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Abstract. Roll-to-roll printed electronics (R2RPE) is proved to be an e ective way to
fabricate electrical devices on various substrates. High precision overlay alignment plays
a key role to create multi-layer electrical devices. Multiple rollers are adopted to support
and transport the substrate web. In order to eliminated the negative e ect of the
machining error and assembling error of the roller, a whole roll-to-roll system including
two aerostatic bearing devices with arrayed restrictors is proposed in this paper. Di erent
from the conventional roller, the aerostatic bearing device can create a layer of air Im
between the web and the device to realize non-contact support and transport. Based on
simpli ed Navier-Stokes equations, the theoretical model of the air Im is established.
Moreover, the pressure distribution of the whole ow eld and single restrictor in di erent
positions are modeled by conducting numerical simulation with Computational Fluid
Dynamics (CFD) software FLUENT. The load capacity curves and sti ness curves are
generated to provide guidance for optimizing the sturcture of device. A prototype of the
aerostatic bearing system is set up and the experiment tests are carried out. For the
proposed aerostatic bearing roller with diameter of 100 mm and length of 200 mm, the
experimental results show the aerostatic bearing method can achieve the position
accuracy in a range of 1 m in the vertical direction of the web, which is much better than
that using existing methods.

Keywords: Roll-to-roll printed electronics; Micro-positioning ;Aerostatic bearing;
CFD simulation; Deviation elimination

1. Introduction

Printed electronics has been regarded as a novel technique to create large-scale
electrical devices on exible substrates. Moreover, the roll-to-roll process can o er this
technology a remarkable solution to manufacture multipurpose, exible and low-price
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electronic devices such as organic thin Im transistor (OTFT), organic light-emitting
diodes (OLED), e-paper, exible displays, radio-frequency identi cation devices
(RFID), organic photovoltaic (OPV), and so on [1, 2]. Di erent from the conventional
printing process which only print a single-layer structure, the printed electronics
needs to fabricate electrical devices with di erent materials printed on the same
substrate area. Therefore, the alignment accuracy between di erent layers is the
critical demand to guarantee the high quality of the electrical devices. In this regard,
an high-precision multi-layer alignment system is urgently needed [3, 4, 5].

In order to exhibition the general R2RPE fabrication process, a schematic diagram
of the R2RPE is shown in Fig. 1. The substrate web is released from the unwinding
roller, then transported to the pre-processing module for surface treatment. The web
tension is detected and adjusted to ensure the web moving smoothly. The web guiding
mechanism is generally adopted to adjust the cross-direction position of the web. The
printed web will be transported to the post-processing module for drying, heating,
cooling, etc, then rolled up by the rewinding roller. The multi-layer printing module is the
key module to manufacture multi-layer electronic devices. During the printing process,
The multi-layer printed electronics alignment is important to ensure the performance of
the electronic devices, which can be regarded as a plane alignment process [6]. The
position error of the web in three directions, i.e., machine direction (MD),cross direction
(CD) and rotational direction (RD), will cause the misalignment of the printed electronic
material in di erent layers. The misalignment is regraded as the most important
alignment accuracy index of the R2RPE device, which is called overlay alignment error
[7, 8, 9]. The overlay alignment error is generally caused by various factors. The
uneven tension of the web will cause extra stretch or wrinkle of the web. Moreover, the
machining errors and assembling error of the rollers such as cylindricity error, eccentric
error and parallelism error, will cause the dynamic position error of the web. The
overlay alignment accuracy of the existing R2RPE technology can realize about 40-100
m shown in the the current literature, thus the resolution of the printed pattern is
restricted to about 100 m [10, 11]. For all kinds of high-performance electronic products
such as high de nition exible displays which need a print resolution of less than 10 m,
existent alignment accuracy is not enough to meet the requirement .

In order to improve the pattern resolution of printed electronic device, many
reseachers have conducted various methods to reduce overlay alignment errors. To
reduce tension uctuation, a tension adjustment mechanism called \dancer" are widely
used to actively or passively compensate the tension deviation [12, 13, 14]. Charge-
coupled device (CCD) camera are usually adopted to detect the overlay o set [8, 15]. A
series of control algorithms combined with various actuating mechanism are adopted to
compensate the overlay error. A feedforward control strategy is presented to reduce
position error from the upstream span based on a theoretical model which combines
the MD and CD errors to an obliqgue MD model [16, 17]. In order to reduce the overlay
alignment error with a decoupling control strategy, a R2RPE equipment is
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Figure 1. Flow chart of a conventional roll-ti-roll inkjet printing process.

proposed with the rotary actuators and linear actuators eliminating the errors in two
direction respectively [18, 19]. Although the overlay alignment errors can be reduced
greatly based on the above method, but the R2R system usually needs to halt and
adjust. Thus the work e ciency will be greatly a ected. The compliant mechanism can
be adopted to design precision positioning mechanism considering its advantages of
eliminated backlash and friction, no need for lubrication, reduced wear and noise, and
monolithic con guration [20]. A exure-based XY stage is proposed to compensate the
alignment errors for roll-to-roll printed electonics [21]. A R2R multi-layer printing
prototype is proposed based on compliant mechanisms [22, 23]. When the position
error of the roller is detected, the compliant mechanisms can actively adjust the roller
posture to eliminated the error precisely. Moreover, a exure-based roll-to-roll printing
system is developed which can achieve sub-nano scale print resolution. The roller
posture can be adjusted in real-time [24, 25]. Therefore, the compliant mechanism can
be used to improve the error eliminating e ciency and accuracy. However, the dynamic
property of the system would be weak since the sti ness of compliant mechanisms in
the working direction is relatively low. Overall, the existing techniques adopted to
improve the alignment accuracy rarely account the errors casued by the conventional
roller. The alignment errors caused by these dynamic position deviation are extremely
di cult to be eliminated. Devitt et al. proposed a method to separate the web and the
roller by using porous bearings. But they just use it for web support while not consider
the transport accuracy of the web [26].

Considering the above facts, the design and study of an aerostatic bearing system
with a novel aerostatic bearing module to eliminate the dynamic position error of the web is
presented in this paper. A pair of aerostatic bearing devices with arrayed restrictors are
adopted to separate the web and the roller. The aerostatic bearing device can generate a
thin air Im to prevent contact and friction between the web and the roller. By this mean the
machining and assembling errors of the traditional rollers will have not a ect on the web.
The reminder of this paper is sturctured as follows: Section
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Il presents the prototype description and design consideration of the aerostatic
bearing system. In Section Ill, the theoretical analysis of the air ow eld is
established in detail. The CFD simulations for the optimization of the arrayed
restictors are shown in Section IV. Moreover, the prototype of whole roll-to-roll
system is set up, and experimental tests are carried out to investigate the
performance of the aerostatic bearing device in Section V. Finally, the work is
concluded and expectation of future works are presented in Section VI.
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Figure 2. Overlay alignment error model.

2. System design

2.1. Design consideration

Since the overlay alignment accuracy is the critical limit to the R2ZRPE system, the overlay
alignment error should be eliminated as much as possible. The overlay alignment error
model is shown in Fig. 2. The posture deviation of the ink-jet printer, stretching of the web
caused by tension variation, machining and assembling errors of the roller have enormous
negative e ects on the alignment accuracy. The error caused by the posture of the inkjet
printer and the web tension can be eliminated by preset and control strategy optimization
respectively. However, the dynamic error caused by the rolling roller is hard to be
compensated. As shown in Fig. 3, the machining and assembling errors of the traditional
rollers will lead to cylindricity error, eccentric error and parallelism error between di erent
rollers. These errors will lead to position uctuation and uneven tension distribution of the
web. The uneven tension distribution will cause uneven stretch deformation of the web,
which will a ect the position of the ink on the web. All these factors will reduce the accuracy
of the multi-layer alignment. However, the dynamic position error caused by the rollers can
hardly be eliminated in real-time, which
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will increase the control di culty. Therefore, the key to solve this issue is to design a
novel support and transport mechanism which can replace the rolling roller
contacting to the web.

Roller 1 Machlne Direction

Flexible web \Vl(t)

Overlay alignment
error

Figure 3. The negative e ects of the conventional rolling roller on overlay alignment
accuracy.
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Figure 4. Prototype of the aerostatic bearing system: (a) overall view, (b) static
rollers, and (c) passive tension adjustment mechanism.

2.2. Description of the whole system

According to the above design considerations, a novel aerostatic bearing system is
proposed as shown in Fig. 4. It can be seen that the whole system assembled on a
precision installation plate consists of ve modules, i.e., the unwinding module,
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the tension detection module, the aerostatic bearing module, the tension
adjustment module, and the rewinding module.

The aerostatic bearing module is the core part of the system which contains a
pair of static rollers. As shown in Fig. 4(b), the static roller mainly includes a
cylindrical sleeve with arrayed restrictors on the surface, two side covers, an air
inlet, and a high accuracy manometer to detect the air pressure. A high-precision
laser sensor (LK-H020, KEYENCE) with 6 mm measurement range and 20 nm
resolution is adopted to detect the oat height and the vibration performance of the
web. Through the duration of the external air supply, the cavity of the roller is lled
with compressed air, an air Im will be formed by the arrayed restrictors between the
substrate web and the static roller. The web and the static roller is separated from
each other by the generated air Im, thus no contact and friction would exist between
the two surfaces. By the method, the position of the web will not be a ected by the
adverse factors of the conventional rolling rollers.

The unwinding module consists of a mechanical expansion shaft driven by a
servo motor (ECMA-C10604SS, DELTA). The diameter of the shaft can be adjusted
by the handle to install or uninstall the web reel. The diameter of the web reel
changes along with the web transport. In order to maintain constant velocity and
tension of web, the velocity and torque of the serve moto should be varied. A laser
sensor (IL-S065, KEYENCE) is adopted to detect the diameter variation of the web
reel for velocity and torque control of the servo motor. The rewinding module is
assembled like the unwinding module.

The tension detection module and the tension adjustment module are formed to
control the web tension. In the tension detection module an idler roller is assembled on
two tension detectors (LX-030TD, MITSUBISHI). The load on the tension detector will
be recorded to calculate the web tension. The obtained tension will be used for the
servo control feedback and load capacity calculation of the aerostatic bearing roller. As
shown in Fig. 4(c), a passive tension adjustment mechanism is adopted in the tension
adjustment module. The ends of an idler roller are assembled on two linear guides with
slider connected to a spring. This tension adjustment mechanism will provide preload
tension and neutralize tension uctuations passively. The other series of idler rollers are
assembled on the mounting plates.

2.3. Selection of the restrictor

Di erent structures of the restrictors have di erent e ects on the performance the
aerostatic bearing device [27, 28]. Generally the restrictors have di erent structures of
narrow channels which is used for stabilizing air pressure to obtain di erent load
capacity and sti ness of the air Im. Two of the most common restrictors, i.e., the
inherent ori ce restrictor and the simple ori ce restrictor, are shown in Fig, 5. It can be
seen that the di erence between the two structure is the throttling area, which means
the minimum cross section of the air ow channel. As shown in Fig 5(a), the throttling
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Figure 5. Structure of two ori ce restrictors: (a) inherent ori ce restrictor and (b)
simple ori ce restrictor. (po: pressure at the ori ce inlet, pd: pressure at the ori ce
outlet, d: diameter of the ori ce, d1: diameter of the air cavity, h: thickness of the air
Im, h1: height of the air cavity, h2: length of the or ce.)

area of the inherent ori ce restrictor refers to an annular surface at the outlet of the
ori ce. The air Im thickness h is the height of the annular surface. If the air Im
thickness changes, the throttling area of the inherent ori ce will change at the same
time. Thus the the load capacity and sti ness of the air Im will be unstable. It can be
seen that the throttling area of the simple ori ce restrictor is the cross section of the
ori ce as shown in Fig 5(b). The load capacity and sti ness of the air Im stay stable
since the throttling area will not change along with the air Im thickness. In order to
keep the simple ori ce characteristic, the ori ce cross section should be guaranteed
as the minimum area of the air channel. To this end, an air cavity need to be
constructed at the outlet of the ori ce. The parameters of the restrictor need to meet
the following requirements

d2
dih> 4 ; (1)
d2
dhy+h)> 4 ; (2)

where d1 and h; are the diameter and the height of the air cavity and d is the
diameter of the ori ce. (1) and (2) can be written as

de

d1 > 4h : (3
d

h1>4 h (4)

Overall, the simple ori ce restrictor can be obtain under the satis ed conditions (3)
and (4).



Figure 6. Working principle of the aerostatic bearing device

3. Modeling and analysis

3.1. Load capacity consideration

The load capacity is a key factor to the performance of the aerostatic bearing
device. In order to support the web, the relationship between the web tension and
the load capacity should be analysed. Fig. 6 shows the working principle of the
aerostatic bearing device. It can be seen that an air Im is generated to separate the
static roller and the web. The load capacity of the air Im W can be derived as follow
Z ZLa
W=2 prcos dxd; (5)
0 0
where p is the pressure at the surface of exible web; r is equal to the sum of R and
h; R is the radius of the cylindrical sleeve and h is the thickness of the generated air
Im; L is the length of the air ow eld in cross direction.
Since the exible web has a thin thickness and low density, the weight of the web
can be negligible. According to the force balance analysis, the relationship between the

load capacity and the web tension Ft can be given as
follow p

W2F; = 0: (6)
Considering (5) and (6), the relationship between the web tension and the air
pressure can be derived as

Z
Ft=p2(R+h) 0,Z¢ pcos dxd: (7)
3.2. Mathematical model of the air ow eld

The law of conservation of mass in the aerostatic lubrication can be described as:
the increased mass of the gas control micro unit equals the net mass of the uid
owing into the micro unit in the same time [29]. Based on the continuity equation, it
can be derived as
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where is the density of the micro unit, t is the time and u, v, w are the velocities in
three directions.

The compressed air provided by the external gas source ows into the air Im clearance
through the restrictors, and then ows out through the boundary of the web. The entire
process can be regarded as isothermal and defrived by the state equation as

p =2 9

where pa and a are the pressure and density of the atmosphere.

The pressure distribution of the air ow eld can be derived by adopting the Navier-
Stokes equations. The Navier-Stokes equations are a series of equations to explain the
the basic ow laws of the viscous uid which can be given as follows [30, 31].

@u @u @u @u @p 2@ v
@+ udx+vaey+waz)="fx @ 3ax (dv)
+2@x (@x) +ax (av + @x) +aez (@z + ax) ; (10)
@ @Qu @ @ @ @ @Qu @w
@v @w @v @v @p 2 v
@+ Udx+vey +w@z) = fy @y 3@y(div)+
‘@Qy  (av)+ax (@x + ay) + @ (@z+av); (11)
e @& o @ @Qu @ @ aw
@w @w @w @w @p 2@ v,
@+ U@x+voay+w@z)=f; @z 30z (div’) + )
‘@z (@z)+ ax (@x+a@z) +ay (@ +a@y):

e @ @ @w @u @ @ @w

In order to simplied the Navier-Stokes equations, they can be transferred to
dimensionless equations and the dimensionless items can be givenasu=Vu;v =

(I=hm)v=Vv;w=Vwx=IX;y=hmy; z=y=bz; (b=l = ), where V is the

characteristic velocity, hm is the reference quantity of the air Im, I and b is the

characteristic length of the roller in the x and z direction. Moreover, - =—p = % i =
m 0
t

. Vh
= ; =.The Reynolds number is given as Re = Tm . m, where po, I=V are the
the characteristic quantities of viscosity coe cient, air pressure and time, respectively.
Based on above relationships, the Navier-Stokes equation can be derived as

@u _@u _— @ 1_@
— tu— FtV — A—w— )=
Re(@x @y 0z @z
pohm’ @ 2@ _ . Lav
@& Te _au
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2@ -1@1 @7 2 2¢ _1@0 Qv 1@w
ez[(( @z + @x)]

3 @ (@ @y @7
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Considering that the thickness of the air Im h is much lower than the roller's
characteristic length | which can be de ned by the width of the web L or the radius

of the roller R. In most cases, h=I 10 4 10 3. Based on this consideration, any item

that contains , 2, Re, °Re is relatively small dimensionless item, which can be
omitted. Therefore, the inertia term in the Navier-Stokes equations can be removed.
Considering above facts, the simpli ed Navier-Stokes equations can be derived as

@ =@ ( Q) (16)
@x @ @y
@p _ 17
@y 0 a7
@ = o(Qw )y, (18)
@ @y @y

where is the viscosity coe cient of air and the velocity boundary conditions of the air

ow eld can be givenasu=u1,v=0,w=wi1, wheny=0;u=0,v=0,w=0, when
y = h. Integrating (18)-(20) twice with respect to y, the velocity distribution can be

derived as

l1@p > ui
=2 @x(y hy)+ h(hy) (19)
w= 1@p(yzhy)+ Wi(hy): (20)
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Substituting (9) (21) (22) into  (23) and solving the integral, the motion equation
of the air ow eld is derived as

axt@o+* nih'p@z)=12 le)+6ur @x TV @ @Y
£ @ ar & ph Q). @(ph)

Discretizing the equations (16) (17) (18) (22) based on nite volume method, the
generated characteristic equations can be calculated to solve uid ow problems by
numerical calculation software in computer.[32, 33].

4. CFD simulations of the air ow eld

In order to establish the numerical model of the ow eld to study the property of the
air Im, the computer uid dynamics (CFD) simulation is conducted. By de ning the
property of the uids and the various boundary conditions, the numerical calculation
is performed by high-performance computer. For the sake of obtaining the air
pressure distribution of the air ow eld to calculate the load capacity and sti ness, the
commercial CFD software FLUENT is 14.5 adopted. Gambit 2.4.6 is adopted as the
pre-processor to construct and mesh the 3D structure of the air ow eld. The air Im is
expanded and modeled as shown in Fig.7. Fig. 7(a) shows the mesh model of the
air ow eld and Fig .7(b) explains its boundary condition settings. A m n restrictor
array is uniformly distributed in the air ow eld, where m denotes the quantity of the
restrictors in cross direction, and n denotes the quantity of the restrictors in machine
direction respectively. The structure parameters of aerostatic bearing device are
illustrated in Table I. The material of the substrate web is selected as polyethylene
terephthalate (PET) plastic with its property given in Table Il. In order to optimize
the structure of the aerostatic bearing device, the quantity of the restrictor and the
diameter of the ori ce are varied based on the simulation results.

Table 1. Parameters of the Aerostatic Bearing Device

Parameters Value
Radius of the cylindrical sleeve (R) 50 mm
Width of the exible web (L) 200 mm
Diameter of the air cavity (d1) 3 mm
Height of the air cavity (h1) 0.16 mm
Depth of the ori ce (h2) 1 mm
Number of restrictors in axial direction (m) 20

Air supply pressure (po) 0.025 Mpa

4.1. Structure modeling of the air ow eld

According to the symmetry of the air ow eld, the mesh model of only a quarter of the air
ow eld is constructed to reduce amount of calculation as shown in Fig. 7(a). Fig.
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Symmetry

(b)

Figure 7. 3D model of the expended ow eld: (a) mesh model and (b) boundary
conditions.

Table 2. Material Properties of the PET Web

Properties Value
Density () 1.42 g/mm3
Young's modulus (E) 2.96 Gpa
Tensile strength ( b) 57.3 Mpa
Poisson ratio (v) 0.37
Thickness 50 m

7(b) shows the boundary conditions for the CFD analysis. Generally, the higher mesh
density divided, the more accurate the results obtained. Therefore, the mesh should be
divided as dense as possible. However, the geometric size of the ow eld spans large.
The length and width of the ow eld are as large as tens of millimeters, while the
thickness of the air Im is as small as several microns. Thus, it is di cult to divided a
dense mesh. If the mesh is too loose, the CFD simulation would not get convergent
solution due to iteration error. The CFD simulation in this article selects di erent kinds of
meshes based on the size of the ow eld in di erent directions. Moreover, the mesh at
the ori ces boundary is more dense. Based on these methods, the CFD simulations can
get accurate convergent solution as much as possible. Moreover, it can be seen that
the curvature of the air Im is ignored, the ow eld is spreaded as a plane with the same
height to generate high quality mesh structure.
The width of the air ow eld B is given as

R
= = - 23
5 (23)
In order to simplify the load capacity calculation, the air ow eld can be divided

into n areas according to the row quantity of the restrictors in the machine direction.
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It can be concluded that the pressure distribution in vertical direction of the air ow
eld is invariable according to (10)-(12). According to the above conclusion, the load
capacity of the i-th area can be derived as

z

4n

Fi=2 piL(R + h) cos d; (24)
0

where pj is the average pressure of the i-th area. The load capacity of the entire air
ow eld can be calculated as

n

Xi
W =2 sin 4n L(F51+ h) picosi: (25)
The static sti ness Ky of the air ow eld can be given as
K = _W(h+h W(h) ; (26)
w h

where h represents the change of the air Im thickness.

4.2. Structure optimization of the arrayed restrictors

Di erent from the conventional aerostatic bearings which are regarded as rigid body,
the PET web is exible. If the exible web cannot be supported by uniform pressure, the
boundary conditions of the ow eld will be unstable. Therefore the uniform pressure of
the air ow eld needs to be guaranteed. A CFD model of the ow eld is generated and the
pressure nephogram is shown in Fig. 8(a), where the air Im height is 40 m, the number
of the restrictor is 20 10 and the diameter of the ori ce is 0.3 mm. It can be seen that an
obvious pressure drop appears at the edge of the air ow eld. This pressure drop will
decrease the stability of the boundary condition. In order to increase the air pressure at
the edge, a round of additional restrictors are added. The pressure nephogram of the
air ow eld with the additional restrictors are shown in Fig. 8(b). It can be seen that the
pressure drop at the border is signi cantly reduced compared with the pressure
distribution in Fig. 8(a), forming the uniformity of the air ow eld. As shown in gure. 9, the
pressure distribution of the curve center section of the air Im are given. Line-testl
represents the center section pressure distribution of the ow eld without additional
restrictors while line-test2 represents the pressure distribution of the center section of
the ow eld with additional restrictors. The increase of the pressure at the edge can be
recognized with the additional restrictors.

Moreover, the CFD simulations of the single ori ce near the boundary and in the center
of the ow eld are conducted, respectively. As shown in Fig. 10, the pressure nephograms
of each condition are illustrated. The pressure at the inlet is set as 0.25 Mpa, the diameter
of the ori ce is 0.3 mm and the thickness of the air Im is 40 m. Moreover, since the
thickness of the air Im is small compared with the size of the ow eld, the distribution of the
grid in the Im thickness direction is denser. The viscous model is selected as realizable k-
epsilon, the energy equation is on, and the uid material is selected as air with ideal-gas
density. The pressure-velocity coupling scheme is chosen as simple. The spatial
discretization is set as follows: least squares cell based gradient,
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standard pressure, second order upwind density and momentum, and rst order
wind turbulent kinetic energy. According to the CFD simulations, it can be observed
that the pressure distribution of the ori ce in the center is more uniform than the
pressure distribution of the ori ce near the boundary. Therefore, the addition of a
round of restrictors is necessary. Moreover, Fig. 10(c) shows the velocity vector of
the air ow near the outlet of the ori ce. Turbulence occurs at the outlet of the ori ce,
as well as the intersection of each ori ce in the arrayed restrictors ow eld. Therefore,
it is di cult to calculate the pressure distribution of the ow eld analytically.
Nevertheless, we can study the property of the whole ow eld by conduct CFD
simulation of the whole air Im to calculate the load capacity and sti ness of the
aerostatic bearing device to the web.

e
I 2
5 858401

Figure 8. Pressure nephogram of the ow eld : (a) without additional restrictors and
(b) with additional restrictors.
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Figure 9. Center section pressure distribution curve.
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(@ (b) (©

Figure 10. (a) Pressure nephogram of a single ori ce at the corner of the ow eld,

(b) pressure nephogram of a single ori ce at the center of the ow eld and (c) velocity
vector of the air ow near the outlet of the ori ce.

4.3. CFD simulation of load capacity and sti ness

The aerostatic bearing device is mainly evaluated by its load capacity and sti ness. In
order to optimize the performance of the aerostatic bearing device, research should be
done to study the in uence of aerostatic bearing device structure parameters. Based on
simple variable method, the structure parameters are varied to conduct repeated CFD
simulation about the load capacity and sti ness of the air ow eld. Finally, the variation
curves of the load capacity and sti ness with respect to the thickness of the air Im are
plotted. Fig. 11 shows the curves when the quantity of the restrictor rows is set to 10
and the diameter of the ori ce is varied, while Fig. 12 shows the curves when the
diameter of the ori ce is 0.3 mm and the number of the restrictor rows is varied.
According to the CFD simulation results the following conclusions can be given.

When the diameter of the ori ce is increased, the load capacity of the aerostatic
bearing device is higher. It is mainly resulted from the increase of the air
pressure at the outlet of the ori ce. However, the maximum sti ness of the ow
eld is signi cantly decreased. Therefore it can be concluded that smaller
diameter of the ori ce resulting in lower load capacity and higher sti ness.
However, processing di culty will be greatly increased when the diameter of the
ori ce is too small. Meanwhile the cleanliness of the air source will be tougher
to prevent the impurities in air from blocking the restrictor.

When the number of the restictors is increased, the load capacity of the air ow eld
is higher while the maximum sti ness is lower. However, once the the number of
the restictors is up to a su cient extent, it has little e ect on the load capacity
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and sti ness of the air ow eld as shown in Fig. 11. Therefore, if the uniformity of
air ow eld can be ensured, the number of the restrictors should be restricted
since larger quantity of restrictors leads to higher manufacturing di culty and

greater expense.
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Figure 11. A ection of the diameter of the ori ces on (a) load capacity and (b)
sti ness.
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Figure 12. A ection of the quantity of the restrictor rows on (a) load capacity and

(b) sti ness.

5. Experimental tests

Experimental tests are carried out to investigate the performance of the aerostatic
bearing system. A 20 10 restrictor array at 0.2 mm diameter is distributed on the
surface of the aerostatic bearing device. The left parameters of the device is the
same as used in the CFD simulation shown in Table I.
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5.1. Tension control strategy

The web tension should be kept at a constant in the printing process. Inappropriate
tension will in uence the transport stability and the printing quality. The web would
be deformed or ruptured if the tension is too high. While a slide or wrinkles would
appear if the tension is too low.

Figure.13 shows the schematic diagram of the tension control system. Servo
motor 1 works at the torque model while servo motor 2 works at the velocity model
to set the tension and velocity of the web, respectively. In order to keep the web
tension and velocity constant, the resistance torque and rotating speed of the servo
motors should change along the variation of the web reel diameter. Two laser
sensors are employed to measure the diameter. The tension detector will detect the
load on the idler roller generated by the web tension. When the actual tension
deviates from the predetermined value, the resistance torque of servo motor 1
should be revised through speci ¢ control algorithms. Besides, the spring tension
adjustment mechanism is used to compensate the tension uctuation passively.

As shown in Fig.14, the tension variation is detected by the pressure sensor.
The web velocity is set at 30 mm/s. The tension uctuation is controlled within 1 N.

Passive tension
adjustment

Diameter

measure
=

Diameter
measure
[

Tension controller

/]

Servo motor 1 Servo motor 2

Computer

Figure 13. Schematic of the tension control system.

5.2. Performance test of the aerostatic bearing system

Experimental tests are carried out to investigate the performance of the aerostatic
bearing system. A high precision laser sensor is adopted to detect the oat height
and vibration performance of the web. The environmental noise of the laser sensor
is measured as shown in Fig. 15, and it can be seen that the noise is about 0.1 m.

Once the variation of the air Im thickness along the web tension is obtained, the
load capacity and the sti ness of the air Im can be calculated. The comparison
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Figure 14. Tension control experiment.
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Figure 15. Environment noise of the laser sensor.
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between the experimental results and the CFD simulation are shown in Fig. 16. Due
to the restriction of friction between the the mechanical expansion shaft and the
web reel, the tension of the web cannot be as large as the CFD condition.
Therefore the web tension is set from 20 N to 150 N. The load capacity is varied
from 28.28 N to 212.13 N according to equation (6). Moreover, the load capacity is
measured from 20 m of the air Im thickness. The sti ness curve is derived from the
load capacity curve according to Eq. (26).

10 T T

T T
Traditional roller

—— Aerostatic bearing roller

Web vibration displacement (um)

0 10 20 30 40 50
Time (s)

Figure 17. Web vibration comparison between the traditional roller and aerostatic
bearing roller.

From the comparison chart shown in Fig 16, the following conclusions can be
obtained. According to the experimental results, the CFD simulation results can re ect
the trend of the load capacity and sti ness. The load capacity of the air Im decreases as
the increase of the air Im thickness. The air Im sti ness has a maximum value at a
particular value of the air Im thickness. Signi cant numerical di erences exist in the
comparison between the CFD simulation and the experimental results. As the air Im
thickness increases, the actual load capacity decreases is relatively slowly compared to
the CFD simulation. The actual air Im sti ness is far below the CFD simulation value.
The reasons for the di erences will be discussed later.

When the web tension is low, the thickness of the air Im would be relatively thick,
resulting in a low sti ness of the air Im. The external disturbances will interfere the
position accuracy of the web. Due to the exibility of the web, the air ow will cause
vibration of the web at the low tension condition. Therefore the work tension of the web
should be controlled strictly. When the web tension is relatively high, the position error
of the web is eliminated e ectively. The deviation displacement of the web in the vertical
direction will be detected to compare with the position accuracy achieved by di erent
transport methods. The laser sensor detects the position uctuations of the web at the
aerostatic bearing area and the traditional rolling roller, respectively. The web tension is
controlled at 150 N, and the web velocity is at 20 mm/s. As shown in Fig. 17, the
comparison chart shows the e ectiveness of the aerostatic bearing roller.
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Due to the machining and assembly errors, dynamic position error of the web on
the rolling roller is detected which is about 6 m. While the position error of web at
the aerostatic bearing area is about 1 m. Comparing to the traditional web transport
method, a much better dynamic performance is obtained with the proposed
aerostatic bearing method.

5.3. Discussion

The deviation of experimental results from the CFD simulation results arises from
complex reasons as follows.

The exible web is regarded as a rigid body in the CFD boundary condition
setting. In the experiment situation, when the web tension is high enough, the
web can be regard as a rigid body. While at a low tension condition, the web
cannot maintain the uniform plate structure because of the air Im stress
concentration caused by the restrictor array.

The pressure distribution would be uneven when the air Im thickness becomes
thicker, resulting in non-uniform supporting forces. From the observation of the
experiments, the web would appear severe vibration at low tension. To obtain
stable aerostatic bearing performance, the tension should be precisely controlled.

During the experimental process, the web is constantly moving. In the CFD
simulation condition, the web motion is ignored. This may lead to changes in
the boundary conditions.

Maintaining a stable aerostatic bearing status of the exible web needs strict
conditions. Improper experimental parameter settings will lead to non-ideal
experimental phenomena. For the proposed aerostatic bearing system, the
tension should be set at least higher than 120 N to obtain high rigidity of the
exible web. When the web is transported into the aerostatic bearing area, the
cross direction error should be eliminated to guarantee the symmetry boundary
condition of the ow eld.The web guide module to control the web position in the
cross direction need to be introduced in the future work.

Although there is some deviation between the CFD simulation results and the
experimental results, but the CFD simulation is still able to re ect the relationship
between the load capacity, sti ness and the air Im thickness, which can provide
theoretical support for the design of the aerostatic bearing system.

6. Conclusion

The study of the roll-to-roll printed electronics has raised a tough task to design precision
transport equipment to guarantee the position accuracy of the web. To this end, a novel
aerostatic bearing system is pesented in this paper. Design, analysis, and characterization
of the aerostatic bearing system are proposed. The core part of the R2R
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system is a pair of aerostatic bearing devices with arrayed restrictors. The aerostatic
bearing device can generate a layer of air Im between the web and the roller to eliminate
the adverse impact of the traditional roller with both support and transport uses. The
conception design of the device is presented and the theoretical model of the air ow eld are
established. CFD numerical simulations are developed to evaluate and optimize the
property of the device. Finally, a roll-to-roll prototype is built to experimentally investigate
the performance of the aerostatic bearing roller. Experimental results have proved the
feasibility of the proposed aerostatic bearing method. By adopting the aerostatic bearing
roller, the position accuracy in the vertical direction of the web can be achieved to 1 m,
which is signi cantly better than the traditional method.

Precise tension control and cross direction error compensation are necessary
for further improving the performance of the aerostatic bearing system. In the future
work, an active tension adjuster and a web guide module will be developed to
enhance the tension control precision and the web position accuracy. In order to
further investigate the aerostatic bearing method, di erent kinds of air bearing, such
as the porous bearing will be investigated to fabricate the air bearing roller. Speci ¢
air pressure sensors will be mounted on the aerostatic bearing device to detect the
air pressure in di erent position of the ow eld. Moreover, a complete set of roll-to-roll
inkjet printing system will be built to conduct the multi-layer printing experiment.
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