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Abstract

In recent years, a series of continuous fabrication technologies based on digital light processing (DLP) 3D printing have
emerged, which have significantly improved the speed of 3D printing. However, limited by the resin filling speed, those
technologies are only suitable to print hollow structures. In this paper, an optimized protocol for developing continuous
and layer-wise hybrid DLP 3D printing mode is proposed based on computational fluid dynamics (CFD). Volume of the
fluid method is used to simulate the behavior of resin flow while Poiseuille flow, Jacobs working curve, and Beer-Lambert
law are used to optimize the key control parameters for continuous and layer-wise printing. This strategy provides a novel
simulation-based method development scenario to establish printing control parameters that are applicable to arbitrary
structures. Experiments verified that the printing control parameters obtained by simulations can effectively improve the

printing efficiency and the applicability of DLP 3D printing.

Keywords DLP 3D printing - Computational fluid dynamics - Layer-wise printing - Continuous printing - Control

parameters - Resin filling

>4 Lifang Wu
Ifwu@bjut.edu.cn

Lidong Zhao
1dzhao817@126.com

Yan Zhang
zhangyan162@imech.ac.cn

Zhi Zhao
zhaozhi @bjut.edu.cn

Zening Men
menzening @ 163.com

Feng Yang
yangf_186389@163.com

Faculty of Information Technology, Beijing University
of Technology, 100 Pingleyuan, Chaoyang District, Beijing,
100124, China

Institute of Mechanics, Chinese Academy of Sciences,
No.15 Beisihuanxi Road, Beijing, 100190, China

Faculty of Materials and Manufacturing, Beijing University
of Technology, 100 Pingleyuan, Chaoyang District, Beijing,
100124, China

1 Introduction

Additive manufacturing (AM), also known as 3D printing,
is a novel technology that is much different from
traditional manufacturing technologies. AM is usually used
to manufacture products with complex structures [1-3],
which shows wide applications in manufacturing, medicine,
education, aerospace, and other fields [4]. However,
the production speed of AM is much lower than that
of traditional manufacturing technology. Therefore, it is
impractical to manufacture a large number of products by
3D printing [5].

In recent years, digital light processing (DLP)-based
continuous 3D printing has been proposed, which shows
significant improvement in printing speed. The key to
continuous printing is to a spontaneous detachment of cured
parts from the resin vat [6]. According to the working
principle, DLP-based continuous 3D printing techniques
could be briefly classified into two categories, namely those
based on selective inhibition of polymerization and the ones
relying on low adhesive interfaces [7]. The former methods
utilized wavelength-selective inhibitors or initiators to
chemically separate cured resins from the optical window
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[8, 9]. Alternatively, the latter approaches introduced a
low adhesion interface to physically prevent cured parts
from sticking to the resin vat, which typically included
oxygen-permeable windows [10], fluorinated oil beds [11],
and biomimetic ultra-low adhesive interfaces [12]. Among
them, the method based on fluorinated oil bed could
effectively dissipate accumulated heat during continuous
printing, enabling large-scale product production. However,
Li et al. [13] found that most continuous printing
methods could only guarantee a complete resin filling for
microscopically sized features due to the limited fluidity
of resins. Consequently, continuous printing methods
were majorly used to print hollow structures [13-15],
as shown in Fig. la. On the other hand, most practical
applications demand structures with alternative hollow and
solid moieties (as shown in Fig. 1b and c) or pure solid
structures (as shown in Fig. 1d and e). Obviously, it is
impossible to print such models directly using continuous
printing technologies.

To address the above issues, Liu et al. [16] and Li
et al. [17] proposed the idea of combining continuous
and layer-wise printing. They obtained the resin materials’
maximum filled distance (MFD) by experiments. Based on
that, features to be printed in continuous mode and layer-
wise mode in a given model can be determined. Despite
their success, obtaining a control scheme from experiments
is very time consuming. Considering the experimental
accuracy, the as-obtained control parameters may not be
optimal, either.

In recent years, some effective schemes have been
proposed to improve the applicability of continuous
optical printing by theoretical analysis based on material
science and physical field model. Wang et al. [18]
simulated the behavior of resin flow in the micro-gap
between the newly cured layer and the oxygen permeable
window in CLIP by using computational fluid dynamics
(CFD) analysis. Based on the simulation results, they
proposed some suggestions for optimizing operational
conditions. Lee et al. [19] studied common problems in the

Fig. 1 Examples of different types of models. a The hollow structure
model. b The model of the Eiffel Tower is a mainly hollow structure.
¢ The model of a communication tower is the combination of hollow
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Fig.2 Schematic diagram of printing scene based on the non-adhesive
fluorinated oil bed

layer-wise DLP 3D printing process based on a finite
element mesh generator and optimized printing control
parameters. Li et al. [20] proposed a differential analysis
model for DLP 3D printing based on the Jacobs working
curve, which was used to obtain the relationship between
the UV light irradiation time and the curing thickness of a
single layer. The model could optimize the printing control
parameters and achieve high-precision printing. Brighenti
et al. [21] proposed a multi-physics simulation method
for DLP 3D printing to predict the mechanical features of
additively manufactured parts and accurately control the
polymerization. To optimize the printing process, Wang
et al. [22] established a dynamic model of the oxygen
inhibition zone in CLIP to study how the thickness of the
oxygen-inhibited zone varied with regard to the printing
control parameters and the microstructure. These studies
demonstrated that the setting and optimization of DLP
3D printing parameters based on physics simulation could
improve the optimization efficiency of printing control
parameters. Furthermore, when the simulation conditions
were close to the actual situations, the control parameters
obtained based on the simulation were meaningful and
practical for actual printing process [23].

(d) (e)

and solid structure. d The dental model is a mainly solid structure.
e The femur model is a mainly solid structure
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Inspired by the above work, we propose a scheme
based on fluid dynamics simulation to design the control
parameters of DLP printing to enable the fabrication of
arbitrary structures by hybrid continuous and layer-wise
printing. Through CFD and material property analysis, a
numerical model is established by using the volume of
the fluid (VOF) method, which can capture the motion
characteristics of the fluid interface. With the help of
Poiseuille flow, Jacobs working curve, and Beer-Lambert
law, key parameters including resin curing time, maximum
filled distance (MFD) for continuous printing, optimal
lifting height (OLH) for layer-wise printing, and the optimal
lifting speed (OLS) of the printing platform corresponding
to the two modes (continuous or layer-wise) could be
estimated. Based on these parameters, the printing process
could be optimized and the printing efficiency could be
improved.

The contributions of this paper are as follows:

1. A CFD simulation model for DLP 3D printing is
proposed. It can simulate the moving behavior of resins,
fluorinated oils, the free-surface between these two-
phase flows, and the interface between the cured part
and the fluorinated oils. Furthermore, the phenomena
such as resin material filling and liquid interface
fluctuation in the printing process could be simulated,
which could provide theoretical support for obtaining
the optimal printing control scheme.

2. By introducing a visual monitoring module to the DLP
3D printing system, the fluctuation of the free-surface
between resin and fluorinated oil can be observed,
which can be used to validate the proposed model.

3. Based on the proposed model, the optimal printing
control schemes for the continuous-layer-wise hybrid
printing mode can be quickly generated. Printing tests
revealed that the as-obtained protocol was literally
applicable to any structure.

Layer-wise printing

e —

n
(v[v]v]. ]

In curing model

2 Materials and printing setup
2.1 Materials

1,6-Hexanediol diacrylate (HDDA, 98%), trimethylol-
propane triacrylate (TMPTA, 95%), bisphenol A acrylate
(99%), and aliphatic urethane acrylate (98%), were pur-
chased from Beijing HWRK Chemical Co., Ltd. Omnirad
784 (99%) was purchased from IGM. Perfluorodecyl tri-
ethoxysilane (97%), a.k.a. the fluorinated oil, was purchased
from Quzhou Dongye Chemical Technology Co., Ltd.

2.2 Numerical methods

DLP 3D printing setup based on the non-adhesive fluori-
nated oil bed is utilized in our work. The oil bed features
adhesion to the cured part and facilitates heat dissipation,
which is desirable for large-scale printing [24]. Figure 2
shows the schematic diagram of the proposed method. The
DLP light source projects two-dimensional images from
sliced models onto the interface between the resin and the
fluorinated oil, which solidifies the liquid resin. For con-
tinuous printing, DLP keeps lighting up, and the projected
images are switched at a specific rate. For layer-wise print-
ing, DLP switches between the on (for printing) and off (for
platform moving and resin filling) modes.

As mentioned earlier, the resin needed to completely
refill the void space left by the rising printing platform
so that the next layer could be successfully cured. If the
printing platform rose slowly or in a stepwise manner, the
resin could refill properly. But undoubtedly, this would
increase the printing time. It would be more desirable to
find the optimal printing speed for given models to improve
the printing efficiency. This paper proposes a scheme to
optimize the DLP 3D printing control parameters for hybrid
layer-wise and continuous printing, as shown in Fig. 3.
Each slice’s printing mode (continuous or layer-wise) is

Fig.3 The optimized control scheme for continuous and layer-wise DLP 3D printing
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determined by comparing the min—max distance [16] and
MEFD. The min—max distance is used to measure the time
it takes for resin fill to just fill the currently printed slice.
For continuous printing, the OLS of the printing platform is
designed as a constant. For layer-wise printing, the OLH and
OLS of the printing platform can be estimated through CFD
analysis or resin material analysis. The resin curing time
might also be estimated in the same way. Figure 3 shows the
proposed scheme for combining layer-wise and continuous
printing. The estimated control parameters are highlighted
inred. The printing time could be shortened for most models
based on the optimal printing control parameters.

3 Methods
3.1 Numerical methods

In order to estimate the printing parameters, a numerical
model was established, as shown in Fig. 4.

The movement of the printing platform causes perturba-
tion to the fluorinated oil and resin, whose movement was
also affected by gravity. The left, right, and bottom bound-
ary of the resin tank are fixed wall. The fluorinated oil and
resin are immiscible, and their interface is horizontal ini-
tially. The cured part is treated as a moving wall. The initial
parameters are defined as follows: H, is the thickness of the
resin, H is the thickness of the fluorinated oil, and v, is the
upward speed of the platform lifting. Dps—p[i] is the min—
max distance for the ith slice, and it is computed following
the method by Liu et al. [16]. In the numerical simula-
tion, slices of solid structure influence the process reliability
more easily than those of hollow structures. So the following
assumptions are assigned in the simulation: (1) the viscos-
ity of the resin and fluorinated oil is constant, (2) the cured
part is rigid, (3) the cured part and the printing platform are
considered as an integrated unity.

In layer-wise and continuous printing, the two-phase
interface will show different regimes during the printing
process. VOF method [25] is used to capture dynamic
changes at the interface of immiscible liquids [26]. The

Hy

Fig.4 Geometry of fluorinated oil bed based DLP 3D printing
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related variables are shown in Table 1. The continuity
equation is:

V-U=0 ey

where U is the velocity. The momentum conservation
equation is:

a (pU)
Jat

where p = a1p1 + ap 02 is the mixture density of the two-
phase. p is the pressure, g is the gravitational acceleration,
h is the position vector, o is the surface stress coefficient,
k = —V - n is the interface curvature, and » is the normal
vector of the interface.

The volume fraction equation of the resin is:

+V.-(pUU)=—-Vp—g-hVp+0ckVa  (2)

0 \Y/
LV @)+ V- (a1 (1= elUl ) =0 3)
ot [Vai|

where o is the volume fraction of resin, ap = 1 — «; is the
volume fraction of the fluorinated oil, and c is the interface
compression factor.

3.2 Parametric analysis model

During printing, when a layer of resin is cured, the printing
platform rises with a gap formed between the printing part
and the fluorinated oil. At this time, the resin begins to
flow into the gap until the gap is fully filled. Accordingly,
a Cartesian coordinate system is established as shown in
Fig. 4. It is considered that there is a velocity slip between
the resin and the printed object during the movement of
the platform. The length of the slip satisfies the linear slip
length model [27]. There is no velocity slip between the
resin and fluorinated oil, as shown in Fig. 5. Then, the
boundary conditions are:

’4|y=11.Y = Us, M|y:() =0 4)

Table 1 Nomenclature

Symbol Definition

o; Volume fraction of phase i

Di Phase-averaged density, p; (i = 1,2,3)
density of phase i

i Viscosity of phase i

U Velocity

P4 Volume flowrate

g Gravitational acceleration

v Gradient operator

Cq Cure depth

D, Transmission depth

E. Critical energy for curing

E, Cumulative light energy
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Fig.5 Schematic diagram
of resin flow

y 2+ Dyy-yi]

Dsy

where u is the maximum speed of the resin moving along
the X-axis, u; is the slip speed, and Hj is the upward moving
height of the printing platform.

The resin flows into the gap between the printed part and
the fluorinated oil, and its Reynolds number is less than 1.0
according to the law of laminar flow between the plates.
Therefore, it is assumed that the flow in the gap is Poiseuille
flow with the simplified N-S equation:

d*u 1 dp
o=—=L 5)
dy-  pidx

where 97 /4 is the pressure gradient. The integral of Eq. 5
has:

1 dp ,
u=-——y " +Cy+¢C 6
20 dr Y +Cy+C 6)
where C; and C, are constants. By substituting the
boundary condition in Egs. 4 into 6:

U 1 dp
Cl—ﬁs—mdxh’s (N
C, =0 ®)
u—id—p( — Hy X y)+ = ©)
" 2udx Y) T H,?

According to the assumption of linear slip boundary
condition proposed by Navier, the slip velocity is written as:
p, 4" (10)
Uy = —_—
s S dy
where Dy is the slip length. Combining Eqgs. 5, 7, and 10,
we can obtain:

1 H??D, d

uy = ————= an
2u1 Hy — Dy dx
1 d 2H,D; — H,?>

W= — Ly T (12)
2pL1 dx Hs_Ds

Slip Printed model

No-slip  Fluorinated oil x

Therefore, the volume flow Q between the printing part
with width W and the fluorinated oil can be expressed as:

H
W H,* (4D; — Hy) dp

=W dv = — 13

Q /” Y= T2u (Hy — Dy) dx (13

The average flow rate is:

0 Hs2 (4Ds; — Hy) dp
Ugy = = — (14)
W H; 121 (Hy — Dy) dx

At time #; when the platform rises, there is a relationship
between the resin filling distance L, and the time variable ¢:

_ [ H2G4D—Hy) dp
L f 12441 (Hy—Dy) dx * 1dt (15)

H = Uy, kt

where #; is the resin filling time for filling distance L,,
which equals to the resin filling time in continuous printing.
Layer-wise printing is suitable for printing larger solid
slices, so it is challenging to complete the resin filling
during the movement of the printing platform for layer-wise
printing. After the movement of the printing platform is
stopped, the resin filling time from position L, to position
Dyy_pli] is represented as t7:

. 2
{z2=<DMM[1]—Lr>%|§ |

16
L, <Dy-mlil (1o

Therefore, the resin filling time T =~ 1| + t, for layer-wise
printing is:

=T_

Based on the above equations, resin filling time is
affected by platform lifting distance H;, printing platform
lifting speed v,,, the relative ratio of resin and fluorinated
oil, and the slices’ min-max distances Djp;_p[i]. The
relative ratio of resin and fluorinated oil influences the
pressure gradient %7 /4.

o+ Ou-wll = L) ZEG=5IG ()
Ly <Dy-—mli]
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3.3 Resin cure time model

The resin curing time influences the printing quality and
efficiency. According to Jacobs’ working curve equation
[28], a resin curing time model is established:

E,
Ci=D, In (E—) (18)

where Cy is the curing depth (Um), i.e., the thickness of
a slice. D, is the transmission depth (Wm), and E, is the
light energy (mJ/cm?) accumulated from the DLP light
source at the curing interface (interface between the resin
and fluorinated oil). E. is the critical exposure energy of
UV light for resin curing (mJ/cm?).

In real cases, the intensity distribution of the DLP
light source is usually not uniform [29]. Therefore, an
illuminance power measurement system was designed to
measure the light intensity I(X,Y) at different positions
of an exposure plane (X-Y) under different grayscales
using a UV energy meter (Newport 1936-R), as shown in
Fig. 6. Based on the experimental results, the light intensity
E, (I) of each slice could be obtained by the illumination
homogenization algorithm [30], E, = E, (I)-t3. We assume
that the light intensity on the curing interface does not
change during the exposure process, so there are:

E, (1)-13> (19)

Cd:D[,~ln< I
c

Therefore, for slices with different layer thicknesses, the
curing time #3 can be expressed as:

Sy
E.-ePr

E. (I)

According to Eq. 20, the corresponding relationship
between layer thickness and curing time can be obtained in
the process of layer-wise printing. However, the continuous
printing platform is lifted continuously, and the light
intensity from the DLP projector to the curing volume
decreases as increase of the curing depth. Therefore, it is
necessary to explore the relationship between the speed

B= (20)

Motor controller
) }

UV energy meter

DLP light source
o U
__O—

X-Y translation device

Fig.6 Illuminance power measurement system

Host computer
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and the curing depth to ensure the curing of the slices.
According to the Beer-Lambert law [11]:

P@Z)=Py-e 'P» QD

where P (z) is the illuminance power (mW/ cm?) at a certain
depth z (um) away from the printing interface. In the
meantime, z (t) = vy, - t. In addition, for the slice at z, the
critical curing energy E. is:

0

EL.=/P(z)dt=

t

E.(I)-D —
—r( ) Dy (l—e /DP) (22)
Um
Under the presupposition of guaranteeing curability, the
relationship between the continuous printing platform rising
speed v, and the maximum curable thickness z is:

= D, (1t 23
L= ”'n<_E,(1).D,,) 23)

4 Simulation and verification

To simulate the influence of the platform lifting distance,
printing platform lifting speed, the relative ratio of resin
and fluorinated oil, and the slices’ min—-max distances
on the resin filling time, some default parameters were
set. The gravity acceleration is 9.8 m/s?, and the density
and viscosity of the fluorinated oil are 1390 kg/m? and
0.012 Pa.s, respectively. The density and viscosity of the
resin density are 1120 kg/m> and 0.224 Pa.s, respectively.
Figure 7 shows the initial scene in simulations established
by OpenFOAM according to the above parameters, in which
the relative volume ratio of fluorinated oil to resin was 1:5.

The system in Fig. 8a is designed to verify the simulation
results. The actual setup is shown in Fig. 8b. The DLP light
source (BenQQ TK800M) is under the resin tank. A Tucson
MT-500 camera, an MZ1000 monocular microscope, and
a ZT-301 cold light source were used to capture the resin
filling process in real time.

BT [ 7 [ ]

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
Fluorinated oil concentration

Fig. 7 Contour of volume fraction of the fluorinated oil at the initial
condition
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(b)

Fig.8 Experimental verification equipment. a The hardware design of
simulation results verification. b A practical device

4.1 Influence of printing platform lifting distance
on filling time

As shown in Fig. 9, the lifting distance H; of the printing
platform was set as 1 mm, 2 mm, 3 mm, 4 mm, or 5 mm,
respectively. The Dps_p[i] of the slices was 7.5 mm. The
lifting speed v, of the platform was 15 mm/s. And the depth
ratio of fluorinated oil to resin was 1:5. It can be seen from
Fig. 9a—f that the higher the Hy, the more quickly the resin
flows. In the best cases, the gaps between interface of the
resin and fluorinated oil will be completely filled up in 0.5
s after printing a single layer.

The simulations in Fig. 9b—d are verified by experiments,
as shown in Fig. 10a—c.

By comparing Figs. 9 and 10, it can be concluded that
the actual printing results generally match simulations. On
the other hand, the full time of simulation filling is slightly

slower than the actual. The reason is that the classical
VOF model is used to simulate the two phases’ flow, and
potential slip motions between the two phases have not
been considered. That is to say, the proposed model is a
simplified approximation of the actual situation and the
simulated resin filling time is generally longer than that in
real cases. But the simulated resin filling time is longer
than that in the practical scenes because it does not consider
the slip motion. Therefore, the filling time obtained from
simulations can be used as a lower limit to estimate the resin
filling time in practical printing tasks.

4.2 Influence of printing platform lifting speed
on filling time

When the lifting distance is set as an invariant, the increase
of the printing platform’s lifting speed v,, will reduce the
lifting time. The fast lifting is helpful for resin filling,
thereby reducing printing time. To demonstrate this, the
lifting distance was assigned as 2 mm, and Dys_ s [i] was
7.5 mm. At the same time, the lifting speed v,, was assigned
as 5 mm/s, 10 mm/s, 15 mm/s, 20 mm/s, and 25 mm/s,
respectively. The corresponding simulations are shown in
Fig. 11a—e. Figure 11f demonstrates that the distance of
resin filling increases with the increase of v,. It can be
observed that the increase of the printing platform’s rising
speed is beneficial to the resin refilling.

Figure 12a to c are the resin filling distances in real using
the same parameters as in simulations (Fig. 11a—c).

4.3 Influence of the fluorinated oil to resin ratio
on filling time

As shown in Eq. 17, increasing the resin height H, will
increase the driving force of the resin movement and
accelerate the resin flow. In Fig. 13a—e, Dy [i] was 7.5
mm, v, was 15 mm/s, the lifting distance was 2 mm, and
the ratio of fluorinated oil to resin was 1:3, 1:4, 1:5, 1:6, and
1:7 respectively. Figure 13f demonstrates that increasing
the relative portion of resin can reduce the resin filling
time. However, compared with the driving force p1 g H,, the
height of the resin H, has less influence.

4.4 Influence of slices’ min-max distances on filling
time

To explore the influence of different slices’ min—max
distances Dys_ s [i] on the resin filling speed, v,, was fixed
at 5 mm/s, and H; was set as 2 mm. The Dy;_y [i] in
different models were 1 mm, 2 mm, 4 mm, 7.5 mm, and
10 mm. The corresponding resin filling distance is shown in
Fig. 14a—e. It can be seen that lifting the platform will result
in a more significant fluctuation on the free-surface with the

@ Springer
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Fig.9 Influence of printing platform lifting distance on resin filling distance. a Hy=1 mm. b H;=2 mm. ¢ H;=3 mm. d H;=4 mm. e H;=5 mm. f
The relationship between the lifting distance of the printing platform and the resin filling distance

increase of Dys_ps [i] the resin. Figure 14f shows that T is
a quadratic function of Dys_p [i] because dx in Eq. 17 is
proportional to Dy [i].

Figure 15a to c are the experimental verifications of
Fig. 14c—e. It can be observed that the actual printing
process is very similar to the simulations. Therefore, an
increase of the Dys_ s [i] of the slice will affect the filling
time T of resin.

5 Estimation of key printing control
parameters

The key parameters in our printing scheme are the resin
curing time, MFD for continuous printing, OLH for
layer-wise printing, and OLS for continuous and layer-
wise printing. This section shows how to estimate these
parameters.

Fig. 10 Verification of simulations in Fig. 9. a Printing platform lifting 2 mm and resin filling 0.5 s. b Printing platform lifting 3 mm and resin

filling 0.5 s. ¢ Printing platform lifting 4 mm and resin filling 0.5 s
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v, =25 mm/s. f The relationship between the printing platform rising speed and the resin filling distance

5.1 Estimation of resin curing time

The transmission depth D, and the critical exposure E.
of the photosensitive resin determine the curing level
required for each layer of resin in the layer-wise and
continuous printing process, as shown in Egs. 18 and 23.
The equipment setup in Fig. 16 is employed to verify
these two equations. The DLP light source was located

omm 1 2

!LJJLLLMLIHIH Il ‘u\umluwn i |f |IH|th|Hh Hun

above the resin tank, and the distance from the DLP light
source to the interface of resin and fluorinated oil. A
Newport 1936-R power meter was used to measure the light
intensity after homogenization, which was 7.5 (mW /cm?).
The resin was irradiated for 5, 10, 15, 20, and 25 s,
respectively. The curing depth C; and cumulative light
energy In(E,) at different exposure times are recorded as
shown in Table 2. The curve fitting result is shown in

1|||2|u|
you 2 A avusmnnuuw

oot oo o

amnuz:nx

1 |

(©

Fig. 12 Verification of simulations in Fig. 11. a Printing platform rising 5 mm/s and resin filling 0.5 s. b Printing platform rising 10 mm/s and
resin filling 0.5 s. ¢ Printing platform rising 15 mm/s and resin filling 0.5 s
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(a)

s
|

Fig.15 Verification of simulations in Fig. 14. a Dys_ s [i]=4 mm and resin filling 0.5 s. b Dy;_ s [{]=7.5 mm and resin filling 0.5 s. ¢ D s [i]=10

mm and resin filling 0.5 s

Fig. 17, which is consistent with the theoretical analysis.
According to Eq. 18, the penetration depth of the light used
in the experiment is D,=0.74 mm, and the critical exposure
E. is 18 (mJ/cm?). According to Eq. 19, if the thickness
of the printed slice is 0.1 mm, the required curing time in
layer-wise printing is 2.8 s. This has been verified in real
printing trials, in which the curing time was measured to be
3s.

5.2 Estimation of MFD

For continuous printing, the resin needs to fill the gap
between the printing platform and the upper surface of the
fluorinated oil as the platform is being lifted. At the same
time, the resin filled in the gap should be fully cured before
the next frame of the image is played. So for continuous
printing, the largest Dy [i] in all slices needs to be less
than or equal to MFD, the combination Eq. 15 has:

t=1/f, 5
_ . Hy*(4Dy—Hy) dp
MFD = w1y * t = [ T2, (A=Dy) dx * 141 (24)
HS = Uy * l/fn

Fig. 16 Measuring device for transmission depth and critical exposure

Then it can be deducted that:

2
MFD:U%-L-le—IH (25)
LG
The vy, in the equation needs to meet the requirements of
the curing depth of the conditional continuous printing resin
single layer. But the slip distance Dy associated with C3,
and the pressure gradient |Z—;’| in Eq. 25 is unknown. So we
estimated MFD according to numerical simulation results.
|§—£| represents the pressure gradient between the boundary
of the model and the boundary of the current filling position
when the resin is filled. And the resin and fluorinated oil
are incompressible fluids. Therefore, the lifting speed was 5
mm/s, the lifting distance was 4mm, and Dy;_ps [i] was 7.5
mm. The cross-sectional distribution of %7/, at the filling
area is shown in Fig. 18 after the platform has been lifted
for 0.6 s. A |Z—£| = 8.07 % 105Pa/m can be deducted. We
calculate the pressure gradient of different lifting speeds,
lifting distances, and the maximum diameter of the printed
model slices, and find that the difference between it and
8.07 % 105Pa/m is less than 3%. Therefore, it is considered
that |Z—§| is approximately a constant of 8.07 s 10°Pa/m.
The lifting speed of the continuous printing platform is
slow, and it can be considered that there is a very small
slippage between the resin and the printing platform:

vm? 8.07 % 103
MFD ~ — « ——— (26)
LY 2
Let us assume that the DLP light source switches 1
slice image per second, and the rising speed of the printing
platform is 0.1 mm/s. At this time, according to Eq. 26,
the MFD is 1.5 mm. Figure 19 shows the actual printing
test based on the above parameters. From left to right are
the printed cuboids, whose heights are all 10 mm, while
their cross-sectional areas are 2 mm*2 mm, 3 mm*3 mm,
3.5 mm*3.5 mm, 4 mm*4 mm, and 4.5 mm*4.5 mm
corresponding to MFD 1 mm, 1.5 mm, 1.75 mm, 2 mm, and
2.25 mm. It can be seen that the 2 mm* 2 mm and 3 mm*3
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Table 2 Cure depth at different
exposure energies

Cumulative light intensity (mw/cm?)

37.5 75 112.5 150 187.5

Filling time (s)

0.6 1 1.2 1.6 1.8

mm cuboids have smoother surfaces, while the surfaces of
3.5 mm*3.5 mm, 4 mm*4 mm, and 4.5 mm¥*4.5 mm cuboids
are rougher. There are dents of different sizes resulting
from insufficient resin filling, so the MFD estimated by
simulation is consistent with that in the practical printing.

5.3 Estimation of OLH

According to the simulation results in Fig. 9f, the layer-wise
printing has an OLH. Therefore, Eq. 17 can be simplified
into Eq. 24 to obtain the OLH:

H 6 dx  H’
T A2 Ly 6555 = 2
U H dp  4vuy,

27)

where the slip length Dg is much smaller than
the lifting height H; of the printing platform, and
(Hy — Dyg) / (Hy — 4Dy) in Eq. 17 is can be taken as a
constant C3, which is greater than 1. According to Eq. 27, it
can be observed that when the lifting distance of the print-
ing platform is higher than a certain value, it has almost
no effect on the resin filling time, and the H; is assigned
as OLH. In addition, Fig. 20 also proves that different
Dyy—pm [i]s have their corresponding OLHs.

To verify the accuracy of the simulations and the
expression of the relationship between OLH and filling time
in Eq. 27, Dp;—p [i] of 2 mm, 4 mm, 7.5 mm, and 10 mm
were tested in real printed experiments. The printed samples
are shown in Fig. 21. It can be seen that models with side
lengths of 4 mm and 8 mm have OLH less than or equal to

N

Cure depth(mm)
- 4]

4 4.5 5 5.5
In(Eo)

Fig. 17 Fitting results of exposure energy and curing depth

@ Springer

3 mm. OLH for the mode of side length of 15 mm is 4 mm,
and 5 mm for the model of side length of 20 mm. The results
are consistent with simulations in Fig. 20.

5.4 Estimation of OLS

When the lifting speed exceeds a certain value, the flowing
distance of the resin will reach a plateau, as shown in
Fig. 11f. In the meantime, if the lifting speed is too fast, it
may bring other problems. Therefore, it is necessary to find
the optimum lifting speed by considering the OLS of the
two printing modes separately.

5.4.1 OLS for continuous printing

In continuous printing, the printing platform is lifted
continuously. In the meantime, the resin filling the gap
between the printed part and the fluorinated oil should be
fully cured to ensure the quality of the printed product.
Therefore, Eq. 23 needs to be satisfied. However, this is
affected by the mechanical accuracy, image updating speed,
resin curing speed, and data transmission speed. The lifting
speed of continuous printing cannot be infinite. Taking the
TBI screw at the C5 level, for example, the mechanical
precision is 10 um, and the minimum thickness of the slice
is 10 um. Therefore, for continuous printing, the minimum
value of the rising speed is 10um/s. If we print n slices per
second, then the minimum lift speed is n*10um/s.

Let us assign the mechanical precision as & and the
number of frames updated per second as f,,. We can obtain
the lifting speed of the printing platform in continuous
printing:

E (I)-D
e fu <y = D0
E.

(28)

For our system, if we need to print with an accuracy of
20 um per layer and f;, is three, the OLS for our system in
continuous printing is 60 um/s.

5.4.2 OLS for layer-wise printing
Both layer-wise and continuous printing require the resin to

be quickly refilled. However, layer-wise printing is different
from continuous printing as the light projection is separated
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Fig. 18 Pressure gradient
distribution

0.02

)

0.015

Vertical distance(m

0.01

by dark intervals. Therefore, the image updating speeds
need to be considered. Furthermore, if the rising speed
of printing platform is too fast, it is possible to induce
significant fluctuations to the interface between the resin
and the fluorinated oil. Therefore, the layer-wise printing
speed needs to be determined according to the lifting height
of the printing platform, the mechanical system, and the
stability of the interface between the two-phase flows.

The printing platform, the printing object, and the
connection device between the platform and the lead screw
are considered as the load of the mechanical system. As the
weight of the load increases, the torque of the motor will
increase, and the speed of the motor will decrease. It will
limit the rising speed of the printing platform. Taking the
J-5718HB3401 type motor equipped with a C5 grade TBI
fine lead screw with a precision of 10 um as an example, its
lead is 5 mm, and the load is 8 kg. To ensure the stability

Fig. 19 MFD print verification

1
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1
I
|
I
I
|
I
1

| L1 3 id_x_§ L
-0.006 -0.005 -0.004
Horizontal distance(m)

0
Horizontal distance(m)

of the entire system operation, the fastest rising speed of the
printing platform is 30 mm/s.

The rise of the printing platform lifts the printed parts
from the interface, resulting in the interface’s interfacial
wave between the resin and the fluorinated oil in the form
of a hyperbolic sine decreasingly from the center to the
periphery. We simulated that the printing platform with the
printed part of Dys_ps [i] of 7.5 mm was lifted by 5 mm at
speeds vy, of 5 mm/s, 10 mm/s, 15 mm/s, 20 mm/s, 25 mm/s,
and 30 mm/s respectively, as shown in Fig. 22. It can be seen
that the interface fluctuation is minimal when v,, <15 mm/s.
When v, is greater than 20 mm/s, there is a significant
fluctuation at the interface. It is necessary to wait until
the interface is stable before printing the next layer, which
undoubtedly increases the printing time. Furthermore, we
plotted the fluctuation variation of the two-phase interface
in the range of 0-0.6s with speeds v, of 5 mm/s, 15 mm/s,
and 30 mm/s respectively as shown in Fig. 23. It can be seen
that when v,,=15 mm/s, the free-surface tends to be stable
after the resin is filled, and when v,,=30 mm/s, the free-
surface oscillates due to the interfacial wave. Therefore, we
take v, =15 mm/s as OLS for layer-wise printing.

6 Experiments
Based on the printing control scheme, the system in Fig. 8b

is used for printing. To ensure that the model sticks to the
board, the first three layers of all models were printed in the

@ Springer



1524

The International Journal of Advanced Manufacturing Technology (2023) 125:1511-1529

Dy—mli]J=2mm Dy_pli]=4mm D,,_,[i]=7.5mm Dy [i]]=10mm

003 003

0005 0 " 0005 0
Horizontal distance(m)

2

Hg=3mm

Yertcal distange(m)

Vertical dstagoe(m)
b

2

“0.015 001 01 0015 L +0.015 001

0005 00005 001 0015
Horizontal distance(m)

°
2
°
S
2

%
2

Yertcal dstange(m)

Vertical dstange(m)

s
o
s

9 +0.015 001 .0005 ) 0005 001 <0015 001 .0005 o 0005 001 0015
Horizontal distance(m) Horizontal distance(m)

2
°
2

2

Hg=4mm

Yertical distange(m)

Yertical dstange(m)
s

s

o 0015 001 001 0015

0.005 0 0.005 0.005 o 0.005
Horizontal distance(m) Horizontal distance(m

001 0015 00
)

°
2
°

%
2
2

Yertical distange(m)

Vertical distange(m)

o
s

~0015 -0.01

0005 0 0005 001 0015
Horizontal distance(m)

1:0005 0 0005 001 0015
Horizontal distance(m)

°
2
2

%
2

Ho=5mm

Vertical distange(m)

Yertical distange(m)

o1

070015 001 05001 0015 00015 ~0.01

-0.005 0 0.0 -0005 0 0005
Horizontal distance(m) Horizontal distance(m)

2

Vertical distagpe(m)
S

fertical distange(m)
b4

2
Vi

002 -0015 -001 -0005 0 0005
Horizontal distance(m)

001 0015 L <0015 001 001 0015

0005 0 0005
Horizontal distance(m)

Fig.20 Simulation of different Djs_ps [i]s corresponding to OLH

layer-wise printing mode. The exposure time was 12 s, and
the dark time was 4 s. To ensure the stability of the free-
surface, the printing platform descended at the same speed
as it ascends. Figure 24a is a teeth model to be printed, and
Fig. 24b is the largest model printed in continuous mode.
In the continuous mode, we used the same parameters as
Li’s method [17], i.e., a lifting speed of 60 pwm/s, and an
image updating time of 1.6 s. Accordingly, the calculated
MED for the slice is 3.6 mm. Increasing the model’s size

R an

under the same settings resulted in failures because the
resin cannot get refilled completely, as shown in Fig. 24c.
Although the model in Fig. 24a can be printed continuously
in the vertical direction, it requires additional support and
post-processing, which undoubtedly increases printing time
and material cost. Using our proposed method, the model
was firstly analyzed and processed according to the size
of an adult’s teeth. The selection of continuous printing or
layer-wise printing for the current slice layer of the model

(b)

(c)

Fig.21 Print test of different Dys_ s [i]s corresponding to different lifting heights. a Lifting height 3 mm. b Lifting height 4 mm. ¢ Lifting height

5 mm
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(d)

Fig. 24 Comparison of products with continuous printing. a Teeth
model. b The largest model printed in continuous mode. ¢ Increase
the size of the model under the same settings as b. d The selection of

is marked in Fig. 24d, and e is the actual print model. The
proposed method can print solid structures, which cannot
be printed using continuous printing. Figure 25a is a child
femur model. Most slices of the model are solid and its
Dy [i] are larger than the MFD, so it cannot be printed

Continuous —

layer-wise —

(2)

 Duw [600]= 3.3mm< MFD
OlH=——

Dy-n[400]=16mm > MFD
__OLH=6.6mm

DM _u[30]=7.5mm> MFD
OLH=4mm

~—Continuous

—layer-wise

continuous printing or layer-wise printing for the current slice layer. e
The actual print model according to the size of an adult’s teeth

continuously. The printed model is shown in Fig. 25b. The
printing times of Fig. 24e and b are shown in Table 3.

In order to verify the effectiveness of the proposed
method, the model in Li’s method [17] was printed. The
actual printing result is shown in Fig. 26. The printing

Fig. 25 Femur model with more solid slices. a The child femur model. b Normal scale print model
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Table 3 The print time for models

Model Teeth Femur Tower Gear
Layers 67 610 491 72
Printing time (s) 320 2750 1320 228
Li’s method — — 3120 —

time is shown in Table 3. It can be seen that our
method requires less time for the same models. The key
is the accurate printing control parameters optimized by
numerical simulation.

7 Conclusions

In this paper, a CFD-based 3D printing control scheme
is proposed to optimize the printing control parame-
ters and overcome the insufficient compatibility of con-
tinuous printing with solid structures and limitations of

J —— g & —)
— e

i I

(e)

Fig.26 3D models to be printed. a Tower model. b Printed tower model. ¢ Gear model. d Printed gear model

layer-wise

Continuous

layer-wise

Continuous
= layer-wise

| .
i Continuous

'\ '
) layer-wise

experiment-based optimization of control parameters when
using a fluid low adhesion interface. The main idea is to
use the VOF method to establish a numerical model to sim-
ulate the variation of the free-surface between the resin
and the fluorinated oil after printing. Furthermore, based on
Poiseuille flow, Jacobs working curve, and Beer-Lambert
law, the relationship between the key printing parameters is
determined. According to the established relationship and
numerical model, the key parameters include resin curing
time, MFD for continuous printing, OLH for layer-wise
printing, and OLS of the printing platform for both contin-
uous and layer-wise printing can be estimated. The experi-
mental results show that the numerical model established in
this paper can well approximate the practical printing situa-
tion. The optimal printing control parameters such as MFD
and OLH from simulations are in consistent with those
found in the actual printing. The printing time for a given
model required in our method is much shorter than those
needed by other existing methods. The practical printed
models demonstrate that the proposed method can print
larger-scale models with solid structures and take less time.

Continuous

(d)
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