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Abstract:

Recently, large and thin glass substrates are transported by air film conveyors to reduce surface damage. On the production line, the glass
substrates are desired to be transported flatly on the conveyor to ensure the quality inspection. A method by feedbacking film pressure
to the theoretical model is proposed for estimation of the deformation of the glass sheet, and the validity of the method is theoretically
and experimentally verified. First, a theoretical model including the flow behavior through a porous-walled gap is established, and
the film pressure distribution can be predicted by solving the model. Then, an experimental setup that can simultaneously measure
the film pressure and the flatness of the glass sheet is established, and, the validity of the model is verified experimentally. Next, with
the pressure points at the grooves as the boundary and the pressure points at the flange area as the feedback, an algorithm is applied
to shape the one-dimensional deformation at the centerlines in accordance with a quadratic curve. Furthermore, two-dimensional
deformation of the glass sheet can then be estimated by an interpolation operation. Comparisons of the calculated results with the
experimental data verify the effectiveness of the estimating method.

Keywords: Deformation of glass sheet; air conveyor; air film; pressure distribution; pressure feedback

1 Introduction places, the detecting position cannot be clearly imaged
due to the low focus depth of the camera. Figure 1 shows
the situation that the deformation place cannot be clearly
imaged. As a result, there is crucial need to monitor the
deformation rapidly and accurately. Although multiple
laser sensors can be used to achieve this, it is difficult to
realize rapid measurement over a wide range.

Researchers have developed non-contact conveyor
systems for transporting large glass substrates. Im et al.
© studied the influences from nozzles of different shapes
to the air cushion and determined the optimum design.
Amano et al. "' employed porous media to replace the
orifice in order to eliminate the wave deformation. Oiwa et
al. ¥ designed a contactless air conveyor using porous pads
as restrictors, and reported the numerical results of the
deformation of the glass sheet. Miyatake et al. ! studied the
relation between the deformation and the supply pressure
during transportation of the glass sheet. Above research
indicate that the film pressure is closely related to the glass
deformation.

Surface scratching and damage easily occur during
transportation of glass substrates for liquid-crystal display
(LCD). Contactless transport using pneumatic technology
can eliminate these problems since air flow is magnetic free
and clean"-*.. For example, air tracks with arrays of bearing
elements equipped on the surface are in use to supply
pressurized air beneath flat objects. The air flow into the
gap and form a pressurized film to levitate the object at a
certain height, which is determined by the supply flow rate.
This method is extremely suitable for the transport of large
and fragile glass substrates.

Manufacturers intend to increase the size of the glass
substrate to reduce costs®. The tenth generation thin
flat panel glass substrate reaches a size of 3.1 m long by
2.8 m wide. On the production line, high-speed cameras
are used to inspect the quality defects of the glass panel.
Figure 1 gives a sketch of a noncontact transport system
for inspecting the surface quality of the glass substrate. In
the case that there exists an apparent deformation at some
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Finite element method (FEM) software can be used to
calculate the deformation of the glass sheet. However, the
calculation takes a long time, and, the actual practice needs
a fast estimating method. Researchers sought methods
to integrate the measured experimental data with the
computation not only to enhance the calculation accuracy
but also to reduce the time cost. 3. Commonly, the
calculation conditions are updated at time intervals based
on past calculated results and measured data. Hayase T 4
developed a simulation integrated experiment method to
reproduce the real flow rate and analyzed the error.

Imagawa and Hayase ") introduced a measurement-
simulation integration method for a turbulent flow to
reduce the calculation consumption and also increase
accuracy. Li et al ! indirectly estimated the suction force
of a vacuum gripper (swirling air type) by measuring the
film pressure distribution. Nakao et al 1”7 suggested a
measurement integrated simulation method to investigate
unsteady flow through an orifice in a pipe.

This paper introduces an indirect method for
predicting the deformation of the large, thin glass sheet
by measuring film pressure. A theoretical model for
calculating the film pressure is built, and the deformation
curve is shaped to make the calculated result close to the
measured pressure data. The method is adopted to estimate
a two-dimensional deformation, and the effectiveness of
the method is verified experimentally.
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Figure 1 A noncontact transportation system of large
glass panels for the inspection process

2 Construction of the air conveyor

Figure 2 shows a sketch of a porous pads equipped air
conveyor system that has three conveyor lines. Multiple air
conveyor lines are used to ease fabrication and adjustment.
For those extremely large, thin glass sheets, air tracks
with multiply array of porous pad can be used to produce
a uniform film pressure distribution. Pressurized air is
provided by the porous pads so that an air film can be
formed under the glass sheet. With surface areas like sails,
supporting force are formed to levitate the glass sheet on
the conveyor. Such non-contact mode during the conveying
process can keep the surface clean and prevent surface
scratch which are easily caused by traditional method with
mechanical contact. In this way, the glass panels are moved
by the friction force provided by the installed rollers. In
this application, the contact points for the rollers with the

surface locate near the edge, and this would not damage the
surface quality.

The geometry of arepresentative area of the noncontact
air conveyor is also illustrated in figure 2. Air supply units
are regularly arranged on the conveyor surface. The unit is
a square, with a length of 45 mm. For each unit, a circular
porous pad, which has a diameter of 20 mm and a length
of 3 mm, is placed at the center as the restrictor. Grooves
(5 mm in width, 1 mm in depth) are set between the units
to further uniform the film pressure and to case the stress
concentration on the glass sheet. This treatment reduces
the bearing capacity and stiffness of the air film; however,
without the grooves, the air film would exhibit a large
pressure concentrated at the center area, where the flow
field would become too complicated to be analyzed.
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Figure 2 A sketch of an air conveyor system
3. Film pressure distribution
3.1.Mathematical Modeling
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(a) A representative unit

(b) flow in the gap
Figure 3 Airflow model

Figure 3 shows a representative unit, which is a square
area including a porous pad as well as its surrounding
flanges. A Cartesian coordinate is established, and the
bottom left point of the gap of the unit is considered as the
origin. To reduce the complexity of modeling of flow in the
gap, we assume that the airflow is laminar (The Reynolds
number is far below 10°) and film pressure change in z
direction is ignored. With the assumption, a simplified
Navier-Stokes equation in x-direction can be written as
below.

2
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where p denotes the film pressure, u_denotes the flow
velocity, and p denotes the air viscosity.

In z-direction, Navier-Stokes equation can be written
as below
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Assuming a no-slip case, the boundary condition that
u =0 (z=0) and u =0 (z=h) can be obtained, and equation
(3) is obtained by integrating equation (1) with respect to z
u, = La—p(z2 —hz)

24 Ox 3)

where h denotes the thickness of the gap.

Similarly, with the boundary velocity that u =0 (z=0)
and u =0 (z=h), the flow velocity u can be determined by
integrating equation (2) with respect to z,

a)O
u =w,——z
h (4)
where w, is the porous walled outflow velocity. The
velocity can be obtained by the flow regime through porous
media &1,
The continuity equation is expressed as below
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Substituting equations (3) and (4) into equation (5),
yields
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The gap that filled by air should be divided into a
number of grids so that the iteration calculation can be
applied to obtain the film pressure. Figure 4 shows the
generated grids of the calculation domain. The cross-
sectional area of the gap is divided into n grids, marked as
Ali] (i =0 — n). Figure 5 shows the procedure to calculate
the film pressure. Initially, atmospheric pressure is assigned
to each grid. Then, the outlet flow rate from the porous
surface is calculated by the Forchheimer equation, and thus,
the velocity w is known. A finite volume method (FVM)
is applied to solve equation (6) to obtain the pressure
distribution. The Euler explicit method is used for iteration
calculation, and the time step is 107® s. The calculated data
are updated and saved after every iteration cycle until the
calculation converges. The final results can be obtained after
the calculation converges. When the difference between the
inlet flow rate and the outlet flow rate is less than +1%, it
can be considered that the calculation converges.

3.2 Experimental apparatus

Figure 6 shows a sketch of the apparatus used to measure
the deformation of the glass sheet. An air conveyor with a
size of 3 x 3 units is fabricated. A glass sheet with a size of
200mm x 155mm x 0.7mm is supported on the conveyor.
The glass sheet is with the following physical properties: 1)
the density is 2500 (kg/m?), 2) Young’s modulus is 73 GPa,
3) the Poisson’s ratio is 0.25. The glass sheet is supported
at four corners, and the vertical distance from the
conveyor surface to the supporting point is 150 um. A high
resolution laser sensor is used to measure the deformation
of the glass sheet. The laser sensor is fixed on an XY sliding
table, the position of which is detected using two installed
displacement sensors. The deformation can be measured by

the following steps: (1) Place several plug gauges between
the conveyor and the glass sheet, and measure the flatness
without air supply. (2) Repeat the measurement with air
supply. The difference between the two measurements
approximates the deformation. Figure 6 shows the moving
route of the laser sensor. The slide table moves at a velocity
of 5 mm/min for detecting the flatness along x-direction,
and, it moves in 5 mm increments without recording the
data along y-direction.
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Figure 4 Grid generation of the computational domain

| Grid generation |

)

| Inputting parameters, calculation step |

Pressure initialization of each
grid (A[i]=atmosphere, i=0~n)

Calculating my using

> Forchheimer-extended equation
F———————————— L ————— FVM method - — —-I
|
| I Calculating p; using |
| Setting initial value p, H Eq. (6) :
|
| Grid 1~n |

| Updating p; data |

Save pressure p; and flow
rate G at regular intervals
| Check whether convergent or not |

—

[ ~no | [ ves |
—

Continue
Figure 5 A flowchart indicating the calculation of air
film pressure
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Figure 6 A sketch of the apparatus that shows the
measuring method



Pressure sensor Glass sheet

NS EEEEEREREREERERERNE RS

(I\ | D D DD | ((

- Photograph

Pipe Glass sheet

~ Glue

Figure 7 Apparatus for measuring the pressure of the
air film

The film pressure distribution is measured to verify
the theoretical model. Previous researches 22! reported
several methods concerning measurement of the film
pressure in the case that the object will not deform and the
two surfaces are in parallel. However, in current work, the
glass sheet appears an obvious deformation that cannot be
ignored since it is very thin. To realize the measurement
of the film pressure in a deformed status, the apparatus
shown in figure 7 is used. Thirty through-holes are opened
on the glass sheet. These holes are with a diameter of 2 mm
and arranged at 5 mm intervals. Each hole is individually
connected to a high resolution pressure sensor using a
metallic tube. A glue layer is coated on the surface to seal
the tubes. When we supply pressurized air via the porous
pad, under the effect of the air film, the glass sheet is in a
deformed status. The deformation of the glass sheet on the
centerline was measured and investigated.

3.3 Film pressure distribution

Experiments are first performed to produce an extent of
deformation and the film pressure is measured to verify
the theoretical model. Here, the deformation and the film
pressure on the centerline (AA' in figure 2) are discussed.
The deformation versus the position is measured in
two cases. The two cases are with different degrees of
deformation (Figure 8). Case 1 shows that the glass
sheet appears a certain degree of deformation and case 2
shows that the glass sheet is in parallel with the conveyor
surface. The case 2 can be achieved by using a sufficiently
thick glass sheet. The measured points are passed through
by a quadratic fitting curve, which is treated as the real
deformation. Thus, the film pressure can be calculated with
the theoretical model stated above.

Figure 9 shows the measured film pressure in
comparison with the calculated results for the two cases.
The supporting points are at a 150 um height from the
surface. The supply flow rate for each unit is set to 3 L /min.
The film pressure at the grooves is detected and treated as
the boundary to calculate the pressure distribution in each
unit. The film pressure is distributed like a parabola, and
the grooves uniform the film pressure of different units.
Without these grooves, flow interference would appear in
the gap, and this makes the flow pattern too complicated to
be modeled. Existence of the pressure-equalizing grooves

enables independent calculations of the film pressure
for each unit, which greatly improves the computation
efficiency. Observations on the results show that, for the
case 1, the film pressure of the inner unit is slightly larger
than that of the outer units, but for the case 2 where the
center portion exhibits a larger deformation, the center
pressure show a lower value compared with that of the
outer area. Although the theoretical model is deduced with
the assumption that the glass sheet is in parallel with the
conveyor surface, the comparison between the calculated
results and the experimental data indicates that the
calculation can approximate the experimental film pressure
when the deformation is limited within 0.1 mm. It should
also be noted that for the maximum deformation that is
larger than 0.1 mm but smaller than 0.3 mm, the modeling
for the flat center portion might also be valid but not for
the outer units.

e

r O Casel A
D.08 A Case2
’é\ — Fitting 1
é —
= i
.S _
S
g i
S |
)
A L i
&
-n Om 1 L 1 L 1 L 1 L |
0 30 60 90 120 150

Position (mm)

Figure 8 Fittings of the deformation results of two cases
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Figure 9 Film pressure distribution of the two cases
4 Estimation of the deformation of the glass

sheet and the results

Figure 10 shows a one dimensional case where a glass
sheet is supported at two points and deformed by the
film pressure is considered. The vertical position of the



supporting points is treated as the base. The distance
of the conveyor surface relative to the base is denoted as
h, The maximum deformation (at the center) relative to
the base is denoted as h.. A quadratic curve expressed by
f(x) = ax* + bx + c is used to shape the deformation with
respect to the position x. Here, a, b, and ¢ are coefficients
that need to be determined. The deflections at two sides
are treated as the boundary conditions, and two position
sensors are installed to detect the edge deflections, which
are respectively denoted as §, and §,. The left supporting
point is regarded as the original point. Using three points
on the curve, (L, 8,), (L/2,h), and (L +L,, §,), determines

following equations
al; +bL, +c =4,
LZ
a—+ éL +c=h,
4 2

al; +2al L, +al} +bL +bL, +c =3, o
By this method, the deformation along the centerline

in the form of f(x) = ax’tbx+c can be obtained. The
expression of f(x) with L, =0.028 m, L, =0.145m and L =

0.2 m can then be determined as
F(x) = (95.7858, ~190.258/, +94.4738,)x* + (~26.1496, +38.242, —12.0925,)x

+(1.6575, —0.921h, +0.2655,) (8)
the coefficients a, b, and c for the deformation curve by the
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Figure 11 The principle of the two-dimensional
estimating method

An interpolation method is in use to obtain two-
dimensional deformation of the glass sheet. As shown
in figure 11, the deformation of the curve 1, curve 2 and
curve 3, which are the centerlines of the three rows of
the units, can be obtained with the method presented
above. To estimate the deformation along y direction,
for example, curve 4, three points on the three curves
marked as Q,(x,,y,), Q, (x,5y,) and Q, (x,, y,) are selected.
Then, with the three points, a parabolic curve P(y) can be
fit using equation (9). To be noticed that, with the three
centerlines along x-direction P(y) can be calculated, and
inversely, with the centerlines along y-direction P(x) can
be calculated. Therefore, first, the deformation along
y direction is determined at an interval of 3 mm, and
second, the deformation along x direction is determined
with the same interval. Then, at the overlapping points, the
deformation values are averaged to improve the calculating
accuracy.

P(y)=2=2)0=2) 20)+ O=-10-») 20,)+ W=0=3)
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Figure 12 A flowchart indicating the estimation process




Figure 12 shows the estimation procedure. Film
pressure in the flange region is measured by pressure
sensors which are connected to pressure taps. The measured
pressure data is imported into the model and compared
with the simulated results to shape the deformation curve
by changing h . Frist, the simulations are initialized with
actual conditions. Then, the film pressure is calculated
using the iteration routine until it is sufficiently close
to the measured data (within 0.5% error). During the
process, During the process, a solution by means of
proportional-integral algorithm (Eq. 10) is used to shape
the estimated deformation. By this means, we can estimate
the deformation of the centerline either along x-direction
or along y-direction. Interpolation operations are then
applied with the deformation results on the centerlines to
obtain the entire two-dimensional deformation.

A, =-K (e+ KD e) 10

where K denotes the proportional gain, K denotes
the integral gain, e denotes the error, and Ah_denotes the
variation of the maximum deflection.
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Figure 13 Estimated results of the deformation in
comparison with the measured data at the centerline

Adjustment of the deformation shape can be easily
implemented to make the calculated pressure close to the
measured pressure with only one point used. However, if the
pressure of the selected point is not accurately measured, it
may cause a great error. Considering this, two points in the
grooves are used as the boundary, and four inner pressure
measuring points are used as the feedback to assure the
reliability for the estimation. The deformation curve is
shaped using a nonlinear least square method to take into
consideration the error from every point. The estimation
processes are conducted for the generated different degrees

of deformation (three cases in total). In figure 13, the
upper plot shows the calculated results in comparison
with the measured film pressure, and the lower plot shows
the corresponding deformation. The compressed air is
supplied at a flow rate of 3 L/min per unit. The deformation
estimations are with an average error of 3.8%, 2.0% and
2.2% for case 1, case 2 and case 3, respectively.

Figure 14 shows the calculated results of the
deformation at the six centerlines (three in x-direction
and three in y-direction), with which the two-dimensional
deformation can be obtained. Figure 15 shows the entire
status of the two-dimensional deformation in the case that
the glass sheet is fixed at four corners, and observation shows
that the center portion exhibits an obvious deformation.
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Figure 14 Estimated results of the deformation at all
of the centerlines
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Figure 15 Estimated results of two-dimensional
deformation

To verify the effectiveness of the estimating method,
the results on the line that deviates from the centerline
are also checked. That is, as shown in figure 15, the
deformations of the glass sheet at the position A (x=35
mm) and the position B (y=100 mm). Figure 16 compares
the experimental results with the estimated results of the
deformation curve A and B. The estimated results accord
with the experimental data, with an average error around
3%, indicating that the estimating method is feasible. The
interpolation method can predict the deformations at the
positions deviated from the centerline but one-dimensional
estimation is not easy to realize.
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Figure 16 Calculated and experimental results of the
deformation of the glass sheet and the errors
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(a) Calculated results

Experiments are performed to measure the entire
glass deformation with the apparatus shown in figure 6.
The glass sheet that has a size of 200 mm x 155 mm X 0.7
mm is in use. Four supporting points distributed at four
corners are employed, and the glass sheet is initially 150 um
above the conveyor surface. The deformation with no air
supply is treated as the reference, and the real result can be
calculated by subtracted from the reference value. So, there
is no deformation at the four supporting points and the
center portion exhibits an apparent deformation. Figure 17
(a) and (b) show the contour plot of the calculated results
and the measured results, respectively. Figure 18 shows
the errors, and observation indicates that the errors are all
within 4%. Careful observation also shows that large errors
appear at the position where the deformation exhibits a
steep change. This is because the model cannot describe
the flow behavior accurately. However, for the center area
where there exists a large deformation, the estimating
method works well since the glass sheet is relatively flat,
without steep variations.
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Figure 17 Calculated and experimental results of the deformation of the glass sheet
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Figure 18 Errors between the Calculated and experimental results of the deformation of the glass sheet

5 Conclusions

A method for estimating the deformation of a glass sheet on
a noncontact air conveyor by integration of measurement
and simulation of the film pressure is proposed. A

theoretical model is established within typical units, and
the model is solved to attain the film pressure. An algorithm
is used to adjust the deformed shape of the glass sheet with
the measured film pressure to achieve that the calculated



film pressure accords with the experimental data. Film
pressure are monitored at several positions, and, the film
pressure at the grooves are used as the boundary and that
at the flange area are used as the feedback. Experimental
setup is constructed to measure the two-dimensional
deformation and the film pressure simultaneously. First,
film pressure distributions are measured in a deformed
and a non-deformed status, and it is observed that the
calculated pressure shows good agreement with the
experimental data. Then, the film pressure feedback
method is used to estimate one-dimensional deformation
on the centerlines along x-direction and y-direction, with
which an interpolation operation is applied to obtain
the two-dimensional deformation of the glass sheet.
Experiments are performed to measure the deformation of
the entire area. Comparison of the estimation results with
the measured data indicates that the estimating method
can afford a 4% accuracy. Furthermore, the estimating
method shows a good performance for the area where the
deformation exhibits a smooth variation. But for the area
with a steep variation, the estimating results show relatively
large errors.
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