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Digital light processing (DLP) can be used to form HAP/ZrO2 mixed ceramic slurry. In the printing technology, the scraper
geometry has an important effect on the scraping process; thus, it is necessary to conduct analysis. A modified lattice
Boltzmann method (LBM) is proposed to conduct the numerical simulations according to the non-Newtonian behavior of the
slurry. The Cross behavior of the slurry is viewed as a special external force; then, the traditional LBM including the true
external force can be utilized effectively. The triangle, rectangle, trapezium, and rounded rectangle are the main considered
section geometries of the scraper. When the flow velocity is set to 0.1m/s, the results show that the maximum velocity occurs
near the bottom surface of the scraper. In four situations, the velocity peak of the triangle case is 0.6270m/s, which is the
maximum, and much larger than the flow velocity of 0.1m/s. The velocity peak of the rectangle case is 0.0466m/s, which is
the minimum. Although the velocity peak of the rounded rectangle case is 0.0556m/s, the second velocity peak is 0.0465m/s;
the difference is smaller than that of the rectangle case. In addition, the streamlines figures show that the sharp corner leads to
the obvious velocity change. In summary, the rounded rectangle is considered to be more suitable for scraping the HAP/ZrO2
mixed slurry.

1. Introduction

Digital light processing (DLP), an additive manufacturing
(AM) technology, can process photosensitive resin materials
accurately [1–4]. In recent years, a mixture of resins and
other materials are developed for printing [4–6]. With tradi-
tional technology, some materials (such as ceramic mate-
rials) are difficult to machine freely. DLP or similar AM
technology provides an effective method to mold ceramic
parts [7–11].

The general DLP molding process for ceramic material
includes several parts as follows. (1) Slurry preparation.
The slurry is obtained by mixing the resins, the ceramic
powders, and some essential additives with a proper propor-
tion. In general, high solid content and low viscosity are rec-

ommended for successful printing. (2) Printing. According
to the graphic information obtained from the 3D software,
the slurry is solidified layer by layer. When a layer is printed,
the printing bench is moved up or down with a distance of
thickness, a new layer slurry covers the last layer, and a
scraper is moved forward to make the surface smooth and
compact. The application of this process is based on an array
of micromirrors suitable for orientation into two positions,
moved by microactuators. The UV light is reflected by these
micromirrors to the layer of the liquid photopolymer, placed
in a tank. Depending on the orientation of the micromirror,
each pixel of material is cured or not. The resolution of the
cured mask is defined by the number of pixels [2]
(Figure 1). (3) Debinding and sintering. When finishing the
printing, the degreasing and sintering steps are required to
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improve the density and mechanical performances. It is
noted that a smoother and compacter layer contributes to
better accuracy. Thus, suitable scraper geometry is crucial.

In the work, the ceramic material involved is HAP/ZrO2.
The purpose is to select a proper scraper geometry for DLP
technology. Most of the studies focus on the material for-
mula [12, 13] and technology optimization [14, 15], while
the research on the scraper process is still relatively weak.
The problem belongs to fluid analysis, and the main analysis
methods include experiments and numerical simulations.
Regarding the experiments, the sensors are always required,
which are sensitive to the environmental parameters (tem-
perature, pressure, and humidity, etc.). It is not suitable here
for the analysis. When referring to the numerical simula-
tions, the common methods include commercial software
(such as Fluent and Polyflow) and programming method
(such as LBM and molecular dynamics method). Fluent is
the most frequently used software, which can solve many
engineering problems [16–18]. However, the fluid flow in
many fields is complex [19–21], especially some fluids that
exhibit complicated non-Newtonian behavior, and second-
ary development is always required. In the present work,
the HAP/ZrO2 slurry presents typical non-Newtonian
behavior. When using Fluent, the divergence may occur in
the simulation process. Thus, the programming method lat-
tice Boltzmann method (LBM) is selected here to conduct
the simulations. As a mesoscopic method, it has been widely
used in many engineering areas, such as mechanical engi-
neering, bioengineering, and engineering thermal physics.
It can also be used to solve non-Newtonian problems.
Yoshino et al. proposed a modified LBM for incompressible
non-Newtonian fluid flows, and a variable parameter is used
to describe the viscosity by using the local shear rate [22].
Psihogios et al. used LBM to analyze non-Newtonian
shear-thinning (power-law) fluids in three-dimensional
porous media [23]. Di Ilio et al. conducted numerical simu-
lations to investigate the incompressible laminar power-law
flow in symmetric channel with sudden expansion, and the
ability of LBM for solving the flow is explored in detail
[24]. Bisht and Patil used LBM with multiple relaxation time
collisions to assess the non-Newtonian flow for benchmarks
configurations [25]. Gokhale and Fernandes studied forced

convection in Carreau-Yasuda fluids flowing through sand-
stones based on LBM for both shear-thinning and shear-
thickening fluids [26].

Though many studies have been done on the non-
Newtonian fluids, the viscosity changes with the shear rate,
which may result in instability in the simulation process.
Thus, modified methods are always required to improve sta-
bility or accuracy. Conrad et al. proposed a viscosity adap-
tion method for LBM to analyze non-Newtonian fluids,
whose effectiveness is also validated [27], which is much
more complex and difficult to achieve by programming.
Gabbanelli et al. presented a truncated LBM for power-law
fluids, which is validated by several classical cases [28]. Wu
et al. proposed a truncated multiple relaxation time LBM
for Herschel-Bulkley flow with a high Reynolds number
and the feasibility of the modified method is validated by
the known cases [29]. The truncated method requires calcu-
lating the truncated points for each case, and the obvious
error exists in the transform process, especially for the fluids
including yielding behavior. Zou et al. incorporated LBM
into the finite volume method (FVM) to simulate viscoelas-
tic fluid flows [30], which is difficult to achieve. Li et al. pre-
sented an immersed boundary LBM to simulate power-law
nanofluid flow in a square enclosure [31], which mainly
focuses on boundary processing, while the main method is
still the standard LBM.

The prepared HAP/ZrO2 slurry is a kind of non-
Newtonian fluid. To improve the stability and/or accuracy
of the simulation, the modification of the standard LBM is
also required. The Cross behavior is viewed as a special
external force item; then, the traditional LBM including true
external force can be utilized effectively. When compared
with the above-modified methods in the literature, the pro-
posed modified LBM in the study is easy to achieve by pro-
gramming and suitable for many kinds of non-Newtonian
fluids.

The remainder of this paper is organized as follows. Sec-
tion 2 conducts the rheological test of HAP/ZrO2 mixed
slurry. Section 3 outlines the improved LBM. The Cross
behavior is viewed as a special external force item. Then,
the necessary simulations for four cases are conducted. In
Sections 4 and 5, the discussion and conclusion are
summarized.

2. Rheological Test

2.1. Material Preparation. The required materials include
nanohydroxyapatite (HAP) powders, nanozirconia (ZrO2)
powders, polyethylene glycol diacrylate (PEGDA), ethylene
glycol dimethacrylate (EGDMA), polyester acrylic resin,
propyl trimethoxysilane (KH-570), and 2,4,6-trimethylben-
zoylphenylphosphonate ethyl (TPO-L).

(1) Modifying HAP with KH-570. Add ethanol, KH-570,
and acidified distilled water with a proportion of
10 : 1 : 5 into a beaker, then hydrolyze at 25°C for
4 h and remove the water layer. Add HAP powders
(5%) and ethanol into a flask with three necks, add
KH-570 during the heating process, and conduct
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Figure 1: Digital light processing method [2].
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suction filtration after reaction at 60°C for 14h. Dry
the powders in the circulation oven at 50°C

(2) Preparing resin. Mix PEGDA, EGDMA, and a poly-
ester acrylic resin with a certain weight proportion
of 2 : 2 : 1 by use of magnetic stirring for 40min

(3) Preparing slurry. Mix modified HAP powders
(60wt%), nano-ZrO2 powders (1-6wt%), and TPO-
L (0.6wt%), then conduct mechanical stirring at
800-1300 rpm for 4 h

2.2. Rheological Equation. To understand the rheological
behavior, the obtained HAP/ZrO2 (ZrO2 powders are added
with 1wt%, 3wt%, and 6wt%, respectively) slurry is mea-
sured by an AR2000 EX rheometer. The shear rate is
increased from 0.1 to 1000 s-1, and the corresponding viscos-
ities are measured and recorded as shown in Figure 2. The
viscosity decreases with increasing the shear rate, and the
slurry presents typical non-Newtonian behavior.

To facilitate the fluid analysis, it is necessary to obtain
the specific rheological equation of HAP/ZrO2 slurry. By
using Curve Fitting toolbox in MATLAB 2014b software,
the common non-Newtonian equations are selected for fit-
ting, and the result shows that the Cross model can well
match with the experimental data. The correlation coeffi-
cient R2 is 0.9995, which is very close to 1. The specific
model is shown as follows:

μ = μ0
1 + λ _γð Þ1−n

⇒ μ = 50:04
1 + 41:79 _γð Þ0:97319 : ð1Þ

3. Analysis of Scraper Geometries

3.1. LBM for HAP/ZrO2 Slurry. To solve the instability and/
or inaccuracy of non-Newtonian slurry, the standard lattice
Boltzmann method is always required to modify. An
improved LBM is proposed for the Cross model as below.
Guo et al. proposes the lattice Boltzmann equation with an
external force as follows [32]:

f r + eiδt, t + δtð Þ − f r, tð Þ = −
1
τ

f r, tð Þ − f eq r, tð Þ½ � + δtF′,

ð2Þ

where r is the displacement vector and τ is the relaxation
time; the discrete velocity ei is expressed as follows:

ei =

0, 0ð Þ, i = 0,

c cos i − 1
2 π, sin i − 1

2 π

� �
, i = 1, 2, 3, 4,

ffiffiffi
2

p
c cos 2i − 9

4 π, sin 2i − 9
4 π

� �
, i = 5, 6, 7, 8,

8>>>>>><
>>>>>>:

ð3Þ

where δx and δt are the lattice step size and time step size,
respectively, both of which are always set to 1. The lattice
speed is c = δx/δt. f and f eq correspond to the general and

equilibrium distribution functions; the latter is described as
follows:

f eq r, tð Þ = ωiρ 1 + ei ⋅ u
c2s

+ ei ⋅ uð Þ2
2c4s

−
u2

2c2s

" #
, ð4Þ

where cs, given by c2s = c2/3, is the lattice sound speed, u is
the velocity vector, and ωi, given by ω0 = 4/9 for i = 0, ωi =
1/9 for i = 1 − 4, and ωi = 1/36 for i = 5 − 8, is the weight
coefficient.

It is noted that two steps are included in Equation (2) as
collision and streaming. The specific equation for the colli-
sion step is

f+ r, tð Þ = f r, tð Þ + 1
τ

f r, tð Þ − f eq r, tð Þ½ � + δtF′, ð5Þ

where F′ is the external force, which is described as

Fi′= ωi 1‐ δt
τ

� �
ei − u
c2s

+ ei ⋅ uð Þ
c4s

⋅ ei

� �
�F: ð6Þ

The specific equation for the streaming step is

f r + eiδt, t + δtð Þ = f+ r, tð Þ: ð7Þ

The strain rate tensor for HAP/ZrO2 slurry is expressed
as follows:

Sαβ = −
1

2ρτc2s
〠
8

i=0
eiαeiβ f i − f eqi

� �
, ð8Þ

where ρ is density.
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Figure 2: Rheological test data.
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Then, the second invariant of strain rate tensor can be
calculated with Sαβ as follows:

DII = 〠
l

α,β=1
SαβSαβ: ð9Þ

Therefore, the shear rate can be obtained as follows:

_γ =
ffiffiffiffiffiffiffiffiffi
2DII

p
: ð10Þ

According to the isotropic constraint condition, we can
obtain

〠
9

i=1
f eqi eiαeiβ = ρuαuβ + Pδαβ = ρuαuβ +

1
3 ρδαβ, ð11Þ

where δαβ is the Kronecker delta. Furthermore, the distribu-
tion function and momentum flux tensor can be expanded
by the Champan-Enskog expansion as

f i ≈ f eqi + εf 1ð Þ
i + ε2f 2ð Þ

i , ð12Þ

Y
αβ

≈
Y0ð Þ

αβ

+
Y1ð Þ

αβ

: ð13Þ

By solving the first moment of the velocity, the equilib-

rium and nonequilibrium momentum flux tensors
Qð0Þ

αβ

and
Qð1Þ

αβ are expressed as

Y0ð Þ

αβ

=〠
i

eiαeiβf
eq
i = Pδαβ + ρuαuβ, ð14Þ

Y1ð Þ

αβ

= 〠
9

i=1
eiαeiβ 1 − 1

2τ

� �
f 1ð Þ
i : ð15Þ

Thus, by Equations (13)–(15), the momentum flux ten-
sor can be expressed as

Y
αβ

= Pδαβ + ρuαuβ − 2μSαβ , ð16Þ

where μ is the dynamic viscosity of Cross fluids. The relaxa-
tion time τ can be calculated by

μ = ρc2s τ −
1
2

� �
δt: ð17Þ

There is another expression for the momentum flux ten-
sor of the incompressible fluid as

Y
αβ

= ρuαuβ‐σαβ: ð18Þ

The stress tensor σαβ can be further calculated according
to Equations (14), (16), and (18).

σαβ = −Pδαβ +
2μ0

1 + λ _γð Þ1−n
Sαβ: ð19Þ

With the expansion of Chapman-Enskog, the Navier-
Stokes equation at the incompressible limit can be recovered
as follows:

ρ∂t uβ
� �

+ ρuαð Þ∂αuβ = −∂βP + 2μ0∂αSαβ‐
2μ0 λ _γð Þ1−n
1 + λ _γð Þ1−n ∂αSαβ

= −∂βP + 2μ0∂αSαβ + �F:

ð20Þ

Thus, the specific equation for �F is as follows:

�F= ‐ 2μ0 λ _γð Þ1−n
1 + λ _γð Þ1−n ∂αSαβ: ð21Þ

Combine Equations (7) and (21), the discrete force term
can be obtained as follows:

Fi′= ‐ 2μ0 λ _γð Þ1−n
1 + λ _γð Þ1−n

ωi 1 − δt
τ

� �
ei − u
c2s

+ ei ⋅ uð Þ
c4s

⋅ ei

� �
∂αSαβ:

ð22Þ

3.2. Validation. Regarding the equation of the Cross model
in Equation (1), when λ = n = 1, the Cross fluid changes into
the Newtonian fluid. The Poiseuille flow (Figure 3) for New-
tonian fluid has the theoretical solution, which can be used
to validate the effectiveness of the proposed method. The
specific result of Poiseuille flow is expressed as follows:

u yð Þ = 1
2 −

1
μN0

∂p
∂x

� �
H
2

� �2
− yj j2

" #
: ð23Þ

The relevant parameters are set as follows. The viscosity
μN0 is 0.1, the pressure gradient ∂p/∂x is −1 × 10−3, the dis-
tance between two plates H is 1, and the lattice numbers are
100 × 100. The comparison between the theoretical and
numerical solutions shown in Figure 4 is coincident, which
validates the feasibility of the modified LBM for the HAP/
ZrO2 slurry flow.

3.3. Simulation of the Flow with Different Scraper Geometries

3.3.1. Simulation Preparation. During the printing process, a
new layer should be laid from the right to the left by a
scraper after finishing one layer. To obtain a compact and
even layer, it is important to select the proper geometry for
the scraper. As shown in Figure 5, four different scrapers
are designed. Under the assumption that the scraper is still,
then the slurry flows through the scraper from left to right.

The specific parameters are set as follows. The width of
the scraper W is 6mm, the layer thickness H is 0.5mm,
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the distance between the blade and printed layer h is
0.05mm, the angle θ in the first figure is π/4, the angle γ
in the third figure is 3π/4, the bottom width in the third fig-
ure is 2mm, and the radius r in the fourth figure is 2mm. In
addition, the flow velocity is set as 0.1m/s. The layering
length discussed here is 15mm.

In the simulation, the dimensionless lattice parameters
are set as follows. The lattice numbers are 25 × 750, and
the velocity is 0.01. The rheological parameters can be
obtained from Equation (1), such as the viscosity coefficient,
and the power-law index. The Reynolds number is selected
as the criterion parameter; therefore, the physical Reynolds
number should be equal to the lattice calculation. According
to the proposed method, the streamlines and velocity distri-
bution can be figured. The streamlines can reveal the flow
track of the slurry, and the cloud atlas can present the mag-
nitude of the flow velocity. The blue color zone indicates the
low-velocity area, and the yellow color zone illustrates the
high-velocity area. In addition, the curve of the velocity dis-
tribution describes the magnitude of the velocity in detail.
Regarding the proper geometry of the scraper, the following
points should be satisfied to obtain the smooth layering: (1)
The horizontal velocity at the back of the scraper is low
enough, and the sudden change of the velocity should be
avoided. (2) The angle between the maximum vertical veloc-
ity and the horizontal direction is expected to be small.

The simulation is conducted by using the program in
MATLAB 2014b software. The specific procedures are given
in Figure 6.

3.3.2. Simulation Results. In the first situation, the section of
the scraper is a triangle. The streamlines are shown in

Figure 7(a), which implies that the phenomenon of jet
expansion occurs near the vertex of the scraper. The high
velocity shown as the yellow zone is concentrated below
the scraper. In Figure 7(b), the high-velocity distribution is
given, where the blue and red curves correspond to the
velocity at the height of 0.46mm and 0.48mm, respectively,
which shows that the maximum velocity is 0.6270m/s, and
the corresponding point is very close to the back of the
scraper. In addition, the angle between the maximum verti-
cal velocity and the horizontal direction is 67.2°.

The second considered geometry of the section is the
rectangle. The simulation results are shown in Figure 8,
which implies that the vertical velocity at the lower-right
point is close to the back of the scraper. The angle between
the vertical velocity and the horizontal direction is 74.4°.
The velocity distribution in Figure 8(b) presents that there
is a sudden change at the back of the scraper. When com-
pared with the triangle situation, the maximum velocity is
much lower.

Then, the trapezium section geometry is considered. The
high velocity is below the scraper as shown in Figure 9(a). In
Figure 9(b), the velocity distribution shows that the maxi-
mum velocity occurs at x = 8:5mm, which corresponds to
the right point of the bottom edge. The angle between the
maximum vertical velocity and the horizontal direction is
43.7°. When compared with the above two cases, the point
of the maximum horizontal velocity occurs at the left of
the back edge, and the mentioned angle is smaller.

The bottom corners are changed into arcs based on the
second situation. The simulation results are shown in
Figure 10. The velocity distribution in Figure 10(b) implies
that the maximum horizontal velocity is 0.0556m/s, which
occurs at x = 8:68mm. The streamlines show a gradual
change in velocity. The angle between the maximum vertical
velocity and the horizontal direction is 10.5°.

4. Discussion

The layering process has an important effect on the printing
performance in DLP technology. The material studied here
is HAP/ZrO2. According to the rheological test, the ceramic
slurry presents typical non-Newtonian behavior. In the
printing process, the smooth layering is always recom-
mended; it is necessary to investigate the effect of the geom-
etry of the scraper on layering. With the consideration of the
general geometries of the scrapers, four different situations
are explored and simulated by an improved LBM. The high
velocity at the back of the scraper should be avoided, and the
maximum horizontal velocity is expected to be far from the
back of the scraper. In addition, the streamlines show that
the jet expansion occurs near the back, which results in the
appearance of vertical velocity. It is suggested that the slope
of the vertical velocity should be small.

In the first case, the section is triangle geometry. The
maximum horizontal velocity occurs at the back of the
scraper, which interferes with the layered materials and is
not in favor of the layering process. In the second case, the
sudden change of the horizontal velocity occurs at the back
edge, which generates turbulence at the surface of the
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smooth layer. Both in the third and fourth cases, the point of
the maximum horizontal velocity keeps a certain distance
from the back edge, and the sudden decrease of the velocity
also does not appear near the back edge.

Then, the angle between the maximum vertical velocity
and the horizontal direction should be also considered.
According to the results, the mentioned angles for the four
cases are 67.2°, 74.4°, 43.7°, and 10.5°. The last case presents
a much smaller angle than the other cases, which means the
jet expansion is much flatter. According to the above two
points, the last case is considered to be the most suitable
for the layering process.

5. Conclusion

As a new technology, DLP provides an effective method for
molding ceramic parts. In the present work, HAP/ZrO2
powders are used in DLP technology. The Cross model of

the slurry is measured and built; then, a modified LBM is
proposed to improve the stability of the numerical simula-
tion which may be caused by the non-Newtonian behavior.
The purpose of the work is to analyze the geometry of the
scraper on the layering process and determine the suitable
geometry. The key velocities are listed in Table 1, which
shows that the rectangle case has the minimum first velocity
peak; however, the difference between the first and the sec-
ond velocity peak is larger than that between the trapezium
and rounded rectangle cases. After a general comparison
among these cases, the velocity of the rounded rectangle case
is the best.

Thus, the proper geometry is that the section of the
scraper is a rounded rectangle. In this situation, the jet
expansion is weak, and the point of the maximum horizontal
velocity is far from the back edge, which does not affect the
layered slurry. The sudden change of velocity is also avoided.
In the following research, the different ceramic materials will
be further investigated to validate the effectiveness of the
rounded rectangle geometry of the scraper.
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Table 1: Comparison of the velocity results for four cases.

First velocity
peak (m/s)

Second velocity
peak (m/s)

Difference
(m/s)

Triangle case 0.6270 — —

Rectangle case 0.0466 0.0129 0.0337

Trapezium case 0.0657 0.0493 0.0164

Rounded
rectangle case

0.0556 0.0465 0.0091
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