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Abstract 
 

Capillary-driven micro flow allows liquid transport by interfacial force without external pressure or momentum. Theoretical and ex-

perimental studies have been conducted to predict the movement of the flow meniscus in the application of capillary underfill flows. In a 

flip chip package, two-dimensional motions of flow front through solder bumps can result in unwanted air void formation because the 

meniscus and the arrangement of the solid surface affect the interface dynamics. This study introduces analytical models of filling time 

and discusses their verification and limitations. Recent developments in underfill flow visualization are also presented to analyze flow 

phenomena, including the racing effect and void formation.  
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1. Introduction 

Liquid penetrates into a narrow gap by capillary action at 

the gas–liquid interface. This process is called microcapillary 

flow and has practical importance in a wide range of tech-

nologies such as the flow through porous materials in micro 

heat pipes and micro coolers as well as underfilling in flip chip 

packaging. The fundamental physics of microcapillary flows 

has long been examined, specifically, the movement of the 

flow meniscus through a capillary tube or channel [1-3]. 

Meanwhile, flip chip technology is widely used to package 

high-performance devices and satisfy the need for high inter-

connection density [4]. Fig. 1(a) shows the comparison of the 

internal structures of flip chip and wire bond packages. The 

flip chip indicates that the patterned face of a chip with solder 

bumps is turned over to interconnect directly to a substrate 

with solder balls. In a wire bond package, long conductive 

wires are connected between a chip and a substrate. The short 

interconnection in the flip chip technology is more advanta-

geous than the long wire connection for manufacturing thinner 

and smaller integrated circuit systems and improving electrical 

performance. The solder balls in the packaged chip are welded 

to electric pads on a printed circuit board. However, in flip 

chip packages, underfill epoxy should be filled into the gap 

between a chip and a substrate to prevent cracks on the solder 

bump and electrical failure resulting from thermal fatigue. A 

large difference in the thermal expansion coefficient (CTE) 

between the silicon chip and the organic substrate may cause 

significant thermal stresses on the interconnections during 

thermal cycling [5]. Thus, the underfill epoxy relaxes the 

stresses by the CTE mismatch, as well as reduces the impact 

and deflection of the substrate. The filling method can be clas-

sified into capillary underfill or no-flow underfill. This study 

focuses on the capillary underfill process, as shown in Fig. 

1(b). In this process, the underfill epoxy is dispensed along the 
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Fig. 1. (a) Internal structures of wire bond and flip chip packages; (b) 

capillary underfill process to improve reliability of interconnection 

system. 
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periphery of one or two sides of the chip, allowing the capil-

lary action to draw the liquid into the microcavity [6]. Given 

that the filling process is based on the capillary action, a 

longer filling time is required for a larger chip size and a 

higher bump density. Air voids may occur when the underfill 

material is not uniformly distributed, which results in a sig-

nificant reliability problem in microelectronic packaging. 

In this survey, capillary-driven micro flows in the underfill 

process are introduced. For a given solder bump pattern and 

underfill epoxy, estimating the filling time is one of the main 

problems in the underfill process design. Several filling time 

models based on the theory of microcapillary flow have been 

developed with solder bump resistance, dynamic contact angle, 

and non-Newtonian and temperature-dependent fluid proper-

ties considered. The analytical models of filling time have 

been verified experimentally and numerically. The second 

problem is the physical flow phenomenon in the capillary 

underfill flow. Air void formation by the racing effect is one 

of the important practical issues to consider. Void formation is 

mainly related to the dynamic interaction between the flow 

meniscus and the solder bumps. Recent success in microscale 

flow visualization can address this unwanted filling process.  

 

2. Filling time models 

Fig. 2 presents a diagram of the underfill flow process. The 

underfill epoxy is dispensed at the edge of a flip chip speci-

men. The liquid is then filled into the gap between a substrate 

and a flip chip by capillary action; the typical gap height is 

about 50 µm. Before the liquid is dispensed, it is heated up to 

90ºC to increase the flow by viscosity reduction. During heat-

ing, the temperature is maintained under the curing tempera-

ture; above said temperature, the liquid hardens immediately. 

At temperatures lower than the curing temperature, the liquid 

can harden if exposed to the atmosphere, which suggests a 

limitation for the filling time to complete the underfill process. 

Thus, filling time estimation is one of the major considerations 

in the underfill process design. Several filling time models 

have been suggested over the past decades. 

 

2.1 Flow between two parallel plates 

A simple filling time model can be derived by assuming 

that the liquid is filled through a narrow gap between two 

parallel plates without a solder bump, as shown in Fig. 3. For 

a Newtonian viscous liquid, if the flow is laminar and incom-

pressible, and the governing equation for the unsteady flow 

u(y, t) can be expressed as follows: 
 

2

2

u p u

t x y
ρ µ
∂ ∂ ∂

= − +
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  (1) 

 

where µ is the fluid viscosity and ρ is the density. From the 

Laplace–Young equation, the driving capillary force at the 

meniscus is ∆p = 2 cos /hσ θ , where σ is the surface tension 

coefficient, θ is the contact angle, and h = 2b is the gap height. 

Given that Eq. (1) cannot be solved analytically, the velocity 

is decomposed into steady and unsteady terms as ( , )u y t =  

( ) ( , )u y u y t′+ . By letting u  and u′  stratify, the following 

are obtained: 
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The solution of the steady component is the well known, 

fully developed laminar velocity profile, and the solution of 

the unsteady component can be obtained by the separation of 

variables proposed by Arpaci [7]. 
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The pressure gradient inside the channel is assumed as lin-

ear; i.e., / / fdp dx p x− = ∆ , where xf is the location of the flow 

front. The speed of the flow front is equal to the mean velocity 

um, which can be evaluated by integrating the velocity profile 

across the channel cross-section. 
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Fig. 2. Schematic of the capillary underfill process. 
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Fig. 3. Capillary flow through two parallel plates. 
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Integration of the above equation with respect to time [0, tf] 

obtains the following: 
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where only the first term (n = 0) in the series expansion is 

considered because it decreases quickly with the increase in n. 

To obtain an explicit formula for time tf, the exponential term 

can also be neglected except for the time less than 0.002 s 

despite the unsatisfied initial condition (xf = 0 at tf = 0). By 

substituting the capillary pressure ∆p into Eq. (7), the final 

equation for the filling time can be obtained as 
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The first term in the right-hand side of Eq. (8) results from 

the steady velocity component and is the same as that in the 

Washburn model [1]. The second term is the maximum con-

tribution of the unsteady velocity component, which is related 

to the gap height h and the kinematic viscosity ν of the fluid. 

For the narrower gap height and the more viscous liquid, the 

unsteady flow has less effect on the filling time. With the typi-

cal gap height of 50 µm and glycerin as a working fluid, the 

filling time caused by the unsteady flow is about 0.2 µs. For 

the viscosity of water, the filling time is 250 µs, which is neg-

ligible, considering that the total filling time in real applica-

tions is more than 10 s. 

 

2.2 Influence of solder bump resistance 

The diameter and pitch of the solder bump in flip chips 

have decreased significantly because of the demand for 

smaller and thinner electronic devices. Consequently, a chip 

with a higher density of solder bump is required. Thus, pre-

dicting the filling time based on the Washburn model is not 

satisfactory because it does not consider the existence of the 

solder bump. Several experimental studies [8, 9] reported that 

the actual filling time was longer than the time estimated by 

the Washburn model. To consider the influence of solder 

bump resistance on the capillary underfill flow, Wan et al. 

[10] suggested an advanced model (referred to as the Wan 

model) for a rectangular array of the solder bump pattern, as 

shown in Fig. 4(a). In the figure, L is the bump pitch, W is the 

clearance between two adjacent solder bumps, and d is the 

bump diameter. The underfill flow passing through the solder 

bump array is approximated as a combination of a set of one-

dimensional channel flows with a variable cross-section, as 

illustrated in Fig. 4(b). Despite the two-dimensional velocity 

field, only the streamwise component averaged over the cross-

section is considered. In this geometry, the driving pressure of 

the capillary force is reduced by the pressure loss because of 

the variation of the cross-section, which can be calculated 

from the virtual work principle [11]. The final equation of the 

driving pressure is written as follows: 
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This equation is reproduced to the Laplace–Young equation 

without a solder bump if W becomes infinite. The resultant 

driving pressure in this model is constant if the geometry and 

fluid properties are fixed. By substituting Eq. (9) for the driv-

ing pressure into Eq. (8), the filling time can be evaluated. 

 

2.3 Time-dependent dynamic contact angle 

In both Washburn and Wan models, the contact angle is as-

sumed constant as an equilibrium contact angle. In reality, at 

the early stage of the underfill process, the contact angle is 

nearly 90º because the meniscus of the liquid dispensed at the 

edge of the channel forms a right angle in the stream direction. 

With time, the contact angle develops to its equilibrium angle. 

The use of the constant contact angle suggests that the devel-

opment of an equilibrium contact angle is too fast that the 

developing region is neglected. However, studies demon-

strated that the time-dependent dynamic contact angle had to 

be considered [12, 13].  

For the dynamic contact angle, Newman [14] proposed the 

equation cos ( ) cos (1 ),ct

s
t aeθ θ −= −  where the contact angle 

decreases exponentially with time, as shown in Fig. 5. In the 

figure, θs is the static or equilibrium contact angle, and θ0 is 
the initial contact angle. 

01 cos / cos sa θ θ= −  and /( )c Mσ µ=  

are the coefficients, where M is a constant that depends on the 

solid surface. Given that the contact angle is a function of time, 

the driving pressure also changes with time. Thus, the integra-

tion of Eq. (6) by neglecting the unsteady flow component 

results in the following formula for the filling time: 

W

W

W
d

L

 

                 (a)                         (b) 
 

Fig. 4. Flip chip package pattern: (a) a rectangular array of the solder 

bump pattern; (b) an approximate flow passage through a solder bump 

array. 
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This equation is a nonlinear function of the filling time, 

which requires an iterative solution. To calculate the driving 

pressure in the above equation, either the Washburn or the 

Wan model can be used.  

 

2.4 Non-Newtonian and temperature-dependent fluids 

The properties of the underfill materials are additional key 

issues in underfill flow modeling. Two aspects of material 

properties have to be considered in the actual applications. 

One is the rheological characteristic, and the other is the tem-

perature dependency of the properties. The underfill materials 

are generally known as non-Newtonian fluids. The most 

widely employed formula as a constitutive equation of viscos-

ity is the power-law model [15, 16], in which the effective 

viscosity is given by 1n
mη γ −= & . In this model, the viscosity 

varies with the shear rate γ& , and the parameters m and n are 

determined experimentally. For a Newtonian fluid, m = µ and 

n = 1. If n > 1, the fluid is called shear thickening; if n < 1, the 

fluid is called shear thinning. The governing Eq. (1) for a non-

Newtonian fluid by neglecting the unsteady velocity compo-

nent can be rewritten as 

 

.
d du dp

dy dy dx
η
 

= − 
 

  (11) 

 

By integrating the aforementioned equation, the velocity 

profile inside the channel can be obtained as  

 
1

1 1
/

( ) .
1

n n
n

n n
n dp dx

u y b y
n m

+ + − 
= −    +    

  (12) 

 

Using the same procedure conducted on the Newtonian 

fluid explained previously, the final equations for the flow 

front and filling time can be derived as 
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where the driving pressure can be either the capillary pressure 

or the net pressure with bump resistance considered, as sug-

gested by the Washburn and Wan models, respectively. 

To calculate the filling time in Eq. (14), the properties of 

underfill materials, such as density, surface tension, and con-

tact angle as well as the power-law indices of viscosity, must 

be determined. Except for density, these properties of typical 

underfill materials are sensitive to temperature variations. Fig. 

6 shows the temperature-dependent properties of an underfill 

material FP4530 (Dexter Corp., USA) [17]. In general, the 

underfill material is stored below -40ºC to prevent hardening. 

Above room temperature, its viscosity becomes sufficiently 

low to make a capillary underfill flow. The viscosity illus-

trated in Fig. 6(a) changes with the shear rate and is ade-

quately fitted to the power-law constitutive equation for 45, 55, 

and 60ºC. This material has a shear-thinning behavior in the 

processing temperature range. The dependence of m and n on 

temperature is shown in Fig. 6(a). In the figure, m decreases 

( )tθ

sθ

t

0θ

 
 

Fig. 5. Time-dependent dynamic contact angle proposed by Newman 

[14]. 
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Fig. 6. Temperature-dependent properties of an underfill material 

FP4530: (a) viscosity; (b) surface tension and contact angle (Wan [17]). 
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with temperature, which contributes to the decrease in viscos-

ity; whereas n increases with temperature, which enhances the 

shear thinning behavior. The surface tension and equilibrium 

contact angle are also measured under the variation of tem-

perature, as shown in Fig. 6(b). Both properties decrease with 

temperature, but the decreasing rate of the contact angle is 

more significant than that of the surface tension. The contact 

angle is also dependent on the surface materials of the chip 

and substrate [18]. 

 

2.5 Influence of capillary pressure on solder bump surface 

Young [19, 20] derived a different filling time model (the 

Young model) by considering viscous resistance and variable 

capillary pressure on the solder bump according to the loca-

tion of the flow meniscus. The flow domain is regarded as a 

porous space with an array of circular cylinder banks and con-

fined by two parallel plates. The viscous drag consists of the 

resistance values by both the channel walls and the solder 

bumps. For a given pressure gradient, the mean velocity be-

tween the parallel plates can be obtained by integrating Eq. (4) 

over the channel cross-section as follows: 
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If the solder bumps are considered as parallel cylinders, the 

flow between the circular cylinders can be expressed as [21] 
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By combining the flow resistances in Eqs. (15) and (16), the 

mean velocity for a given pressure gradient can be written as: 
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where k is the permeability, and L is the bump pitch.  

With the meniscus located at the position xf as shown in Fig. 

7, the mean velocity varies depending on the position x due 

because of the change in the cross-sectional area A(x) to sat-

isfy mass conservation. 
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The speed of the flow front is equal to the mean velocity at 

the meniscus, i.e., um(xf) = dxf/dt. Assuming that the pressure 

gradient is linear and integrating Eq. (17) from the entrance to 

the meniscus position, the following relationship between the 

meniscus wetting distance and the capillary pressure can be 

derived in terms of the accumulated viscous resistance R(xf) 

along the flow path: 
 

( ) ( )
f

f f

dx
A x R x p

dt
µ = ∆ , 

0
( ) .

( )

fx

f

dx
R x

kA x
= ∫   (19) 

 

The final meniscus wetting distance can be obtained by in-

tegrating dxf/dt into Eq. (19). In this equation, the cross-

sectional area, viscous resistance, and capillary pressure differ 

whether or not the position is in the region of the solder bump. 

In the bump region, they are evaluated from the following 

formulas: 
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When the meniscus is located outside the bump region, the 

following formulas are used: 
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where φ is the directional body angle formed by the contact 

line on the solder bump, and σb and θb are the surface tension 

and contact angle on the bump surface, respectively. Super-

scripts i-1 and i are the previous and current layers of the 

bump array, respectively. Thus, R
i-1

 denotes the accumulated 

viscous resistance until the previous layer. In the bump region, 

two capillary pressures are involved in the underfill process, 

as shown in Eq. (22). One is the capillary pressure caused by 

the surface tension between solder bumps, which may become 

significant as the bump pitch becomes smaller;  the other is 

the capillary pressure exerted by the surface tension between 

the parallel plates, which is commonly considered in the 

Washburn and Wan models. 
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Fig. 7. A flow model considering the variable capillary pressure on the 

solder bump according to the location of the flow meniscus. 
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2.6 Experimental verification of filling time models 

In numerous studies, the filling time models have been veri-

fied experimentally. The results showed that the Washburn 

model could be inaccurate because of the flow resistance of 

solder bumps if the clearance between the bumps is compara-

ble to the gap height [22]. For a flip chip package with a rela-

tively high bump density (a bump diameter of 100 µm, a 

bump pitch of 250 µm, a and gap height of 50 µm), the Wan 

model, including both the solder bump resistance and the 

rheological behavior of the non-Newtonian fluid, can provide 

a closer estimate of the filling time [23]. With regard to the 

dynamic contact angle, Han and Wang [22] applied the New-

man equation for the first time in estimating the filling time in 

a flip chip package. The model using the dynamic contact 

angle was superior to the model using the static contact angle. 

However, the estimated filling time and the experimental re-

sults did not match. The most probable reason is that the 

Newman equation developed for the flow between the two 

parallel plates did not include the effect of solder bumps on 

the underfill flow, especially in a high bump density. 

Kim et al. [24] compared the filling time estimated by the 

Washburn and Wan analytical models with the experimental 

data, including the case when the clearance between the 

bumps is less than the bump diameter or gap height. Fig. 8 

shows the comparison of filling times for various bump 

pitches. Both the bump diameter and the gap height are 50 µm, 

and a Newtonian fluid is underfilled. The filling times in both 

analytical models are shorter than that in the experiment, es-

pecially in small bump pitches. The filling time increases 

sharply as the bump pitch becomes smaller than twice the 

bump diameter. However, in the Wan model, the filling time 

in an extremely high bump density cannot be calculated be-

cause the capillary pressure in Eq. (9) becomes negative. Fur-

thermore, Lee et al. [25] measured the detailed behavior of the 

flow front movement in one pitch of the solder bump by using 

a microscope. The experimental data indicate that the flow 

front movement is not monotonic but rather, is dependent on 

the location of the flow front. When the flow front passes 

through the solder bump, its movement becomes fast because 

of the additional capillary action by the solder bump surface, 

which can be well estimated by the Young model. However, 

the flow front movement becomes slower during the detach-

ment from the solder bump because the solder bump prevents 

it from detaching. Consequently, a breakdown of equilibrium 

in the contact angle occurs because of the dynamic interaction 

with the surface of the solder bump. The variation in the con-

tact angle is in phase with the variation in the flow front speed 

[25]. This phenomenon has not been considered in previous 

analytical models. 

 

3. Physical phenomena in capillary underfill flows 

3.1 Racing effect and void formation 

The analytical models only consider the parallel movement 

of the flow front with time. However, the top view of the two-

dimensional flow shows that the flow front is not always uni-

form, as shown in Fig. 9. Experimental results indicated that a 

faster flow develops along the edge [26]. Nguyen et al. [8] 

referred to this phenomenon as the “racing effect”, which may 

cause air void formation at the center of the chip. If the air 

void is formed inside the chip, high stress is concentrated in 

the void region, which greatly reduces the reliability of the flip 

chip package. Thus, the design of the underfill flow without 

void formation is a critical issue in the industrial field. Nu-

merical simulations have been performed to estimate void 

formation. Fig. 9(a) shows the comparison of the simulated 

flow front and the measured flow front by Nguyen et al. [8]. 

The right side corresponds to the measured flow front with a 

transparent quartz die (6.7 × 6.7 × 0.6 mm thick). The bump 

diameter is 168 µm, and the bump pitch is 262 µm. The flow 

simulation was performed using the commercial software 

(PLICE-CAD); however, the simulation result did not match 

the measured result. Wan et al. [27] recently simulated the 

same flow with the ANSYS software based on the volume-of-

fluid method. Their result successfully estimated the faster 

flow along the edge region, as shown in Fig. 9(b). The main 

reason for this success is that a solid frame is set around the 

sides of the flip chip, and the edge width (the distance between 

0

10

20

30

40

50

60

70

40 60 80 100 120 140 160 180

Measurement

Washburn model

Wan model

F
ill
in
g
 t
im
e
 (
s
)

Bump pitch (µm)

smooth increasesharp increase

 
 

Fig. 8. Comparison of the measured filling time with the estimated 

filling time by the analytical models (Kim et al. [24]). 

 

 

  

             (a)                          (b) 
 

Fig. 9. Flow visualization of the racing effect: (a) omparison of simu-

lated flow front (left) and measured flow front (right) by Nguyen et al. 

[8]; (b) more advanced simulation for flow front by Wan et al. [27]. 
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the outside solder bump and the edge) is adequately controlled. 

As the bump density increases, the effect of the edge width 

becomes significant. Thus, to obtain a uniform flow front dis-

tribution and prevent the formation of air voids, a sufficiently 

small edge is required. Despite the partial success in the esti-

mation of the faster edge flow, the detailed shape of the flow 

front does not match the measured results because their simu-

lation is two-dimensional. To overcome this limitation, 

Hashimoto et al. [28] conducted a numerical simulation of 

three-dimensional underfill flows using the level set method 

for gas–liquid interface and the continuum surface force 

model for surface tension. The results were compared with the 

available experimental data, and the void formation mecha-

nism was observed. 

Fig. 10 depicts air void formation by the racing effect. 

Given a slow center flow, the fronts of the fast edge flow in 

both sides are inclined toward the center. The local front ve-

locities may subtract and cancel each other, which results in 

stationary spots with a slow fluid motion. Continuous devel-

opment of the edge flow fronts may encounter the center flow 

front, leaving the stationary spot behind and finally generating 

unmovable air voids at the intersection of the flow fronts. The 

void formation by the racing effect is observed experimentally 

in Fig. 11. A transparent flip chip specimen (5 mm
2
 × 5 mm

2
, 

50 µm gap height) was produced by etching the silicon part of 

a silicon-on-glass wafer in the form of a cylindrical bump (a 

diameter of 50 µm, a pitch of 100 µm). Fig. 11(a) illustrates 

the non-uniform flow fronts with different velocities at the 

early stage. The flow fronts converge, producing air voids 

because of the existence of a stationary region, as shown in 

Fig. 11(b). The voids that remain after the underfill process 

shown in Fig. 11(c) can be a crucial defect affecting the reli-

ability of the flip chip package. An analytical condition of 

void formation for various underfill processes is difficult to 

define because of numerous factors affecting capillary flow, 

such as the rheological fluid properties, solder bump arrange-

ment, surface condition of the flip chip, and liquid dispensing 

method, among others. Nevertheless, an underfill process with 

a tilted angle or a pressurized underfill process with a vac-

uumed air vent can be an alternative method to reduce the 

void formation and the total filling time [29, 30]. 

 

3.2 Interaction between the flow meniscus and the solder 

bumps 

The dynamic interaction of the meniscus with the solder 

bumps is also crucial because it helps improve the analytical 

models or explain the physics of capillary flow through bumps 

and determine the methods of suppressing void formation by 

the racing effect. However, the experimental approach to this 

aspect remains unpopular. Lee et al. [25] measured the dy-

namics of the meniscus by microparticle image velocimetry 

and image processing techniques. Fig. 12 shows the time-

varying flow front passing through the solder bumps. Given 

that the time separation between each flow front is the same, 

the narrow spacing between lines denotes low-speed move-

ment, whereas the wide spacing denotes high-speed move-

ment. In this figure, the meniscus moves fast once it attaches 

the solder bumps because of the attractive force of a stretched 

meniscus. However, before the meniscus detaches from the 

bump, its movement slows down because the direction of the 

capillary force changes negatively.  

The phase-locked velocity fields at the instance of both the 

  

             (a)                          (b) 
 

Fig. 10. Merging of the flow fronts and void formation by the racing 

effect: (a) development of flow front by fast edge and slow center 

flows; (b) void formation at the intersection of the flow fronts. 

 

  

        (a)                  (b)                 (c)  
 

Fig. 11. Flow visualization of void formation by the racing effect with 

laps of time: (a) non-uniform flow fronts with different velocities at the 

early stage; (b) flow fronts encountered at the stationary regions; (c) 

irremovable voids after the filling process. 

 

 

 
 

Fig. 12. Time-varying movement of the flow front passing through the

solder bumps with a diameter of 50 µm, a pitch of 100 µm, and a gap 

height of 50 µm (Lee et al. [25]). 
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attaching and detaching processes are plotted in Fig. 13. Dur-

ing the attaching process shown in Fig. 13(a), the velocity 

gradient on the meniscus is the highest, which induces addi-

tional normal stress on the meniscus surface. However, during 

the detaching process, the liquid velocity is extremely low 

except for the flow passage between bumps, as indicated in 

Fig. 13(b). The top view of the meniscus shows a concave or 

convex curvature because of the interaction with the solder 

bump, but its side view always shows a concave curvature. 

Thus, to analyze the detailed interaction, more sophisticated 

formulas for the capillary force in the three-dimensional shape 

have to be developed. The analyses of the movement of the 

inclined meniscus and its interaction with the solder bumps 

and velocity fields can still be challenged to clarify the physi-

cal phenomena of the stationary spot and void formation. 

 

4. Summary and perspectives 

The flip chip package has become increasingly thinner be-

cause of the demand for faster, smaller, and more flexible 

electronic devices. The underfill process in the flip chip pack-

age is a prerequisite to protect the electronic devices from 

thermal fatigue and drop impact. The recent achievements of 

the filling time models and the physical phenomena in the 

capillary underfill flows were reviewed in this study. As the 

solder bump density increases, the estimated filling time based 

on static capillary pressure becomes shorter than the measured 

filling time. This discrepancy results from the variation of the 

contact angle when the flow meniscus passes the bump sur-

face. Therefore, the dynamic contact angle and its modeling 

should be considered to obtain a more accurate estimate of the 

capillary flow and its application. Apart from performance, the 

reliability of electronic devices is also significant in the indus-

trial field. The presence of air voids after the underfill process 

indicates a serious packaging defect affecting reliability. The 

racing effect and stationary spots of the flow front lead to the 

formation of air voids. The higher the solder bump density, 

the greater is the probability of void formation. In such a case, 

the development of pressurized underfill technology with 

relevant air vents may be a viable alternative. To control the 

flow front uniformly for various bump arrangements, the in-

teraction between the solder bumps and the flow meniscus 

should be investigated further from a microscopic perspective.  
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