiltrated
samples were much weaker than the pure sealant resin. This
could also be seen from similar values of strain at break of
infiltrated samples regardless the curing conditions and much
lower values comparing to pure sealant.

In addition, the differences in the flexural properties of in-
filtrated samples and pure sealant could be further explained
by the differences in degree of conversion. From Raman stud-
ies, it was shown that pure sealant had greater degree of
conversion than infiltrated samples. This is due to the fact
that pure sealant is more transparent than infiltrated sam-
ples. Thus, the intensity of light that can pass through the
material during curing is greater for initiating polymeriza-
tion and resulting in a stronger resin. Although infiltrated
specimen is still weaker than polymethyl methacrylate, it
is stronger than previously reported biomedical 3DP parts
which showed modulus of ~60-600 MPa and strength of
~1.7-14 MPa [13, 15]. The values are still in the range of
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trabecular bone and some synthetic materials that are nor-  breakage is also shown in Fig. 8. In case of toxicity, prelimi-

mally employed as an implant for reconstructive surgery for ~ nary in vitro toxicity test of infiltrated 3DP parts, IF4, using
example porous polyethylene and silicone [30-32]. The abil- ~ L-929 cells showed that the cells which were in contact with
ity of infiltrated sample to withstand a drilling force without =~ samples were healthy. No inhibition zone was observed.
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Fig. 8 Demonstration of
drilling holes on infiltrated
sample

4 Conclusions

In this study, an alternative method for increasing strength
of large 3DP parts without using toxic solvent was demon-
strated. The use of light-cured acrylate resin as an infiltrant
was observed to enhance flexural modulus and flexural
strength of natural polymers based three dimensional print-
ing (3DP) part to be closed to generally used polymethyl
methacrylate resin. In addition, infiltration also helps in main-
taining the structural integrity of 3DP parts when contacting
water. Preliminary in vitro toxicity test showed that infil-
trated sample was not toxic. From the results of mechani-
cal and physical properties, this post-processing technique
would increase the possibility of directly using 3DP samples
for fabrication of implants for reconstructive applications.

Acknowledgements Thai Wah Co., Ltd and and S. Channasanon,
MTEQ, is thanked for the supply of cassava starch and dental sealant
respectively. P. Tesavibul is acknowledged for help in initial materials
preparation. National Metal and Materials Technology Center, National
Science and Technology Development Agency is grateful for the finan-
cial support.

References

1. P. POTAMIANOS, A. A. AMIS, A. J. FORESTER, M.
MCGURK and M. BIRCHER, Proc. Instn. Mech. Engrs. 212
(1998) 383.

@ Springer

2. H. JEE and E. SACHS, Rapid Prototyping J. 6(1) (2000)
50.

3. B. SANGHERA, S. NAIQUE, Y. PAPAHARILAOU and
A. AMES, Rapid Prototyping J. 7(5) (2001) 275.

4. P. ORIS, K. SITTHISERIPRATIP, J. SUWANPRATEEB
andJ. V. SLOTEN,in Proceedings of the 2nd Inter Conf on Rapid
Prototyping and Manufacturing (ICRPM 2002 Beijing), Beijing,
China, 2002.

5. M. N. COOKE, J. P. FISHER, D. DEAN, C. RIMNAC
andA. G. MIKOS,/J. Biomed. Mater. Res.: Part B Appl. Biomater.
64B (2002) 65.

6. 1. ZEIN I, D. W. HUTMACHER, K. C. TANand S. H.
TEOH, Biomaterials 23 (2002) 1169.

7. K. H. TAN, C. K. CHUA, K. F. LEONG, C. M. CHEAH,
P. CHEANG, M. S. BAKAR ABUandS. W. CHA, Bioma-
terials 24 (2003) 3115.

8.J. T. RIMELL and P. M. MARQUIS, J. Biomed. Mater. Res.:
Part B Appl. Biomater. 53 (2000) 414.

9.L. G. GRIFFITH, B. M. WU, M. J. CIMA, M. J.
POWERS, B. CHAIGNAUD andJ. P. VACANTI, Ann. NY
Acad. Sci. 831 (1992) 382.

10. B. M. WU, S. W. BORLAND, R. A. GIORDANO, L. G.
CIMA, E. M. SACHS and M. J. CIMA, J. Control. Release
40 (1996) 77.

11. A. PARK, B. WU and L. G. GRIFFITH, J. Biomater. Sci.-
Polym. E9 (1998) 89.

12. S. S. KIM, H. UTSUNOMIYA, J. A. KOSKI, B. M. WU,
M. J. CIMA, J. SOHN, M. MUKAI, L. G. GRIFFITH and
J. P. VACANTI, Ann. Surg. 228 (1998) 8.

13. R. A. GIORDANO, B. M. WU, S. W. BORLAND, L. G.
CIMA, E. M. SACHSandM. J. CIMA,J. Biomat. Sci.-Polym.
E8 (1996) 63.

14. W. S. KOEGLER, C. PATRICK, M. J. CIMAandL. G.
GRIFFITH, J. Biomed. Mater. Res. 63 (2002) 567.



J Mater Sci: Mater Med (2006) 17:1383-1391

1391

15

16.

17.

18.

19.

20.

21.

22.

.C. X. F. LAM, X. M. MO, S. H. TEOH and D. W.
HUTMACHER, Mater. Sci. and Eng.: Part C 20 (2002) 49.

M. USTA, D. L. PIECH, R. K. MACCRONE and W. B.
HILLIG, Biomaterials 24 (2003) 165.

K. S. TENHUISENanaP. W. BROWN,/J. Biomed. Mater. Res.
28 (1994) 27.

M. E. GOMES, J. S. GODINHO, D. TCHALAMOV, A.
M. CUNHA andR. L. REIS, Mater. Sci. Eng.:Part C 20 (2002)
19.

A. P. MARQUESA, R. L. REISandJ. A. HUNT, Biomate-
rials 23 (2002) 1471.

S. C. MENDES, R. L. REIS, Y. P. BOVELL, A. M.
CUNHA, C. A. VAN BLITTERSWIJK and J. D. DE
BRUIJN, Biomaterials 22 (2001) 2057.

1. LEVY, T. PALDI and O. SHOSEYOV, Biomaterials 25
(2004) 1841.

S. NAZZAL, M. NUTAN, A. PALAMAKULA, R. SHAH,
A. A. ZAGHLOUL and M. A. KHAN, Inter. J. Pharma. 240
(2002) 103.

23
24

25.
26.

217.

28.

29.

30.

31.

32.

.T. A. ROBERTSandD. J. SHAW,J. Dent. Res. 63 (1984) 293.
. C. PIANELLI, J. DEVAUX, S. BEBELMAN and G.
LELOUP, J. Biomed. Mater. Res. (Appl Biomater) 48 (1999) 675.
Z 400 System User Manual. Z Corporation; 2004.

K. FUJIMURA, K. BESSHO, Y. OKUBO, N. SEGAMI
and T. 11ZUKA, Clin. Oral Implants Res. 14 (2003) 659.

N. MOSZNER and U. SALZ, Prog. Polym. Sci. 26 (2001) 535.
B. RATNER, A. S. HOFFMAN, F. J. SCHOENandJ. E.
LEMONS, “Biomaterials science: An introduction to materials in
medicine” (Academic Press, San Diego, 1996).

M. A. LOZA-HERRERO, F. A. RUEGGEBERG, W. F.
CAUGHMAN, G. S. SCHUSTER, C. A. LEFEBVRE and
F. M. GARDNER,J. Dent. Res. 77(2) (1998) 426.

J. BLACKand G. HASTINGS, “Handbook of biomaterial prop-
erties” (Chapman & Hall, London, 1998).

ASTM F755-99¢1 Standard specification for selection of porous
polyethylene for use in surgical implants. ASTM International.

P. VAN LANDUYT, B. PETER, L. BELUZE and J.
LEMAITRE, Bone 25 (1999) 95s.

@ Springer



