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Abstract

:

Flexible printed electronic circuits have recently attracted attention as an alternative promising methodology due to the additive process being more environmentally friendly and using less raw material compared to conventional lithography and chemical vapor deposition. However, printed circuits produced by roll-to-roll (R2R) conveyance are often scratched, which can result in breaks in the conductive tracks, cracks, or pinholes. This study investigated a proposed optimal design for an air bar for use in an R2R printing system. The optimal distance between the roll surface and floating substrate for preventing scratching of the printed circuit was investigated. The optimal design—including the blower frequency, size of air holes, and density of air holes—was investigated using simulations of fluid–structure interactions for estimating substrate behavior during pneumatic flotation. The distribution of air pressure in the space between the substrate and the surface of the air bar was calculated, and the deformation of the substrate by the air pressure was analyzed. The optimal design of the air bar was verified in numerical simulations and experiments using various conditions.
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1. Introduction


Flexible printed electronic circuits have recently attracted attention as an alternative promising methodology due the additive process being more environmentally friendly and using less raw material compared to conventional lithography and chemical vapor deposition [1,2,3,4,5,6]. As printed circuits become more complex and thinner, preventing circuit defects becomes a significant issue. Circuits are often scratched during the roll-to-roll (R2R) conveyance process, which can result in breaks in the conductive tracks, cracks, or pinholes [7,8,9,10,11]. This has prompted several suggestions of using flotation of the conveying substrate with a pneumatic cylinder [12,13,14,15,16]. An equivalent model of the flotation height, angle of air holes, and effective pressure has been proposed [12]. Also, the aerodynamic forces have been studied by considering the effect of flotation height and out-of-plane stability characteristics [13]. A governing partial differential equation was developed for the lateral deflection and stability of both straight and cambered substrates. Also, dimensionless parameters were proposed, including for the tension in and deflection of the substrate [14]. The flotation height has also been derived using an extensional resiliency model [15].



We have previously suggested a method for preventing scratching of the printed pattern during R2R conveyance [17]. In the R2R conveyance process for multilayered printing, individual printing roll was rotated in precisely the same phase for the register control. Thus, the tension fluctuation of substrate was not able to be controlled, which resulted in the correlation between tension in substrate and flotation height. The correlation between the tension in the substrate and the flotation height was derived using the mass conservation law. The strain variation according to the aerodynamic lifting force was determined based on the floating height. In this approach, the substrate was assumed to be a spring with an empirical coefficient, which varied with the design of the air bar.



One limitation of our previous study is that it investigated a fixed structure of the air bar and operating conditions. Even though the proposed mathematical model of the air bar system was validated in simulations and experiments, no previous study has investigated the design of the air bar in terms of the size, density, and distribution of air holes under various tension and velocity conditions. To prevent scratching the printed circuit due to roll contact, the distance between the roll surface and floating substrate needs to be investigated between the locations where it enters and exits the air bar.



In the present study, we analyzed the optimal design for an air bar by considering the height of the substrate throughout the area where the substrate faces the air bar. FSI (fluid–structure interaction) numerical simulations were carried out to estimate the substrate behavior caused by pneumatic flotation. The distribution of air pressure in the space between the substrate and the surface of the air bar was first determined, and then the deformation of the substrate induced by this air pressure was calculated. The optimal hole density was determined from among several design candidates based on numerical simulations and experiments.




2. Mathematical Models of Pneumatic Flotation


This section presents a mathematical model of pneumatic flotation for an R2R conveyance system based on a tension model and an empirical model of the tension variation due to air pressure. The dynamics of longitudinal behavior of a moving substrate is described as [17,18,19]


  L  d  d t    (   ε 2   )  =  v 2   ( t )  −  v 1   ( t )  +  ε 1   ( t )   v 1   ( t )  −  ε 2   ( t )   v 2   ( t )   



(1)




where L,  v , and  ε  are the span length (m), the tangential velocity of the roll (m/s), and the strain of the substrate, respectively.



To include the effect of pneumatic pressure, the total strain can be assumed as a superposition of strains owing to longitudinal dynamics (   ε e   ) and air pressure (   ε  air    ) [17]


   ε  eq    ( t )  =  ε e   ( t )  +  ε  air    ( t )   



(2)







Substituting the derivatives of (2) into (1) and then applying linearization using the perturbation method and Hooke’s law yields the total strain of the floating substrate


   d  d t    (   T  eq , 2    )  =    v  10    L   T 1 e   ( t )  −    v  20    L   [   T 2 e   ( t )  +  T 2  air    ( t )   ]  +   A E  L   [   V 2   ( t )  −  V 1   ( t )   ]   



(3)




where A, L, T,  v , and V are the cross-sectional area of the substrate, the length of the substrate, the variation in the tension, the tangential velocity of the roll in the initial state, and the variation in the tangential velocity of the roll, respectively. Equation (3) expresses the linearized dynamics for the tension in the substrate based on the pneumatic pressure. Then, the pneumatic pressure can be reflected as a tension variation due to the height of the floating substrate (4)


  T  ( t )  = −  k  air    (    β Δ h  ( t )   2   )   



(4)




where    k  air    , h, and  β  are the equivalent aerodynamic spring constant, flotation height and wrap angle, respectively. Combining (3) and (4) gives [17]


   d  d t    (   T  eq , 2    )  =    v  10    L   T 1 e   ( t )  −    v  20    L   [   T 2 e   ( t )  + H  ( t )   (    −  k  air   β  2   )   ]  +   A E  L   [   V 2   ( t )  −  V 1   ( t )   ]   



(5)




where H is the variation in the flotation height from the steady state.



Equation (5) describes the dynamics of the tension induced by the pneumatic pressure as well as the velocity of the roll and the tension in the previous span. It is notable that empirical parameter    k  air     can only be obtained by measuring the flotation height and flotation-induced tension variation in the designated air-bar setup. The next section investigates design parameters such as the hole size, density, and distribution for the optimal design of pneumatic flotation.



2.1. FSI Numerical Simulations


FSI analyses were performed to investigate four types of air bar with different hole densities. Based on the typical design of air bar, the design of Type 0 was determined as shown in Figure 1 [20]. Type 0 is a commonly applied design of the air holes in a square distribution without holes in the middle. It is known that this design of air holes generates a sufficient flotation height in the middle of the air bar, but the effect of flotation is reduced at the entry and exit positions due to a reduction in the pressure. We therefore suggested alternative designs with additional air holes on both sides of the Type-0 design, which are shown as Types A to C in Figure 1. The additional air holes were distributed in two rows, and only the density of the air holes varied among the alternative designs. The densities in the additional two rows were 0.094 and 0.052 for Types A and B, respectively, while in Type C the two rows had different densities of 0.052 and 0.013.



The simulation procedure is summarized as follows: The air bar was modeled in three dimensions using CAD software. It had a symmetric shape in the longitudinal direction, and so only half of the real air bar was modeled in order to make the analysis more efficient and rapid (Figure 2a). The pressure at an air hole was determined, as shown in Figure 2b, while the detailed design of the hole is illustrated in Figure 3. The hole diameters at the inlet and outlet were 2 mm and 5 mm, respectively, and the spreading angle of each hole outlet was 90 degrees. A pressure regulator was employed to supply a constant pressure to the air bar, and so the inlet pressure was assumed to be constant, at 0.025 bar in these simulations. The pressure at the hole outlet was calculated as 8.753 Pa under the given geometric parameters (Figure 3). The flow in the nozzle was assumed to be a laminar flow, thus the pressure was uniform and changed at the top of the nozzle.



The boundary conditions for the fluid simulations were assigned as shown in Figure 2c. The input area was selected at the outlet of the air holes where the pneumatic pressure was supplied to produce substrate flotation. Similarly, the output area was selected at the side of the flotation space where the air can spill out. The pneumatic pressure acting on the substrate due to the air flow was analyzed (Figure 2d). Figure 4 summarizes the pressure distribution on the substrate for each design of air bar. It is notable that the direction of the pneumatic pressure reversed at the entry and exit positions (circles in Figure 4). This phenomenon could generate a vortex at both ends of the air bar, resulting in the height of the substrate being reduced compared to that in the middle area. The minimum pressures on each side were −3.899 Pa, −2.923 Pa, −1.957 Pa, and −2.912 Pa for Types 0, A, B, and C, respectively. Table 1 lists the minimum and maximum pressures at the inlet and outlet.



A structural analysis of the floating substrate was used to investigate the deformation between the inlet and outlet and the middle area due to the induced pressure distribution. The two sorts of deformation were depicted along the x-axis for the inlet and outlet and along the y-axis for the middle area (Figure 5). Table 1 summarizes the deformation and pneumatic pressure of the substrate. Among Types 0, A, and B, the increased air-hole density of the additional rows decreased the negative pressure, while the variation in the deformation increased. Therefore, the alternative design of Type C was employed with air-hole densities of 0.052 and 0.013 for the two rows, which represented an intermediate design between those of Types A and B. The inlet and outlet pressures for Type C were similar to those for Type A, but the difference in the deformation was decreased by more than five-fold. The following cost function (J) was proposed (each design is illustrated in Figure 6) [21]


  J =   ∫  0 ∞   (   x T  Q x +  u T  R u  )  d t  



(6)




where x is the minimum pressure at inlet/outlet, xT is the transpose of x, u is the difference in the deformation between the inlet and outlet and the middle area, uT is the transpose of u, Q and R are weighting factors, and J is a cost function.




2.2. Experimental Verification


In order to verify the optimal design of the air bar proposed in the previous section, we manufactured a prototype based on the design of Type C and equipped it in the drying and sintering section, as shown in Figure 7. The tension in the substrate cannot be controlled due to the registration in the drying section of the R2R process [22,23]. The testing platform for the R2R process comprising unwinding, printing, drying, cooling, and rewinding has been described in detail for our previous study [17].



An air bar was manufactured from stainless steel with a diameter of 100 mm, width of 300 mm, air-hole diameter of 2 mm, and air-hole density of 0.052 in the base area. The densities of the additional air holes at the entry and exit were 0.026 and 0.008, respectively. The operating velocities were 10 m/min and 15 m/min. The flotation height of the moving substrate was measured using a laser-based displacement sensor (KL-G 30, Keyence, Osaka, Japan).



The operating frequency of the blower for supplying air flow into flotation bar was determined in the stationary state of the R2R process to maintain a certain flotation height between the substrate and the surface of the air bar: both 25 Hz and 35 Hz were selected, corresponding to the output pneumatic pressures of 25 mbar and 35 mbar, respectively. We divided the flotation area into three sections of equal sizes: in the direction along with the substrate moved (inlet, middle, and outlet), and in lateral direction (left, center, and right), producing a total of nine combinations (Figure 8). Cubic linear interpolation was applied in this study. Table 2 lists the measured flotation height of the moving substrate in each section as a function of the operating velocity and blower frequency.



The overall flotation height was larger in the right area than in both the center and left sections, as shown in Figure 9. In the experimental setup, the blower was connected to the left side of the air bar. Because the internal diameter of the junction (24 mm) was much smaller than that of the air bar (88 mm), the fluid velocity increased inside the joint junction. This increased fluid velocity would result in a reduction of the pressure near the left side of the air bar due to the Venturi effect [24], and so the substrate floated higher on the right side.



Table 2 indicates that the standard deviations of the height were larger at the inlet and outlet than at the center, except for the condition of 15 m/min and 25 Hz. As indicated in Figure 4, the vortex caused by the reversal in the direction of pressure at each end of the air bar amplified the oscillation of the flotation, resulting in the large standard deviation.



In all cases the average flotation height exceeded 0.5 mm, and it increased with the blower frequency: from 0.7 mm to 1.17 mm and from 0.83 mm to 1.21 mm at velocities of 10 m/min and 15 m/min, respectively (Figure 9 and Table 2). The tension in the substrate is depicted in Figure 10. A higher blower frequency increased the tension in the substrate, and also increased the difference between the maximum and minimum flotation heights: from 0.237 mm to 0.32 mm and from 0.446 mm to 0.725 mm at velocities of 10 m/min and 15 m/min, respectively (Table 2). These observations indicate that the blower frequency must be carefully determined while considering the trade-off between the average height and the difference between the maximum and minimum heights.





3. Conclusions


This study investigated a proposed optimal design for an air bar in an R2R printing system. With the aim of preventing scratching of the printed circuit due to roll contact, the distance between the roll surface and the floating substrate was investigated between the locations where it enters and exits the air bar. The optimal design including the blower frequency, size of air holes, and density of air holes was investigated using FSI numerical simulations of the substrate behavior induced by pneumatic flotation. The distribution of air pressure in the space between the substrate and the surface of the air bar was calculated, and the deformation of the substrate induced by the air pressure was analyzed. The optimal design of the air bar was verified in numerical simulations and experiments under various conditions. By the optimal design of the presented air bar, the average flotation height was achieved over 0.5 mm and the S.D. of flotation height of a moving substrate was below 0.265 with the blower frequency of 25 Hz and 35 Hz at operating velocities of 10 m/min and 15 m/min, respectively.
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Figure 1. Candidate air-bar designs for the FSI simulations. (a) Type 0 is the base design with a 180-degree hole distribution with a density of 0.026. (b) Type A is an alternative design based on Type 0, with additional holes at the inlet and outlet with a density of 0.026 in two rows. (c) Type B is an alternative based on Type 0, with additional holes at the inlet and outlet with a density of 0.094 in two rows. (d) Type C is an alternative based on Type 0, with additional holes at the inlet and outlet with densities of 0.052 and 0.013 in two rows, respectively. 
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Figure 2. Summary of the FSI analysis protocol: (a) three-dimensional (3D) modeling of the symmetrical air bar, (b) determining the pressure at the air hole, (c) boundary conditions for the fluid simulations, and (d) the pneumatic pressure acting on the substrate induced by the air flow. 
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Figure 3. Detail of an air hole, and the pressure distribution from the inlet to the outlet. 
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Figure 4. Pressure distribution on the substrate for each air-bar design. 
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Figure 5. Deformation of the floating substrate induced by the calculated pneumatic pressure. The upper and lower rows indicate the deformations along the x-axis and y-axis, respectively. 
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Figure 6. Cost function (J) as a function of air-hole density. 
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Figure 7. Experimental setup for the air bar, with a laser-based sensor used for flotation detection. 
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Figure 8. Side and top views of the designated locations for flotation measurements. 
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Figure 9. Measured flotation heights as a function of operating velocity and blower frequency. A width of 0 mm refers to the right area and a wrap angle of 0 degrees refers to the inlet. The velocity and blower frequency were respectively (a) 10 m/min and 25 Hz, (b) 10 m/min and 35 Hz, (c) 15 m/min and 25 Hz, and (d) 15 m/min and 35 Hz. 
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Figure 10. Measured tension in the substrate for blower frequencies of 25 Hz and 35 Hz at operating velocities of 10 m/min (a) and 15 m/min (b). 
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Table 1. Results of the PSI simulations of the pneumatic pressure and deformation of the substrate in the side and middle areas as a function of the air-hole density.
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Geometry

	
Air-Hole Density

	
No. of

Holes

	
Inlet/Outlet

Pressure (Pa)

	
Deformation (mm)

	
Cost Function (J)

(Q = R = 1)




	
Base Area

	
Additional Rows

	
Maximum

	
Minimum

(x)

	
Middle

	
Inlet/Outlet

Position

	
Difference

(u)






	
Type 0

	
0.026

	
none

	
552

	
8.773

	
−3.899

	
4.140

	
−5.103

	
9.243

	
100.63




	
Type A

	
0.026

	
0.026

(both rows)

	
658

	
7.792

	
−2.923

	
−2.872

	
3.480

	
6.352

	
48.89




	
Type B

	
0.026

	
0.094

(both row)

	
742

	
3.899

	
−1.957

	
−3.660

	
4.474

	
8.134

	
69.99




	
Type C

	
0.026

	
0.052 + 0.013

(two rows)

	
622

	
8.799

	
−2.912

	
0.518

	
−0.659

	
1.177

	
9.86
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Table 2. Measured flotation height as a function of velocity, blower frequency, and location.
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Velocity (m/min)

	
Blower Frequency (Hz)

	
Average Flotation Height (mm)

	
Flotation Height of a Moving Substrate (mm)

	
Lateral SD

	
Total SD




	

	
Left

	
Center

	
Right






	
10

	
25

	
0.7

	
Inlet

	
0.601

	
0.671

	
0.818

	
0.111

	
0.095




	
Middle

	
0.672

	
0.77

	
0.739

	
0.050




	
Outlet

	
0.533

	
0.614

	
0.777

	
0.124




	
35

	
1.17

	
Inlet

	
1.046

	
1.132

	
1.295

	
0.126

	
0.120




	
Middle

	
1.106

	
1.161

	
1.322

	
0.112




	
Outlet

	
1.002

	
1.115

	
1.324

	
0.163




	
15

	
25

	
0.83

	
Inlet

	
0.662

	
0.77

	
0.875

	
0.107

	
0.142




	
Middle

	
0.72

	
0.9

	
1.108

	
0.194




	
Outlet

	
0.68

	
0.896

	
0.918

	
0.132




	
35

	
1.21

	
Inlet

	
0.707

	
1.251

	
1.401

	
0.365

	
0.265




	
Middle

	
1.371

	
1.284

	
1.432

	
0.074




	
Outlet

	
0.884

	
1.113

	
1.486

	
0.304












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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