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Featured Application: Enhancing design rules of complex printed circuit boards—electronic
assembly process optimization in the early design phase.

Abstract: The pin-in-paste technology is an advancing soldering technology for assembling complex
electronic products, which include both surface-mounted and through-hole components. A computa-
tional fluid dynamics model was established to investigate the stencil printing step of this technology,
where the hole-filling by the solder pastes is the most critical factor for acquiring reliable solder joints.
The geometry of the transient numeric model included the printing squeegee, the stencil, and the
through-holes of a printed circuit board with different geometries and arrangements. A two-phase
fluid model (solder paste + air) was applied, utilizing the Volume of Fluid method (VoF). The rheo-
logical properties of the solder paste were addressed by an exhaustive viscosity model. It was found
that the set of through-holes affected the flow-field and yielded a decrease in the hole-filling if they
were arranged in parallel with the travelling direction of the printing squeegee. Similar disturbance
on the flow-field was found for oblong-shaped through-holes if they were arranged in parallel with
the squeegee movement. The findings imply that the arrangement of a set of through-holes and the
orientation of oblong-shaped through-holes should be optimized even in the early design phase of
electronic products and during the set of assembly processes. The soldering failures in pin-in-paste
technology can be reduced by these early design-phase considerations, and the first-pass yield of
electronic soldering technologies can be enhanced.

Keywords: pin-in-paste technology; fluid dynamics; non-Newtonian fluid properties; transient
numerical modelling; through-hole shape; reflow soldering

1. Introduction

With the rapid development of complex printed circuit boards for advanced appli-
cations, electronics components have become smaller, on the one hand, and pin-in-paste
technology has come into focus, on the other hand. Pin-in-paste technology provides an
advanced assembly method for complex electronic assemblies, where both the surface
mounted (SM) and the through-hole (TH) components are assembled at the same time by
reflow soldering technology [1]. The steps of the pin-in-paste technology are the same as
that of the reflow soldering technology: (1) depositing the solder paste onto the soldering
pads and into the plated through-holes of the printed circuit board by stencil printing;
(2) placing the electronic components (also the TH components in this case) into the de-
posited solder paste; (3) soldering the components by transporting the printed circuit
assembly through a reflow oven, in which the thermal profile is carefully adjusted by
setting the proper temperature of individual heating zones (Figure 1).
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Figure 1. Schematic of the steps of pin-in-paste technology. 

The rapid spread of pin-in-paste technology requires exhaustive analyses of the hole-
filling by solder paste and optimization of the stencil printing process. This is of particular 
importance due to previous researchers reporting that the improper setup of this process 
could cause 50–60% of the soldering failures [2]. These soldering failures include the for-
mation of solder bridges or open joints, if the amount of deposited solder paste is larger 
or smaller than expected (defined by the volume of the stencil aperture). 

Optimizing the stencil printing process can improve both the quality and the relia-
bility of solder joints [3]. During the optimization, parameters affecting the process shall 
be considered, such as the rheological properties of solder paste, the printing speed, and 
the geometry/orientation of apertures and plated holes for SM and TH components, re-
spectively [4,5]. Many research works have proven the correlation between the paste 
properties and the transfer efficiency of the printing [6,7]. The transfer efficiency charac-
terizes the amount of solder paste deposited onto the soldering pads and into the plated 
through-hole of the printed circuit board. Solder pastes have shear-thinning properties, 
aiding the flow into the plated through-holes. Solder pastes also have a thixotropic nature 
for recovery, which allows them to be fixed in the through-holes until the components 
have been inserted [8]. 

Many researchers developed numerical models for the stencil printing process to 
study the influence of the different parameters on the process. Bailey et al. created a 2D 
numerical model to identify optimal stencil printing parameters for flip-chip assembly [9]. 
A similar finite volume model was created by Krammer for the stencil printing process to 
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The rapid spread of pin-in-paste technology requires exhaustive analyses of the hole-
filling by solder paste and optimization of the stencil printing process. This is of particular
importance due to previous researchers reporting that the improper setup of this process
could cause 50–60% of the soldering failures [2]. These soldering failures include the
formation of solder bridges or open joints, if the amount of deposited solder paste is larger
or smaller than expected (defined by the volume of the stencil aperture).

Optimizing the stencil printing process can improve both the quality and the reliability
of solder joints [3]. During the optimization, parameters affecting the process shall be
considered, such as the rheological properties of solder paste, the printing speed, and the
geometry/orientation of apertures and plated holes for SM and TH components, respec-
tively [4,5]. Many research works have proven the correlation between the paste properties
and the transfer efficiency of the printing [6,7]. The transfer efficiency characterizes the
amount of solder paste deposited onto the soldering pads and into the plated through-
hole of the printed circuit board. Solder pastes have shear-thinning properties, aiding
the flow into the plated through-holes. Solder pastes also have a thixotropic nature for
recovery, which allows them to be fixed in the through-holes until the components have
been inserted [8].

Many researchers developed numerical models for the stencil printing process to
study the influence of the different parameters on the process. Bailey et al. created a 2D
numerical model to identify optimal stencil printing parameters for flip-chip assembly [9].
A similar finite volume model was created by Krammer for the stencil printing process
to investigate the flow of the solder paste and the pressure distribution along the stencil
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during the printing [10]. Krammer et al. and Durairaj et al. also analyzed the differences
between using Newtonian and non-Newtonian fluid properties. They proved that the
non-Newtonian behavior of solder pastes should be considered in the modelling [11,12].
Though these works provided valuable insight into the process of stencil printing, their
model used a 2D approach and applied steady-state analyses. Due to these limitations,
their models could not address the dynamics of hole-filling by the solder paste during
stencil printing, which is the most crucial output parameter in the case of pin-in-paste
technology. Similarly, the geometrical properties of plated through-holes (e.g., top-view
shape) that significantly affect the hole-filling cannot be investigated with these models.

Seo and Kim introduced an analysis method of solder paste flow into the stencil
apertures [13]. Their method included a double-step 3D modelling approach due to the
limitation in computational resources. First, the pressure distribution along the stencil
was obtained by a large-scale model; second, the aperture filling was analyzed in a small-
scale model. The limitation of their work is the usage of Newtonian fluid properties
throughout their modelling. Thakur et al. created a 3D CFD-based (computational fluid
dynamics) model to investigate the flow of solder pastes into the stencil apertures of surface
mounted components during printing [14]. They also showed that the non-Newtonian
paste properties significantly impact the yield of the stencil printing process; namely,
an increasing printing speed will increase the shear stress within the solder paste and,
consequently, increase the rate of shear. Since solder pastes are shear-thinning fluids
(decreasing viscosity over an increasing rate of shear), an increase in the printing speed will
aid the solder paste flow into the stencil apertures. It should be noted that with an increasing
printing speed, the solder paste would have less time to fill up the plated holes belonging to
through-hole components. Thereby, the increase in printing speed is not as straightforward
in pin-in-paste technology as in Thakur’s work. Rusdi et al. studied the flow of solder
paste in stencil printing at different aperture sizes and squeegee speeds [15–17]. A transient
3D CFD model was created based on the Volume of Fluid (VOF) method, and the non-
Newtonian fluid properties were addressed by Cross’s viscosity model [18]. The results of
their model match the experimental measurements with an acceptable error at different
aperture sizes, though the error might be reduced further by using Al-Ma’aiteh’s viscosity
model [19].

Based on the literature review, none of the works dealt with the hole-filling by solder
paste in pin-in-paste technology; all of them investigated the process of stencil printing
with a focus on the surface-mounted components. Thus, this research aims to prepare a
transient CFD model describing this technology, enabling the analyses of plated through-
hole geometries and their effect on hole-filling.

2. Materials and Methods
2.1. The Numerical Model

The numerical model for predicting the hole-filling by the solder paste was created
based on the finite volume method. The solder paste can be considered as an incompressible
fluid (ρ is constant). Therefore, the equation of mass continuity reduces to the volume
continuity Equation (1) [20]:

∇ · u = 0 (1)

where u is the flow velocity. In the range of the generally used printing speeds (20–200
mm/s) and by the high viscosity of solder pastes (over 30–100 Pa·s), the Reynolds number
is much lower than 1. This indicates that the Stokes flow Equation (2) can describe the
system in a steady state [21]. Additionally, the flow is considered laminar due to the low
Reynolds number.

∇p = µ∇2u + f (2)

where p is the pressure [Pa], ρ is the density of the fluid [kg/m3], µ is the dynamic viscosity
[Pa·s], and f is an applied body force [N], which is 0 in our case.
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The geometry of the model includes the printing squeegee, the solder paste (fluid),
the stencil, and the through-hole(s) of the printed circuit board, as illustrated in Figure 2.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 11 
 

where p is the pressure [Pa], ρ is the density of the fluid [kg/m3], μ is the dynamic viscosity 
[Pa·s], and f is an applied body force [N], which is 0 in our case. 

The geometry of the model includes the printing squeegee, the solder paste (fluid), 
the stencil, and the through-hole(s) of the printed circuit board, as illustrated in Figure 2. 

 
Figure 2. Schematic of the numerical model for analyzing the hole-filling by the solder paste. 

The transient, two-phase model was built using ANSYS Fluent. In the model, the air 
and the solder paste were considered incompressible. The two-phase model was based on 
the Volume of Fluid (VOF) method. The movement of the squeegee was addressed by the 
dynamic meshing method, using the bottom layering technique. The following boundary 
conditions were applied in the transient model: No-slip wall boundary conditions were 
applied at the stencil, the squeegee, and the sidewalls of the through-holes. The other 
walls possessed pressure outlet condition (Figure 3). 

 
Figure 3. Boundary conditions of the numerical model. 

Since the heat generated by the moving solder paste is negligible [22], the model was 
isothermal. Gravitational acceleration was considered as 9.8 m/s2. The dynamic meshing 
parameters were as follows: the split factor = 0.4, collapse factor = 0.2, cell height = exact 
value of meshing element size, and the implicit update was activated. The mesh size was 
optimized by grid analyses and validated by an empirical approach (Section 2.2). The final 
mesh element size for the fluid area and through-hole was 900 and 200 µm, respectively. 

The rheological properties of the solder paste were described by the Al-Ma’aiteh 
model (3) [19], with parameters valid for a Type-4 solder paste (particle size range is 20–
38 µm). 

( ) ( )
( )

1 2

0_1 _1 0_2 _2
1

2
1

1 if
( ) (1 )( ) where

0 if11

t
a n n

a ta

γ γη η η η
η β η β η β γ

γ γλ γλγ

∞ ∞
∞ ∞−

≤− −  
= + + − + =  >+   + 

 


 

 
(3) 

where ηa is the apparent viscosity; η0_1 and η0_2 are the asymptotic viscosity values belong-
ing to the zero rate of shear (10 560 and 31 500 Pa·s); γ  is the rate of shear; η∞_1 and η∞_2 

Figure 2. Schematic of the numerical model for analyzing the hole-filling by the solder paste.

The transient, two-phase model was built using ANSYS Fluent. In the model, the air
and the solder paste were considered incompressible. The two-phase model was based on
the Volume of Fluid (VOF) method. The movement of the squeegee was addressed by the
dynamic meshing method, using the bottom layering technique. The following boundary
conditions were applied in the transient model: No-slip wall boundary conditions were
applied at the stencil, the squeegee, and the sidewalls of the through-holes. The other walls
possessed pressure outlet condition (Figure 3).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 11 
 

where p is the pressure [Pa], ρ is the density of the fluid [kg/m3], μ is the dynamic viscosity 
[Pa·s], and f is an applied body force [N], which is 0 in our case. 

The geometry of the model includes the printing squeegee, the solder paste (fluid), 
the stencil, and the through-hole(s) of the printed circuit board, as illustrated in Figure 2. 

 
Figure 2. Schematic of the numerical model for analyzing the hole-filling by the solder paste. 

The transient, two-phase model was built using ANSYS Fluent. In the model, the air 
and the solder paste were considered incompressible. The two-phase model was based on 
the Volume of Fluid (VOF) method. The movement of the squeegee was addressed by the 
dynamic meshing method, using the bottom layering technique. The following boundary 
conditions were applied in the transient model: No-slip wall boundary conditions were 
applied at the stencil, the squeegee, and the sidewalls of the through-holes. The other 
walls possessed pressure outlet condition (Figure 3). 

 
Figure 3. Boundary conditions of the numerical model. 

Since the heat generated by the moving solder paste is negligible [22], the model was 
isothermal. Gravitational acceleration was considered as 9.8 m/s2. The dynamic meshing 
parameters were as follows: the split factor = 0.4, collapse factor = 0.2, cell height = exact 
value of meshing element size, and the implicit update was activated. The mesh size was 
optimized by grid analyses and validated by an empirical approach (Section 2.2). The final 
mesh element size for the fluid area and through-hole was 900 and 200 µm, respectively. 

The rheological properties of the solder paste were described by the Al-Ma’aiteh 
model (3) [19], with parameters valid for a Type-4 solder paste (particle size range is 20–
38 µm). 

( ) ( )
( )

1 2

0_1 _1 0_2 _2
1

2
1

1 if
( ) (1 )( ) where

0 if11

t
a n n

a ta

γ γη η η η
η β η β η β γ

γ γλ γλγ

∞ ∞
∞ ∞−

≤− −  
= + + − + =  >+   + 

 


 

 
(3) 

where ηa is the apparent viscosity; η0_1 and η0_2 are the asymptotic viscosity values belong-
ing to the zero rate of shear (10 560 and 31 500 Pa·s); γ  is the rate of shear; η∞_1 and η∞_2 

Figure 3. Boundary conditions of the numerical model.

Since the heat generated by the moving solder paste is negligible [22], the model was
isothermal. Gravitational acceleration was considered as 9.8 m/s2. The dynamic meshing
parameters were as follows: the split factor = 0.4, collapse factor = 0.2, cell height = exact
value of meshing element size, and the implicit update was activated. The mesh size was
optimized by grid analyses and validated by an empirical approach (Section 2.2). The final
mesh element size for the fluid area and through-hole was 900 and 200 µm, respectively.

The rheological properties of the solder paste were described by the Al-Ma’aiteh model
(3) [19], with parameters valid for a Type-4 solder paste (particle size range is 20–38 µm).
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where ηa is the apparent viscosity; η0_1 and η0_2 are the asymptotic viscosity values belong-
ing to the zero rate of shear (10,560 and 31,500 Pa·s);

.
γ is the rate of shear; η∞_1 and η∞_2

are the asymptotic viscosity values belonging to the infinite rate of shear (24 and 30 Pa·s);
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λ1 and λ2 are time constants (110 and 340 s); n1, n2 and a are dimensionless exponents (0.36,
0.69 and 7); and β is a weighting parameter depending on

.
γt (0.0125 s−1).

2.2. Model Validation

The model was validated by comparing calculated hole-fillings (for various hole
diameters and printing speeds) to measured hole-fillings. For the hole-filling measurement,
a 1.55 mm thick printed circuit board was designed, which included through-holes with
different diameters (0.8, 1.0, 1.1 and 1.4 mm), and solder paste was deposited by stencil
printing using different printing speeds (from 20 to 70 mm/s). The solder paste used was
a Type-4 (particle size range is 20–38 µm) lead-free paste, manufactured by KOKI. The
composition of the alloy in the paste was SAC305 (Sn/3Ag/0.5Cu in wt%). The solidus and
liquidus points of this alloy are 217 and 220 ◦C, respectively. The density is 7380 kg/m3,
and the (as cast) yield strength and ultimate tensile strength are 26–31 and 30–39 MPa,
respectively [23]. The hole-fillings were measured by determining the ratio between the
projected area of the solder paste and the projected area of the through-holes in side-view
X-ray images. In Figure 4, for example, the projected area of the solder paste is 28,256 px,
and the projected area of the through-hole is 38,000 px (152 · 250), resulting in a relative
hole-filling of 74.4%.
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Figure 4. Measuring the hole-filling by the solder paste on a side-view X-ray image; based on
comparing the projected area of the solder paste to the projected area of the hole (dhole·lhole), the
hole-filling is 74.4% in this specific case.

The average error between the calculated (Figure 5) and measured hole-fillings was 6%,
whereas the maximum calculation error was 12.8% (Figure 6). The model was considered
appropriate for analyzing the hole-filling for various hole shapes and arrangements based
on the comparison.
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Figure 6. Empirical and calculated hole-filling by the solder paste; length of the holes in z-direction
was 1.55 mm, and diameters were 0.8, 1.0, 1.1, 1.4 mm; average calculation error is 6%, and maximum
calculation error is 12.8%.

3. Results and Discussion

The interaction between a set of through-holes (7 pcs.) was analyzed for two cases: (a)
the through-holes were arranged in parallel with the travelling direction of the printing
squeegee; (b) the through-holes were arranged perpendicular to it. The diameter and the
z-dimension of the holes were 1.1 and 1.55 mm, respectively. These holes were distributed
evenly, at distances of 2.54 mm (Figure 7), similarly to a lead arrangement of a through-hole
serial connector.
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Figure 7. Numerical model, where the through-holes are arranged in parallel with the travelling
direction of the squeegee. The seven consecutive through-holes are distributed evenly at distances of
2.54 mm.

As expected, there was no interaction between the holes, and the hole-filling was
the same for all through-holes when they were arranged perpendicular to the travelling
direction (in parallel with the line) of the printing squeegee. However, an interaction
between the holes was found when they were arranged in parallel with the direction of
the squeegee movement. A clear and gradual reduction in the hole-filling was observed,
which became more intensive at higher printing speeds. The differences in hole-filling
between the first and the seventh hole were 2.4% and 9.2% for the printing speeds of 20 and
120 mm/s, respectively (Figure 8).

The hole-filling was analyzed further to find a possible explanation for the differences
in the filling. The rate of shear during the printing within the solder paste was analyzed by
comparing the cases of having one single hole or seven consecutive holes (Figure 9—the
printing squeegee travelled till the first through-hole). It was found that placing the holes
after one another disturbs the flow-field, and the rate of shear is lower (by up to 5–6%) on
the stencil surface compared to the case utilizing a single hole (Figure 10).
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Figure 10. Rate of shear on the surface of the stencil at the proximity of the through-holes for the
printing speed of 120 mm/s.

Since solder pastes are shear-thinning fluid, a decrease in shear rate yields an increase
in the viscosity (Figure 11a). This increase in viscosity means a larger reluctance of the
material to flow into the through-holes. In addition, the disturbance in the flow-field
resulted in a decrease in pressure in proximity to the through-holes (Figure 11b).
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The hole-filling during stencil printing can be approximated by the Hagen–Poiseuille
Equation (4). This states that the volumetric flow rate within a channel depends on the
dynamic viscosity of the fluid, on the pressure gradient in the channel, and on the radius
of the channel [24]:

Q = − π

8η

(
∂p
∂z

)
· R4 (4)

where Q is the volumetric flow rate, R is the radius of the hole, and ∂p/∂z is the pressure
gradient. From this expression, one can deduct that an increase in the pressure (and thus in
the pressure gradient) and/or a decrease in the dynamic viscosity yields a lower volumetric
flow rate in a channel, implying lower hole-filling by the solder paste in pin-in-paste
technology. This decrease in hole-filling can be considered either in the design phase of the
product or the manufacturing. Through-hole connectors should be oriented perpendicular
to the travelling direction of the printing squeegee to minimize the interaction between the
holes and the variation in the hole-filling by the solder paste. If connectors are oriented in
parallel with the squeegee movement (due to design considerations), providing additional
solder paste to the last holes (where a lower filling is expected) would be required, e.g., by
utilizing pre-form (pre-shaped and fluxless) solders.

The effect of hole shape on the hole-filling was also investigated. Oblong-shaped
through-holes were analyzed by utilizing rectangular-shaped holes in the numerical model.
Five different shapes were investigated, and the linear dimensions of the holes were varied
at 1.0 × 1.0, 1.0 × 1.5, 1.0 × 2, 1.0 × 2.5, and 1.0 × 3.0 mm (Figure 12). The holes with
different shapes were also oriented in two directions: perpendicular to and in parallel with
the travelling direction of the printing squeegee. Note that the dimension of the through-
holes in z-direction was increased from 1.55 to 4 mm, since in the case of larger holes (e.g.,
1.0 × 2 mm), a filling larger than 1.55 mm was expected. The filling of rectangular-shaped
through-holes was investigated at three different printing velocities (20, 70, and 120 mm/s).

Similarly to the previous case, the size of the rectangular holes (1 × 1 mm . . .
1 × 3 mm) did not affect the hole-filling significantly if the holes were oriented perpen-
dicular to the travelling direction of the squeegee. However, a significant increase in the
hole-filling was found, depending on the hole size, if the holes were oriented in parallel
with the squeegee movement. The differences in the hole-filling between the smallest (1 ×
1 mm) and the largest (1 × 3 mm) holes were 13%, 11%, and 10% for the printing velocities
of 120, 70, and 20 mm/s, respectively (Figure 12).
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The dynamics of hole-filling were analyzed and compared between the cases of
orienting a through-hole perpendicular to or in parallel with the travelling direction of
the printing squeegee. It was found that the through-holes were filled almost linearly
over time (Figure 13). However, the pressure on the solder paste increases exponentially
as the squeegee travels over the through-hole [10,11]. The amount of solder paste also
gradually increases in the hole, introducing resistance against the filling and resulting
in almost linear fill-dynamics. This implies that the hole-filling depends mainly on time
spent by the printing squeegee over the through-holes (considering identical process
and material parameters). Therefore, larger hole-filling is expected if the rectangular- or
oblong-shaped through-holes are oriented in parallel with the travelling direction of the
squeegee. Similarly, gradually larger hole-filling is anticipated if the linear size of the holes
is extending in parallel with the squeegee movement. The orientation of oblong-shaped
through-holes can be designed according to the solder paste requirement for a specific
component lead geometry. If the component leads are smaller for a particular oblong-
shaped through-hole, thus requiring more solder paste to form appropriate solder joints,
the respective through-holes should be oriented in a parallel direction with the squeegee
movement. If the lead sizes are larger, the through-holes can be oriented perpendicular to
the squeegee movement.
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4. Conclusions

A computational fluid dynamics model was established aiming to investigate the
stencil printing process of the pin-in-paste technology. The hole-filling by the solder paste
was analyzed for the case when a set of consecutive holes was designed in the printed
circuit board. The consecutive holes disturb the flow-field and affect the hole-filling if they
are arranged in parallel with the travelling direction of the printing squeegee. Similarly, the
hole-filling is affected by the orientation of oblong-shaped through-holes. The variations in
the hole-filling can be considered either in the design phase of the electronic products or
the manufacturing processes. Through-hole connectors should be oriented perpendicular
to the travelling direction of the printing squeegee to minimize the interaction between the
holes and the variation in hole-filling. If this is not feasible, and circular lead connectors
are oriented parallel with the squeegee movement, providing additional solder paste
to the last holes might be required, e.g., by utilizing pre-form (pre-shaped and fluxless)
solders. The soldering failures in pin-in-paste technology can be reduced by these early
design-phase considerations, and the first-pass yield of electronic soldering technologies
can be enhanced.
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