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Abstract
A three-dimensional computational fluid dynamics model to analyze the dynamics of ink at the outlet of a slot-die coater and wet
coated layer thickness is presented in this paper. This model can be used to estimate the thickness deviation of the coated layer in
the transverse direction, which cannot be obtained by using the conventional two-dimensional model. The internal geometry of
the slot-die coater was statistically optimized by using the Box–Behnken design of experiment. Experimental results show that
the thickness deviation is improved by 71% in the slot-die coater having an optimal internal geometry and inlet flow rate. The
developed model is expected to be useful in obtaining the desired coating conditions and geometry of the slot-die coater without
costly and time-consuming experiments.
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1 Introduction

Printed electronic devices have been spotlighted as a next-
generation electronics field [1–4]. In the field of printed pho-
tovoltaics and batteries, the level of device manufacturing
technique is reaching close to making commercialization fea-
sible. Conventional paper-based printing techniques, such as
gravure, screen, inkjet printing, and slot-die coating, have
been used to print functional layers for fabrication of the
printed electronic devices. Particularly, the slot-die coating is
widely used because of its characteristics of large-area coating
and easy control of the coated layer thickness [5, 6]. Thus far,
many studies have been reported on the dynamics of ink in the

slot-die coating, statistical optimization of the coating process,
and its application. Scriven et al. determined the low limit of
wet coated layer thickness considering a viscocapillary model
[7]. Lee et al. proposed a fluid model to form a thin film in the
slot-die coating followed by verification of the model using
the flow network modeling method [8]. Romero et al. ana-
lyzed the dynamics of ink in the ink deposition phase using
computational fluid dynamics (CFD) [9–12]. Park et al. sta-
tistically optimized the slot-die coating conditions using a re-
sponse surface methodology in an antireflection film coating
[12]. Lee et al. analyzed the relation between the tension,
velocity, and ink viscosity on the thickness and roughness of
printed patterns using the two-level full-factorial design of
experiments [13]. Based on the analyses, a transparent con-
ductive layer [14–16], photovoltaics [17–20], and organic
light-emitting diodes [21] can be fabricated using various
functional inks, such as graphene and silver nanowires. In
most previous studies, the dynamics of the ink in the coating
process were analyzed under the assumption that the thickness
of the coated layer is uniform in the transverse direction.
However, the ink velocity at the outlet of the slot-die coater
could be different in the transverse direction according to the
geometry of the slot-die coater and coating conditions,
resulting in various coating defects. In this study, the dynam-
ics of ink at the outlet of the slot-die coater were analyzed
using three-dimensional CFD models. The geometry of the
slot-die coater was optimized using a Box–Behnken
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experimental design, which is a representative statistical opti-
mization technique, followed by experimental verifications.

2 Thickness estimation of the coated layer
using CFD

Figure 1 presents the schematics of the slot-die coater. In the
figure, ink is filled in the reservoir of the slot-die coater by an
ink supplier and coated on a substrate through the shim plate.
The velocity of ink at the outlet of the coater can be changed
according to the geometry of the reservoir, resulting in the
thickness variation of the coated layer.

2.1 Modeling of dynamics of ink in the slot-die coater
using CFD

The dynamics of ink in the slot-die coater were modeled using
a CFD technique (ABAQUS V6.14) to analyze the velocity
difference of ink according to the geometry of the slot-die
coater in the transverse direction. Equation (1) presents the
governing equation of the dynamics of ink in the inner side
of the slot-die coater. Equation (1) represents the Navier–
Stokes equation for an incompressible fluid and the
Reynolds number of the fluid is approximately 122; therefore,
the flow was set to laminar flow. With respect to the boundary
conditions, the flow rate, pressure, and wall conditions were
set to those at the inlet, outlet, and side of the flow model,
respectively. The flow rate was set to 1~30 mm/s at the inlet,
and the pressure was set to 101,325 Pa at the outlet.

d
dt

∫vρvdV þ ∫sρv⊗ v−vmð Þ � φdΓ

¼ ∫v∇pdV þ ∫sτ � φdΓ þ ∫vfdV ð1Þ

where V is an arbitrary control volume having surface Γ, φ is
the normal vector on Γ, ρ is the fluid density, p is pressure, v is

a velocity vector, vm is the velocity of the moving elements, f is
the body force, and τ is the viscous shear stress.

Flow resistance in the viscous fluid can be derived by the
relation between a derivative stress applied to elements and
strain rate, as shown in Eq. (2).

σ ¼ 2ηe˙ ¼ ηγ˙ ð2Þ

where σ is the derivative stress, ė is the strain rate of the
element to which σ is applied, η is the viscosity of the fluid,
and γ̇ is the nominal shear strain.

Table 1 presents the properties of the ink and coating
conditions. Considering the ink used in this study, a
gadolinium-doped ceria (GDC), which is a ceramic elec-
trolyte in a solid oxide fuel cell, fluid type, was set to the
Newtonian fluid. The density and viscosity of the ink were
3.4 g/cm3 and 100 cP, respectively. The pressure in the
output of the slot-die coater was atmospheric pressure.
Figure 2 presents the internal geometries of the slot-die
coater considered in this study. The factors affecting the
slot-die coater outlet speed were selected as the design
parameters in the optimization. The levels of each factor
were determined considering the range of the factor used in
the actual process. The reservoir angle was 25°, thickness
of the shim plate was 120 μm, and flow rate was 10 mm/s.
The width of the coating layer was 0.1 m, and the film
speed was 1 m/min. The number of coated strips was 1.
Figure 3 presents the velocity profile of the ink at the outlet
of the slot-die coater in the transverse direction. The veloc-
ity profiles were derived from the velocity at the outlet of
the slot-die coater using the CFD simulation. Using the
derived velocity distribution, the wet thickness of the coat-
ed layer was estimated using the model in Section 2.2.

2.2 Wet thickness estimation model

The wet thickness of the coated layer according to the velocity
of the coated ink at the outlet of the coater can be easily

Fig. 1 Schematics of the slot-die
coater
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obtained by the mass conservation law in the control volume,
marked in Fig. 1.

d
dt

∫C xð Þdx ¼ f r− NwtS½ � ð3Þ

where x is a coating direction, i.e., film transported direction,
C(x) is the volume of the coated layer according to x, fr is the
flow rate of the coated ink, N is the number of strips of the
coated layer, t is the wet thickness of the coated layer, w is the
width of the unit strip, t is the thickness of the coated layer, and
S is the film transported speed.

In the steady state, Eq. (3) can be simplified as follows:

f r ¼ nwtS ð4Þ

In Eq. (4), t can be obtained as shown in Eq. (5). If the
number of strips is 1, Eq. (5) can be simplified as Eq. (6).

t ¼ f r
NwS

ð5Þ

t ¼ f r
wS

ð6Þ

In Eq. (6), a widening after coating is not considered.
However, the widening or ink agglomeration could be gener-
ated by the difference between the surface tension of the ink
and surface energy of the substrate. The thickness variation
can be considered by applying a correction factor K to the
numerator of Eq. (6): K can be obtained empirically [22]. In
this study, K was determined as 0.3.

2.3 Experimental verifications

Figure 4 presents the roll-to-roll slot-die coating system (a)
and the slot-die coater (b). Figure 5 presents the estimated
coating thickness derived by the CFD model and the wet
thickness estimation model in Section 2. In Fig. 5, black rect-
angular marks and red circular marks present the coating layer
thickness estimated by the CFD and wet thickness estimation
model and the measured thickness of the coated layer, respec-
tively. One can see that the trend of the estimated thickness is
similar to that of the measured thickness. To evaluate the es-
timation ability of the proposed models, a normalized root
mean square deviation (NRMSD), shown in Eq. (7), was used.

NRMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

t¼1 Tt−T̂̂t
� �2
n

s

Tmax−Tmin
ð7Þ

where Tmax and Tmin are themaximum andminimum values in

the measured thickness data, respectively; Tt and T̂ t are the
measured and estimated thickness at tth data point, respective-
ly; and n is the number of data points for NRMSD.

For experimental verification, the internal angle of the res-
ervoir was set to 25°, the flow rate was set to 10 mm/s, and the

Fig. 2 Internal geometry of the
slot-die coater used in this study

Table 1 Properties of yttria-stabilized zirconia and coating conditions

Parameter Units Value

Fluid type – Newtonian

Outlet pressure Pa 101,325

Fluid viscosity cP 100

Fluid density g/cm2 3.4

Coated layer width m 0.1

Film speed m/min 1
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shim plate thickness was 120 μm. The average measured and
estimated coated layer thicknesses are approximately 14.18
and 14.86 μm, respectively. The estimated model has a
92.3% estimation ability. Using the proposed models, the in-
put flow rate and internal geometry of the slot-die coater were
statistically optimized using the Box–Behnken experimental
design.

3 Optimization of the internal geometry
of the slot-die coater

The internal geometry of the slot-die coater, i.e., the reservoir
angle and thickness of the shim plate, and the input flow rate
were statistically optimized to improve the uniformity of the
velocity profile of ink in the transverse direction at the output
of the slot-die coater. The range of the reservoir angles was
25° (− 1) to 35° (1). The volume of the reservoir section in
which the supplied ink from the inlet was filled could be
different according to the reservoir angle. The vertical length
shown in Fig. 3 was determined according to the reservoir
angle (shown in the inner figure of Fig. 3) to maintain the
reservoir volume consistently. The range of the shim plate

thicknesses was determined from 120 (− 1) to 160 μm (1)
considering the shim plate thickness used in previous research
[12]. The inlet flow rates were determined to 1 (− 1), 10 (0)
and 30 ml/min (1).The GDC was coated according to the
experimental order design by the Box–Behnken model shown
in Table. 2. The output velocity deviation according to the
factors was evaluated by the standard deviation of the obtain-
ed velocity profile to the average velocity of the profile, as
shown in Eq. (8). The right-end column in Table 2 presents the
thickness deviation of the coated layer according to the inter-
nal geometries of the slot-die coater and inlet flow rate.

u ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
ai−a

� �2

n−1

vuut
1

n
∑
n

i¼1
ai

ð8Þ

where u is standard deviation of velocity profile in the width
direction; n is the number of calculated points in a velocity
profile; and ai is the velocity of the nth point in the velocity
profile.

Analysis of variance (ANOVA) was used to determine
the statistical significance of the three factors. The

Fig. 4 a Roll-to-roll slot-die coating system and b the slot-die coater

Fig. 3 Velocity profile of the discharged ink at the outlet of the slot-die coater in the transverse direction
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significance of the three factors was evaluated with the
help of a Pareto chart, which is a useful tool to express
the significant level graphically, as shown in Fig. 6. In the
figure, the x- and y-axes are the standardized significance
and the main and interaction effects of the factors. “A,”
“B,” and “C” are the shim plate thickness, inlet flow rate,
and reservoir angle, respectively, on the y-axis. The red-
dotted line is the criterion of the significant evaluation. In
the statistical analysis results, the standardized significant
at a confidence interval of 95% is 0.0988, and if a factor
has a standardized significant larger than 0.0988, the fac-
tor is considered to be significant on the thickness varia-
tion at the 95% confidence interval. One can see that the
main effect of the reservoir angle affects the thickness
deviation most significantly, followed by the main effects

of the shim plate thickness and the inlet flow rate. Using
the significant factors, a regression model was obtained as
Eq. (9). Thickness deviations according to the factors
were calculated using the model, and the optimal level
of each factor was determined by using a desirability
function, which is one of the most currently used criterion
approach in the optimization of input factors [23]. The
range of the desirability function is 0 (worst)–1 (best).
The measured thickness deviations were transformed into
numbers on a dimensionless desirability scale.

Th ¼ 0:2271þ 0:00147x1 þ 0:00489x2 þ 0:00122x3 ð9Þ
where x1, x2, and x3 are the normalized levels of the shim
plate thickness, reservoir angle, and inlet flow rate, re-
spectively, and Th is the estimated thickness deviation.

Equation (10) presents the minimum desirability function
used in this study. In the minimum desirability function, dm is
increased with decreasing y.

Table 2 Experimental order
based on thickness deviation and
the corresponding results

Run order Inlet velocity Thickness of shim plate Reservoir angle Thickness deviation

1 1 − 1 0 0.0178

2 0 1 − 1 0.0216

3 − 1 1 0 0.0193

4 1 1 0 0.0210

5 − 1 − 1 0 0.0216

6 0 1 1 0.0213

7 0 − 1 − 1 0.0211

8 1 0 − 1 0.0215

9 0 − 1 1 0.0210

10 1 0 0 0.0227

11 1 0 1 0.0231

12 − 1 0 − 1 0.0223

13 − 1 0 0 0.0242

14 − 1 0 1 0.0241

15 0 0 0 0.0287

Fig. 5 Estimated coated layer thickness derived by using the CFD model
and the wet thickness estimation model in Section 2, and the measured
coated layer thickness

Fig. 6 Pareto chart

Int J Adv Manuf Technol (2019) 104:2991–2997 2995



dm ¼
1 if y < T

y−M
T−M

� �s

if T ≤y≤M

0 if y > M

8><
>: ð10Þ

where dm is the desirability value; y and T are the measured
and target values, respectively; M is the upper permissible
value; and exponent s is the weight that shows the importance
of the target value. In this study, T, M, and the exponents s
were 1.2, 4, and 1, respectively.

Figure 7 presents the dm of the ideal (dm = 1) and
optimal cases, and experimental results shown in
Table 2. The dm values over 0.9, between 0.6 and 0.89,
and below 0.59 have good, appropriate, and bad coating
qualities [24]. In the optimal case, the inlet flow rate,
reservoir angle, and thickness of shim plate are 23 mm/
s (0.65), 25° (− 1) and 120 μm (− 1), and the corre-
sponding dm is 0.95. The thickness deviation is below
0.0147. The GDC was coated in the optimal levels of
the factors to experimentally verify the effects of the
determined conditions on the improvement of the thick-
ness deviation. Figure 8 presents the thickness profiles of
the wet coated layer before and after the optimization of
the factors. In the conventional case, the inlet flow rate,
reservoir angle, and shim plate thickness are 10 ml/min
(0), 30° (0), and 140 μm (0), respectively, and it has a
thickness deviation of 0.0287. It can be seen that the
average thickness deviation is decreased by 71%, which
demonstrates the effect of optimization.

4 Conclusion

In this study, we developed a three-dimensional slot-die
coating model by using the CFD technique to analyze the

dynamics of ink at the outlet of the slot-die coater and
wet coated layer thickness. The application of the model
was verified experimentally. Using the model, the thick-
ness profile of the layer in the transverse direction can be
obtained according to the geometry of the slot-die coater
and coating conditions. The developed model has a supe-
rior thickness estimation ability of 92.3%. Based on the
developed model, the internal geometry of the slot-die
coater and the inlet flow rate were statistically optimized
by the Box–Behnken design of the experiment. The op-
timal factors were determined by using the regression
model obtained by ANOVA and the minimum desirability
function. Experimental results show that the thickness
deviation is improved by 71% in the slot-die coater hav-
ing the optimal internal geometry and inlet flow rate. We
envision that the developed model would be useful to
obtain desired coating conditions and the geometry of

Fig. 7 dm of the ideal (dm = 1) and
optimal cases, and experimental
results shown in Table 2

Fig. 8 Thickness profiles of wet coated layer before and after the
optimization of the factors
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the slot-die coater without costly and time-consuming
experiments.
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