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An Adhesion Process for Space Solar Cells

H. Zhao
Z. Fu
P. B. Li
Y. Z. Zhao
The Robotics Institute, School of Mechanical Engineering, Shanghai
Jiao Tong University, Shanghai, P. R. China

A type of silicone adhesive was used for bonding anti-irradiation cover glasses to
space solar cells. A new adhesion process for solar cells was designed, and imple-
mented by means of an automated coating and bonding system based on an indus-
trial robot. On the basis of non-Newtonian fluid theory, flow models of three sub-
processes were created, and the commercial finite element analysis code Adina was
employed to simulate the whole process. The purpose of the investigation was to
acknowledge the mechanism of the adhesion process and identify correlative fac-
tors that influence the adhesion quality, to provide a basis for optimization of
the adhesion process. A simulation platform was created, to make it possible to
evaluate or predict the adhesion quality of space solar cells when the dimensions
of the solar cells and the adhesive were changed.

Keywords: Adhesion; Dynamic mechanical analysis; Non-Newtonian fluid; Silicones;
Space solar cells

1. INTRODUCTION

The power supply system is a very important sub-system in space
probes and solar cells are widely used as space power [1–4]. In the
outer space (150 kilometers far away), however, the irradiation inten-
sity of the sun is about 1360 W=m2, 13–17 times as great as that on the
earth [5–6]. In the extreme environment of space, temperature varies
greatly and there are many high-energy particles, which require that
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the solar cell must have consistent quality and anti-irradiation charac-
teristics. To protect solar cells from harmful effects in the space
environment, ultra-thin and radiation-stable cover glasses are bonded
to solar cells to shield the cell from ionizing radiation and intense
ultra-violet light.

The traditional method of bonding an anti-irradiation cover glass to
a silicon solar cell is by means of a silicone adhesive or Teflon1 [7–9].
Advanced bonding techniques, such as electrostatic bonding, may be
employed to bond the cover glass directly to a silicon or gallium arsen-
ide solar cell if the cover glass and solar cell have matching thermal
expansion coefficients [10–13]. In the work described in this article, a
cover glass was bonded to a silicon solar cell with a silicone adhesive.
The process for bonding a solar cell to be used in space is as follows: coat
the active surface of the solar cell with adhesive; bond an anti-
irradiation cover glass to the solar cell; heat to solidify; and check
and measure. The requirements for a solar cell assembly are as follows:

i. The adhesive layer should be even, and its thickness should never
exceed 150 mm.

ii. The edge-alignment error between the solar cell and the cover
glass should be no more than 300 mm.

iii. Bubbles in the adhesive layer must be strictly controlled, so that
the number of bubbles of 1 mm diameter is no more than two
and the number of bubbles of 0.5 mm diameter is no more than
three.

iv. The breakage rate of cover glasses should be no greater than 1%,
and the breakage rate of solar cells no greater than 0.5%.

v. The adhesive must not flow out and stain the cover glass or solar
cell.

We would like to make it clear that this work is concerned only with
the processes for assembly of the solar cells and not with the debond-
ing of the components of the cells.

Many technologies for adhesive coating and bonding have been
developed to be used in various industrial applications. The silk screen
printing technique is by far the most widely used for coating with
adhesives, but it is difficult to control the uniformity of the thickness
of the adhesive layer in practical operation [14]. Spray-coating tech-
nology is also extensively employed to deposit adhesive materials on
substrates owing to its advantages of coating uniformity, good stab-
ility, and so on. The spin-coating technique is used to deposit adhe-
sives on substrates by making use of the centripetal force generated
by rotating the substrate platform [15]. These techniques are very
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suitable for depositing adhesives on round or planar parts, but it is
hard to form a clearly defined, straight border line in the marginal
area. Many experiments have proved that spray- and spin-coating
techniques are not suitable for adhesive coating of space solar cells.
Coating with a syringe is another popular technique, which is widely
used in medical, chemical, industrial applications, and so on [16–18].
Syringe-coating can precisely control the volume of deposited adhesive
and the coated area and can make an ideal adhesive layer that meets
the requirements for thickness and uniformity that is suitable for
bonding space solar cells. Bonding of solar cells under vacuum is not
recommended because of the complexity and high cost of producing a
vacuum and of the sealed equipment required.

In the work described in this article, we adopted the method of
coating using a syringe; we used a back-and-forth pattern for applying
the adhesive coating, and performed the bonding operation under non-
vacuum conditions with the cover glass held at an incline to avoid cre-
ation of air bubbles. An automated coating and bonding system
(ACBS) was developed to perform the above operations for producing
bonded solar cells [19–21]. Experiments have shown that an ACBS
can meet the bonding requirements of space solar cells.

In general, the meaning of adhesion quality of space solar cells
includes three aspects: (1) the thickness and uniformity of the adhesive
layer, air bubbles in the adhesive layer, and the edge-alignment of the
cover glass with the solar cell; (2) the adhesion strength and residual
stress between the cover glass and the solar cell [22–24]; and (3) the
adhesion ability to resist the thermal stress cycle in an outer space
environment [25–27]. The first point is the only adhesion quality of
relevance to the automated coating and bonding system.

Many papers address fluid flow in various adhesive-coating and
bonding applications. Some publications have discussed the constitut-
ive relationship of the fluid in the coating process and have used a
power-law model or a viscoelastic model [28–29]. Some researchers
have modelled the coating process in order to describe or predict the
characteristics and quality of the coating [30–32]. In addition to
experimental investigations, numerical simulations have been per-
formed, mostly based on computational fluid dynamics (CFD), to ana-
lyse the coating process and to discover the operating parameters
influencing the coating quality. Some of these simulations have used
the commercial CFD code FLUENT [33–34], and some have used finite
element analysis (FEA) [35]. In some coating applications, such as tri-
helical coating, gravure roll coating, and spin coating, the most rel-
evant results of the experiments are the thickness, uniformity, and
quality of the coated film, and the important parameters affecting
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them [36–38]. As for the bonding process, various bonding techniques
are used in the manufacturing processes of solar cells and other thin
films. However, few investigations have been conducted into the bond-
ing of a solar cell and a cover glass with silicone adhesive. Considering
the particular features of the bonding technique, the non-Newtonian
characteristics of the fluid, and the microscopic behaviour of the sur-
face tension of the adhesive, it is necessary to analyse the flow of
the adhesive, so as to take account of the influence of fluid flow on
the final adhesion quality.

The whole adhesion process consists of two sub-processes: coating of
the adhesive, and bonding of the solar cell. The former process itself
consists of two sub-processes: pipe flow and planar spreading. On
the basis of non-Newtonian fluid theory, we have created flow models
of the three sub-processes, and the commercial FEA code Adina (Adina
china, Beijing, China) was employed to simulate the whole process.
The simulation results were validated via theoretical and experi-
mental data. The objective of the analysis of the process was to
acknowledge the mechanism of the adhesion process and find the cor-
relative factors that influence the adhesion quality, and to allow us to
create a simulation platform to make an evaluation or prediction of the
adhesion quality of space solar cells when the dimensions of the solar
cells and the adhesive are changed. Furthermore, the results of the
analysis in this article could be used to optimize the parameters of
the adhesion process.

2. MATERIAL PROPERTIES

2.1. Space Solar Cells

In the past, solar cells were made traditionally from silicon and had a
low photovoltaic conversion efficiency of about 10% [39]. In the last 20
years, various new types of solar cells that make use of new materials
or structures have arisen, such as GaAs=GaAs, GaAs=Ge, InP=InP,
InP=Si, CdS=CdTe, CuInSe2, spotlight and amorphous-silicon-film
solar cells, which have a high photovoltaic conversion efficiency (GaAs
cells can have an efficiency of up to 30% [40]) and other excellent per-
formance features [41–43]. So far in China, however, most of the solar
cells used in outer space have been made of crystalline silicon (Fig. 1),
which has a photovoltaic conversion efficiency of 12–15% [44–46].
Besides, owing to the high launch cost, the mass of solar cells must
be reduced, which has resulted in a trend in which space solar cells
have become thinner and thinner, from 200 mm to 120–150mm thick
in the third generation [46]. The continuous development of GaAs
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solar cells has led to ultrathin films 6–8 mm thick or even less [47–48].
How to obtain a high conversion efficiency and ratio of power to mass
while reducing the thickness to reduce the mass of the cells is still a
focus of research [49–50]. In our task, silicon solar cells (Shanghai
Institute of Space Power, Shanghai, China) of four different dimen-
sions were bonded; these four dimensions are designated A, B, C,
and D, and described in Table 1.

2.2. Anti-Irradiation Cover Glass

The standard properties of anti-irradiation cover glasses should include
excellent optical transmission, radiation stability, low solar absorbance,
and high emissivity [10]. An important feature of cover glasses is their
thermal expansion coefficient. The newly designed CMZ and CMG
cover glasses (QIOPTIQ Space Technology, Bodelwyddan, UK) have a
thermal expansion coefficient matching that of silicon and gallium
arsenide, respectively, which allows the cover glass to be directly

TABLE 1 Dimensions of Space Solar Cells Used

Type Length (mm) Width (mm) Thickness (mm)

A 40 20 0.20
B 50 25 0.20
C 50 23 0.20
D 40.8 20.6 0.18

FIGURE 1 A space solar cell.
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bonded to a solar cell via advanced bonding techniques such as electro-
static bonding [8–10]. These two cover glasses were Pilkington Borosi-
licate Glass types (Pilkington, Merseyslos, UK) which have high
emissivity, ultra violet, electron and proton radiation protection,
cerium dioxide stabilization to prevent colour centre formation, and
enhanced strength for increased yield at bonding. There has been a
trend for cover glasses to become thinner, from 120mm to a range of
50–70 mm [46].

2.3. Silicone Adhesive

A proprietary adhesive was employed to bond the cover glass to the
solar cell; the adhesive material used was a silicone rubber (GPJ040,
Shanghai Institute of Space Power Shanghai, China). Some research-
ers have studied the evolution of the performance of silicone rubber in
a space environment [51]. The most important concern for operation of
the adhesive is its rheology, i.e., how its viscosity varies with time,
shear rate, and temperature [52]. In order to satisfy the requirements
of automated manufacturing, the viscosity was changed from 7500 cP
to 3000 cP. The temperature needed to be kept at about 24�C. The
adhesive needed to be applied in a timely fashion, because its viscosity
increased significantly after 3–4 hours. After bonding of the cover
glass to the solar cell, the bonded assembly was moved into a heated
box so the adhesive could solidify. The transmissivity of the solidified
adhesive was greater than 92% under irradiation with ultraviolet
radiation [51].

An experimental device called advanced rheology expansion system
(ARES TA Instruments, New Castle, Delaware, USA) was employed to
test the rheological characteristics of the silicone adhesive. ARES is an
extremely capable and versatile all-purpose rheometer appropriate for
characterizing a diverse variety of materials over a broad spectrum of
medium to high viscosity fluids, including polymer melts, composites,
solids, and reactive materials. Any of the available temperature con-
trol options can be used with the ARES rheometer. It can measure
samples’ static shear viscosity, normal force, shear modulus, complex
viscosity, energy storage modulus, loss modulus, damp, etc. Moreover,
the system can accurately supply a broad range of frequency and
achieve smaller dynamic strain than that of a stress rheometer (tem-
perature: �150 � 600�C; torque: 0.2 � 2000 g � cm; normal force:
2.0 � 2000 g). Experiments included three sweeping types: strain rate
sweeping, strain sweeping, and time sweeping. Making strain rate
sweeping on the adhesive, we obtained the experimental data of the
apparent viscosity with shear rate, and fitted the relational curve of
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the apparent viscosity, g, and shear rate, c (Fig. 2a). Making strain
sweeping on the adhesive, we obtained the experimental data of the
shear modulus, G, with strain, e (see Fig. 2b). Keeping the strain at
10%, made time sweeping on the adhesive, and we obtained the data
of the shear modulus, G, with time, t (see Fig. 2c). It was clearly seen
that the shear modulus, GðG ¼ G0 þ i �G00;G ¼ jGjÞ, remained stable
during a change of strain from 5 to 60% for a short time of minutes.

If the silicone adhesive is regarded as a power-law fluid, two consti-
tutive parameters could be obtained by curve fitting in Fig. 2a: the
consistency l ¼ 3.1622 Pa � sn and the power-law index n ¼ 0.9893. If
a viscoelastic model is adopted, the adhesive has two constitutive
parameters: the shear modulus, G, and the bulk modulus, K. By ana-
lysing experimental data in Fig. 2b and c, we obtained G ¼ 19.8397 Pa.
If the adhesive is incompressible, then K goes to infinity. The surface
tension, rst, of the adhesive was also measured by a tensiometer based

FIGURE 2 Rheological properties of silicone adhesive: (a) apparent viscosity
vs. shear rate, (b) shear modulus vs. strain, and (c) shear modulus vs. time.
Eta means apparent viscosity.
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on the ring method (Sigma 703a, KSV Instruments, Helsinki,
Finland). The value of surface tension kept decreasing until it reached
0.016 N=m in a stable state at room temperature.

3. DESIGN AND IMPLEMENTATION OF THE ADHESION
PROCESS

3.1. A New Adhesion Process

The traditional way to bond anti-irradiation cover glasses to space
solar cells is manual work, which has many disadvantages. The
adhesive layer’s thickness and uniformity cannot be precisely con-
trolled, the edge-alignment error is large, and it is easy to bring bubbles
into the adhesive layer by manual operation. Besides, the solar cell is
easily stained by outflow of adhesive and easily broken by hands
because of its brittleness. Therefore, it is necessary to perform pro-
duction with modern automated manufacturing equipment, and to
develop a new adhesion process suitable for automated manufacturing.

After many tryouts, we found a coating technique and bonding
method that were suitable for space solar cells. The adhesive was
deposited onto the solar cell by means of a syringe under a pressure
difference. The pattern of application of the adhesive deposited on
the solar cell was designed to be a back-and-forth pattern, which
was fitted to the rectangular shape of the solar cell. The area of the
coating was adjusted by changing the number of lines of adhesive,
nc, the spacing between lines, D, and the distance from the edge, d
(Fig. 3.) Three parameters could be adjusted according to different
dimensions of solar cells and adhesive.

The bonding operation was performed under non-vacuum con-
ditions to avoid the complexity and cost of a vacuum system. We have
devised a new method of bonding (Fig. 4), where the cover glass is kept
close to the adhesive layer at an inclination angle, a. When the cover
glass partially contacts the adhesive layer, it is released to allow it
to fall onto the adhesive layer freely under gravity. This technique
effectively suppresses the formation of air bubbles in the adhesive
layer.

3.2. Automated Coating and Bonding System (ACBS)

An ACBS was developed to realize the above adhesion process (see
Fig. 5). This system consisted of five parts: an XYZ three-axis indus-
trial robot platform, coating and bonding devices, a control system, a
pneumatic system, and industrial-personal-computer (IPC) software.
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The system adopted a three-axis Cartesian coordinate industrial
robot (DASATECH Co., Ltd., Seoul, S. Korea). The robot was a motion
control system, dealing with the syringe needle’s moving trajectory
and speed control, and position control and speed control of the
vacuum suction cup. Coating devices mainly consisted of a positioning
mechanism fixed on the Z-axis of the robot, some actuating compo-
nents (namely syringe), and some pneumatic components such as
the electromagnetic valve, pressure valve, etc. They were used to coat
the cells with silicone adhesive. In order to improve the coating
efficiency, six syringes were installed on the positioning mechanism
in an array. These syringes were AirFreeTM syringe reservoirs of
10 cc in volume (Fishman Corporation, Hopkinton, MA, USA). The
inner diameter of the syringe needles was determined by the viscosity
of the adhesive. To make the adhesive flow out of the syringe needles

FIGURE 4 Inclined covering technique: (a) Covering at an inclination angle,
and (b) Cover glass falling freely under gravity.

FIGURE 3 Method of syringe-coating: (a) Coating with a syringe, and
(b) Pattern of deposited adhesive.
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in a desired speed range under a prescribed pressure at the upper inlet
of the syringe, we tried needles of different inner diameters ranging
from 0.05 mm to 0.8 mm, and finally chose the 0.25-mm one. A set of
suitable parameters obtained from the experiments are given in
Table 2. Bonding devices mainly consisted of an actuating mechanism
fixed on the Z-axis, some pneumatic components such as the vacuum
suction cup, electromagnetic valve, pressure valve, etc. They were
responsible for bonding the working surface of the space solar cells
with anti-irradiating cover glasses. Experimentally it was found that
an inclination angle of about 10 degrees was suitable for the bonding
operation, but the angle needed fine adjustments in accordance with
different adhesive, operating conditions, and solar cells of different
dimensions. A large steel plate was used as the base of the robot
system. The plate must be horizontal as it might influence the bonding

TABLE 2 Coating Operating Parameters

Parameters Value

Viscosity of adhesive (l) 3Pa�s
Inner diameter of the needle (Rn) 0.25 mm

Inlet applied pressure (pL) 0.4 MPa

Needle moving speed (Vn) 2.8 mm=s

Interval between neighbor adhesive lines (D) 0.9 mm

Boundary margin (d1, d2) (1.40 mm, 1.45 mm)

FIGURE 5 A photograph of the ACBS.
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quality of the space solar cells. The pneumatic system had three tasks:
supplying uniform air pressure for the coating subsystem, driving the
air cylinder when bonding, and providing negative pressure for the
vacuum suction cup. The pressure switches of the pneumatic system
must be closely coordinated with the actions of the robotic system to
accomplish the whole process. This coordination was controlled by pre-
defined software on the IPC.

3.3. Performance Evaluation

Many experiments were carried out to test the ACBS and our
approach to the adhesion process. A bonded solar cell of one particular
size is shown in Fig. 6. We performed experimental tests of the follow-
ing aspects: the thickness of the adhesive layer, bubbles in the
adhesive layer, the edge-alignment error between the solar cell and
the cover glass, the breakage rates of solar cells and cover glasses, out-
flow of adhesive, and the efficiency and reliability of the ACBS. The
thickness of the adhesive layer and the edge-alignment error between
the solar cell and the cover glass were measured by a precise vernier
caliper with a resolution of 1 mm under a microscope. The edge-align-
ment error generated by the ACBS was an average value of 100 films
in the length=width direction. The air bubbles were also observed
under a microscope to judge the sizes and number of the bubbles.
The breakage rate including solar cells and cover glasses was counted
per 200 films. Any cracks existing in solar cells and cover glasses were
inspected under a microscope. The outflow of adhesive was observed
by the eye. The efficiency of production was measured by how many

FIGURE 6 A bonded solar cell (50 mm� 25 mm).
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qualified films were manufactured continuously per day in the normal
working procedure. The reliability indicated whether the quality of
manufactured films was consistent. Table 3 shows the experimental
results. Some corresponding features of traditional manual bonding
are also given for comparison. It can be clearly seen that the perform-
ance of the ACBS is better than that of the traditional manual
bonding.

4. PROCESS ANALYSIS

To make clear the detailed progress of the adhesion process, we
intended to model the whole process of bonding solar cells and
acknowledge all the parameters that affected the adhesion quality,
so as to do a parametric study on the adhesion process to optimize
relevant parameters or evaluate=predict the adhesion quality via
simulation.

4.1. Pipe Flow

4.1.1. Theoretical Modelling and Solution
The flow of the adhesive in the syringe can be divided into three

sections: the top wide section, the middle transition section, and the
bottom needle section (Fig. 7). It is assumed that the flow in all
three sections is axially symmetric and that the pipe flow here is
laminar. We adopt a cylindrical coordinate system (r, h, z) to describe
the pipe flow.

TABLE 3 Experimental Results Obtained with the ACBS

Item measured Results for the ACBS
Results for manual

method

Thickness of adhesive layer 100–130mm 100–150mm
Bubbles None (diameter 0.5–1 mm)a Few
Edge-alignment error Average in length direction: 13mm 100–500mm

Average in width direction: 19 mm
Breakage rate (solar cells

and cover glasses)
0% 4%

Outflow Noneb Often (need to
clean adhesive)

Efficiency 480 films per day 200 films per day
Reliability Excellent Bad

aThere were no air bubbles of diameter 0.5–1 mm or larger.
bThere should be no outflow if the worker’s procedure is correct.
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Consider the top wide section of the syringe in Fig. 7. It is obvious
that the diameter of the wide section is far greater than that of the
needle below, so the inlet surface of fluid falls very slowly, and the
fluid flow could be regarded to be static in each short time. Therefore,
the pressure of the Interface 2 shown in Fig. 7 could be PLþ qgLh.
Besides, PL is far greater than qgLh, so the latter could be ignored,
that is, P2�PL.

In the middle transition section, the flow speed of the adhesive
increases from the wide area to the narrow entrance. Meanwhile,
the pressure of fluid diminishes, so the pressure in the Interface 3 is
less than in the Interface 2, that is, P3 < P2(Lt ¼ 47 mm).

Finally, consider the fluid flow in the needle (Ln ¼ 21 mm). Accord-
ing to our assumption, the flow of fluid is steady, thus the flow speed
along the r-direction is regarded to be zero, and we only need to con-
sider the flow of adhesive along the z-direction. Assuming the adhesive

FIGURE 7 Diagram of the pipe flow in the syringe.
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is incompressible, then its density is a constant; gravitation can also
be ignored considering the high pressure difference between inlet
and outlet; the flow does not change with time while keeping the
applied pressure unchanged, which can be regarded as steady flow.

Thus, the velocity field in the needle can be simplified to [52]

uz ¼ uzðrÞ; ur ¼ uh ¼ 0:

According to the equation of momentum transfer in the z-direction,

q
@uz

@t
þ ur

@uz

@r
þ uz

@uz

@z

� �
¼ � @p

@z
þ 1

r

@

@r
rsrzð Þ þ @szz

@z
þ Fz; ð1Þ

we have

@p

@z
¼ 1

r

@

@r
rsrzð Þ: ð2Þ

Because p is a function of z only, by integration, Eq. (2) becomes

srz ¼
r

2

dp

dz
þ C: ð3Þ

Taking the Power Law model to represent the constitutive relation-
ship of the adhesive, we have [53]

srz ¼ l � c�n

zr ¼ l � @uz

@r

����
����
n�1

@uz

@r
; ð4Þ

where l is the consistency, and n is the power law index.
Combining Eq. (3) and Eq. (4), and integrating we obtain

uz ¼
n

nþ 1
� 1

2l
dp

dz

� �1
n

�ð�r
nþ1

n Þ þ C0; ð5Þ

where C0 is a constant of integration.
The boundary condition of the flow in the needle is

uzjr¼Rn
¼ 0: ð6Þ

Putting Eq. (5) into Eq. (6), the constant C0 can be worked out, thus
Eq. (5) becomes

uz ¼
n

nþ 1

1

2l
dp

dz

� �1
n

ðR
nþ1

n
n � r

nþ1
n Þ ð7Þ

which is the velocity field of the flow in the needle.
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According to the formula of flow rate

Q ¼
Z

S

Z
uzdS ¼

Z Rn

0

uz � 2pr � dr: ð8Þ

Putting Eq. (7) into Eq. (8), by integration, we have

Q ¼ p
1

2l
dp

dz

� �1
n n

1þ 3n
R

1þ3n
n

n : ð9Þ

We know that dp
dz �

Dp
Ln
¼ P3�P0

Ln
. However, P3 is unknown. We may put

the transition section and the needle together, thus the pressure
gradient can be written as

dp

dz
� P3 � P0

Ln
� P2 � P0

Ln þ Lt
� PL � P0

Ln þ Lt
;

where PL is the inlet pressure, P0 is the atmospheric pressure, Ln is
the length of the needle section, and Lt is the length of the transition
section.

Therefore, Eq. (7) and Eq. (9) can be written as

uz ¼
n

nþ 1

1

2l
� PL � P0

Ln þ Lt

� �1
n

ðR
nþ1

n
n � r

nþ1
n Þ and ð10Þ

Q ¼ p
1

2l
� PL � P0

Ln þ Lt

� �1
n n

1þ 3n
R

1þ3n
n

n : ð11Þ

It is easily found that the velocity, uz, and flow rate, Q, are relevant to
the parameters of inlet pressure, PL, viscosity of adhesive, l, n, and
the radius of needle, Rn.

4.1.2. Model Simulation
The commercial FEA code Adina was adopted to accomplish the

simulation of all three flow models. In this pipe flow model, we only
computed the fluid domain of the middle transition section and bottom
needle section according to Section 4.1.1. The enclosed area was repre-
sented by PL at the upper inlet and P0 at the bottom outlet.

The velocity field of the pipe flow is shown in a vector plot in Fig. 8.
The flow velocity in the needle along the z-direction described by
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Eq. (10) has a distribution in the form of a parabola in the r-direction,
as shown in Figure 9; the simulation data are shown by small stars
connected with a polygonal line. It is easily found that the two results
are quite close, which indicates that the volumetric flow rate Eq. (11)
obtained from the velocity, uz, is quite precise and can be used in the
analysis of the next sub-process.

FIGURE 9 Comparison of theoretical and simulation solutions for flow
velocity.

FIGURE 8 Velocity field of pipe flow.
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4.2. Planar Spreading

4.2.1. Modelling of Planar Spreading
In accordance with the spreading characteristics of the adhesive,

the following assumptions were made:

i. The process of spreading of the adhesive is isothermal.
ii. The boundary effect in a line of adhesive can be ignored, and only

the spreading of the main part of a line of adhesive needs to be
considered.

iii. For each long adhesive line, since the horizontal dimension is far
greater than the vertical one, we only need to consider the vertical
spreading, which is perpendicular to the horizontal direction of
the adhesive line.

iv. Each adhesive line spreads symmetrically from its central axis.

Owing to the similarity of all bonding operations in this study, we
analysed only one example (Fig. 10). Here, two long lines of adhesive
spread towards each other and finally meet each other at the line of
contact. The core task was to investigate the spreading process of
the adhesive line at a particular cross-section. We took half a cross-
section as the model, as shown in Figure 11. Analysing this is the
key problem for this spreading process. It is the motion of a non-
Newtonian fluid, which is unsteady and has a moving boundary in
the form of a free surface.

4.2.2. Numerical Solution
The FEA code Adina was adopted to trace the moving interface

between the adhesive and the air; the code is based on the method
of volume of fluid (VOF) [54]. Gravity and atmospheric pressure were
included in the model, and the surface tension of the adhesive was
applied at the interface. The initial shape of the half cross-section
was set to be an arc in the form of a quarter ellipse; the semi-major
axis, a, and the semi-minor axis, b, were obtained from the following

FIGURE 10 Illustration of spreading of two lines of adhesive.
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equation:

Q

Vn
¼ p � ab

2
; ð12Þ

where Q is the volumetric flow rate and Vn is the speed of motion of the
needle. According to the above given values of all relevant parameters,
we could obtain that a was 0.35 mm, and b was 0.22 mm.

The spreading process is shown in Figure 12, in which the bottom
left area enclosed by a black line shows the initial shape of the fluid
flow and the white area shows the status of the flow of the adhesive.

4.2.3. Validation by Experiments
A CCD camera was employed to record the micro movement of

planar spreading of the adhesive and through image processing we

FIGURE 11 Diagram of spreading in half a cross-section.

FIGURE 12 Planar spreading of adhesive.
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extracted the displacement of the moving boundary of the standard
spreading model changing with time (Fig. 13). The simulation data
were obtained from the post-processing module of Adina. It may be
seen that the velocity of the spreading of the adhesive gradually
diminishes, and approaches zero at about the 12th second. Thus, the
moving boundary stops at a position 0.7–0.8 mm away from the axis,
which demonstrates the effect of the surface tension of the adhesive.
Comparing the two curves in Figure 13, we may draw the conclusion
that the results of the simulation and experiment are quite close,
and that the correctness of the simulation is basically validated by
the experiment. The difference between them comes mainly from
measurement error and the numerical computational method.

4.2.4. Prediction of the Shape of the Adhesive Layer
The back-and-forth pattern of application of the adhesive deposited

on the solar cell is shown in Figure 3b, of which there are three para-
meters to be adjusted: the number of lines of adhesive, nc, the spacing
between lines, D, and the distance from the edge, d. Since the time of
spreading of the adhesive, ts, was set to 4 minutes, the adhesive lines
spread so as to mix together to become a uniform layer before the
bonding operation. According to our standard spreading model, the
boundary of the adhesive layer moved only for 12 seconds and then
stopped. Thus, we obtained the position of the boundary of the

FIGURE 13 Displacement of spreading of adhesive.
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adhesive layer by means of two different initial spacings d (d1, d2)
minus the adhesive’s maximum spreading displacement, 0.8 mm
Figure 14, and the two spacings at the margin in the figure are
u ¼ 0.6 mm and v ¼ 0.65 mm.

4.3. Automated Bonding

The bonding operation is the most important one in the whole
adhesion process, as it depends upon the spreading borders, thickness
and uniformity of the adhesive layer, the edge-alignment between the
cover glass and the solar cell, and air bubbles in the adhesive layer.
Dealing with the problem of air bubbles is a very important task
and will be studied in more detail in future work. The present article
analyzes only the adhesive layer’s spreading boundaries, its thickness
and uniformity, and the edge-alignment between the cover glass and
the solar cell.

4.3.1. Constitutive Relationship for the Four Parts
4.3.1.1. Vacuum Suction Cup. The vacuum suction cup is made of

nitrile butadiene rubber (NBR); the shape at the end of it is like a bowl
(see Fig. 15). Researchers usually investigate the nonlinear elastic
behavior of rubber materials under static loads. As an isotropic, super-
elastic material [55], the constitutive relation for rubber is generally
represented by the function of strain energy density. Two widely
used models in engineering are the Ogden and Mooney-Rivlin models
[55–56]. However, these models are relatively complicated, and their
material constants generally do not have obvious physical meanings
[56–57]. In addition, it is difficult to conduct experiments to obtain
those material parameters.

FIGURE 14 Outline of the adhesive layer.
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We adopted an isotropic, nonlinear elastic model to simulate the
constitutive behaviour of the suction cup. By using experiments on
the relation of a suddenly increased deformation of the suction cup
to a non-zero initial strain and the consequent elastic force (Fig. 16),
we obtained a function of deformation, DX, and elastic force, F, at a
negative gas pressure of �42 kPa, as shown in Eq. (13), and accord-
ingly derived a nonlinear constitutive relation for the vacuum suction
cup at the negative gas pressure of �42 kPa, as shown in Eq. (14). r
represented the stress of the vacuum suction cup due to deformation,
and e expressed the strain of the suction cup accordingly. The density,
q, of the vacuum suction cup was 1.2� 103 kg=m3.

F ¼
0; 0 � DX � 0:0258

1:0609 � DX2 þ 1:3458 �DX � 0:0355; 0:0258 < DX < 1:00

2:3712; 1:00 � DX � 1:44

8<
: ð13Þ

r ¼
0 0 � e � 0:0022

5293500 � e2 þ 559580 � e� 1230; 0:0022 < e < 0:084

83126; 0:084 � e

8<
: ð14Þ

4.3.1.2. Anti-Irradiation Cover Glass. The anti-irradiation cover
glass was thin, 0.1–0.15 mm in thickness, and was of several different
types. It could be regarded as an isotropic, linear elastic material,
whose elastic modulus, E, was 4.15� 109 Pa, Poisson’s ratio, k, was
0.33, and density, q, was 2.53� 103 kg=m3.

FIGURE 15 Vacuum suction cup in the bonding operation.
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4.3.1.3. Silicone Adhesive. The silicone adhesive deposited onto the
solar cell to bond a cover glass to it could be represented as a linear
viscoelastic material e.g., a Maxwell fluid [58], with the constitutive
equation used in computation expressed as follows [59]:

sijðtÞ ¼ 2Gð0Þ � eijðtÞ þ 2

Z t

0þ
eijðt� sÞdGðsÞ

ds
ds;

rkkðtÞ ¼ 3Kð0Þ � ekkðtÞ þ 3

Z t

0þ:
ekkðt� sÞdKðsÞ

ds
ds i; j; k ¼ 1; 2; 3;

ð15Þ

where t is the time, sij is the deviatoric stress, rkk is the normal
stress, eij is the deviatoric strain, ekk is the diagonal element of eij,
ekk is the normal strain, G(t) is the shear modulus, and K(t) is the
bulk modulus. Two important constitutive parameters are the shear
modulus, G(t), and the bulk modulus, K(t). The reader can refer to
the experimental investigations of the silicone adhesive described
in Section 2.3.

4.3.1.4. Space Solar Cell. The solar cell was held solidly by suction
to the orientation plate. Therefore, the solar cell could be considered as
a rigid body, without any deformation or movement.

4.3.2. Systematic Model of the Bonding Process
A dynamic model of the physical bonding process was created, as shown
in Figure 17. The input was the displacement of the suction cup in the

FIGURE 16 Relation of new increased deformation and elastic force under
different negative gas pressure.
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z-direction, controlled by the robot (the covering speed was Vb, and tb

and tw were the covering time and suspending time, respectively),
and the outputs were the thickness, h, the uniformity, the spreading
boundary, S, of the adhesive layer and the edge-alignment of the cover
glass with the solar cell. In the model, there were four parts and the
relations between each of them. There was a rigid link, L(t), between
the suction cup and the cover glass, which would be cancelled at some
time, t1, controlled by the robot. The most impressive characteristic of
the model was the strong contact effect, between the cover glass and
the adhesive layer and between the adhesive layer and the solar cell.
A group of values of operating parameters were given: Vb ¼ 0.1 mm=s,

tb ¼ 6s, tw ¼ 2s, t1 ¼ 8s;LðtÞ ¼ 1; t � t1

0; t > t1

�
; a ¼ 10�:

4.3.3. Numerical Simulation and Experimental Validation
The purpose of numerical simulation was to acquire information on
the thickness, h, the uniformity, the spreading boundary, S, of the
adhesive layer, and the edge-alignment of the cover glass with the

FIGURE 17 Dynamic model of the bonding process.

FIGURE 18 Finite element analysis of the bonding process.
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solar cell. In the established FEA model, two pairs of contact surfaces
were defined: the contact between the cover glass and the adhesive
layer, and the contact between the adhesive layer and the solar cell.
All the faces of the adhesive layer were assigned a surface tension.
The initial shape of the adhesive layer was discussed in Section
4.2.4 (Fig. 14). A simulation image of the bonding operation was shown
in Figure 18.

The results of the simulation were as follows. The cover glass was
aligned with the solar cell below by means of interaction with the mid-
dle adhesive layer; this was called a ‘self-alignment’ phenomenon, and
its mechanism needed to be further investigated. All the adhesive
filled the clearance between the cover glass and the solar cell, except
for a very small amount of overflow in some places, which sometimes
happened in real operations. For the thickness and uniformity of the
adhesive layer in the simulation model, we took samples at five posi-
tions in the adhesive layer, and the corresponding thicknesses are
shown in Table 4. It can be seen that the thicknesses are close, except
that the values in places at the top were a little smaller than those in
places at the bottom. Experimental results showed that the thickness
of the adhesive layer was uniform, and the average value was 112 mm.
Obviously, the simulation results were close to the experiments.

5. CONCLUSIONS

Through an analysis and comparison of several adhesive coating and
bonding techniques, we have developed a process to bond anti-
irradiation cover glasses to space solar cells. An automated coating
and bonding system has implemented this process to manufacture
bonded solar cells. Compared with a manual method of implementing
the process, the automated system produced excellent performance in
terms of meeting the requirements for the finished products. Also, we
have created models of the flow of the silicone adhesive for the three

TABLE 4 Simulation Thickness of the Adhesive
Layer

Position Thickness (mm)

Top left corner 113
Top right corner 112
Centre 112
Bottom left corner 116
Bottom right corner 116
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sub-processes of the process, and performed analysis and validation
via the three aspects of theory, simulation, and experiment. We have
developed a function, Qb, that describes the quality of the adhesive
bond in the form of Qb(thickness, uniformity, area, edge-alignment) ¼
f(PL, g(l, n), Rn, Vn, D, d, nc, ts, a, Vb, tb, tw) (Table 5). Performing a
parametric study and identifying the contribution of each parameter
to Qb is our next research focus. Meanwhile, a simulation platform
for the whole adhesion process has been created, to allow us to evalu-
ate and predict the adhesion quality of solar cells when the dimensions
of the cells and the adhesive are changed. Future directions for
research include the problem of air bubbles in the bonding process,
the evaluation and prediction of the adhesion quality of bonded solar
cells of different dimensions, and the optimization of the parameters
of the whole adhesion process.
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