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Abstract:



In the printing section of a roll-to-roll gravure printed electronics machine, the plastic film tension is directly associated with the product quality. The temperature distribution of the plastic film in the printing section is non-uniform, because of the higher drying temperature and the lower room temperature. Furthermore, the drying temperature and the room temperature are not constants in industrial production. As the plastic film is sensitive to temperature, the temperature of the plastic film will affects the web tension in the printing section. In this paper, the thermal characteristics of the plastic film tension in roll-to-roll gravure printed electronics are studied in order to help to improve the product quality. First, the tension model including the factor of temperature is derived based on the law of mass conservation. Then, some simulations and experiments are carried out in order to in-depth research the effects of the drying temperature and room temperature based on the relations between system inputs and outputs. The results show that the drying temperature and room temperature have significant influences on the web tension. The research on the thermal characteristics of plastic film tension would benefit the tension control accuracy for further study.






Keywords:


printed electronics; tension model; web tension; thermal characteristics; room temperature; drying temperature












1. Introductions


Printed electronics refers to the application of printing technologies for the fabrication of electronic circuits and devices. Roll-to-roll gravure printed electronics have received increasing attention in recent years because of its distinctive advantages, including: large surface area, flexible, customizable, low cost, and environmentally friendly. Though printing resolution and accuracy are not as high as conventional semiconductor fabrication, the above advantages are enough to warrant many new applications, such as Radio Frequency Identification (RFID) tags, thin film transistors, solar cells, touch screens, flexible displays, and light emitting devices.



Similar to conventional gravure printing processes, some kinds of conductive inks are printed on the moving substrate in sequence in order to achieve the desired functionality in roll-to-roll gravure printed electronics. The gravure printing system can be divided into three main sections: unwinding, printing, and rewinding. The web tension system exists in all the three sections. There are different requirements for web tension in the three sections, because of the different technical requirements. Some researchers have focused their works on the unwinding and rewinding sections [1,2,3,4,5,6,7]. In these research works, the unwinding tension model and rewinding tension model ware studied, and then various kinds of control algorithms were adopted in order to achieve higher tension precision. The control algorithms for unwinding or rewinding tension include Back Propagation (BP) neural network control [1], active disturbance rejection control (ADRC) [2], Fixed-Order H∞ control [3], fuzzy adaptive Proportional-Integral-Differential (PID) control [4], Non-linear sliding-mode control [5], adaptive gain control [6], and so on.



In the printing section, the tension system and the register system are coupled together. Some research works are about the register model and register control algorithm, but these research works are based on the conventional tension model of a roll-to-roll web printing system [8,9,10,11]. Some research groups have studied the web tension system in the printing section, and the tension control algorithm is the research priority. Choi’s group used a back stepping-based control algorithm and fuzzy decoupling method to reduce the propagation of tension disturbances in the roll-to-roll system [12,13]. Knittel’s group analyzed the influence of the master roller placement, velocity, and tension bandwidths on the web tension of roll-to-roll systems [14], and then they developed a three-dimensional (3D) finite element model of the web and applied a robust control algorithm to control the web tension [15].



The aforementioned research works do not take into account the thermal effects in a roll-to-roll printing section. In fact, the effects of temperature on the tension system and register system in a gravure printing section are remarkable, and have attracted some researchers’ attention recently. Pagilla’s group developed a model to determine the temperature distribution in moving webs due to heating by radiation panels [16,17]. Shin’s group studied the tension behavior through considering the thermal effects in roll-to-roll E-printing [18], and then researched the dynamic thermal characteristic of the register of roll-to-roll multi-layer printing systems [19].



Even so, the research on the thermal characteristics of plastic film tension is not sufficient. There is a lacks of the research on the effects of room temperature and drying temperature on web tension in gravure printed electronics. In the printing section of a gravure printing machine, there are some drying devices behind the printing rollers for drying the printed conductive ink on the substrate. Usually, the web temperature outside the drying devices always changes with the room temperature, and the web temperature inside the drying devices always changes with the drying temperature. The range of the room temperature is from 10 °C to 30 °C, and the drying temperature is usually from 120 °C to 150 °C for nanosilver conductive ink. As the Polyethylene terephthalate (PET) material is sensitive to the temperature, and the Young’s modulus of PET will decrease with the rise of the web temperature. It is obviously that the changes of the room temperature and drying temperature would affect the web tension by the Young’s modulus of the web material. Some new issues about the tension system arise with the higher drying temperature and longer drying time in gravure printed electronics. With the higher requirement for printing quality, the effects of the room temperature and drying temperature on web tension need to be studied more deeply in order to obtain the thermal characteristics of the web tension, which will help to improve the tension control precision.



In this paper, we first set up the mathematical model of the web tension between two adjacent printing rollers through considering the room temperature and drying temperature. Then, some numerical simulations and experiments are carried out in order to study the effects of room temperature and drying temperature on the plastic film tension based on the relations between subsystem inputs and outputs. At last, the thermal characteristics of plastic film tension are summarized according to the simulations and experiments.




2. Tension Model Considering Temperature


The schematic diagram of a gravure printed electronics machine is shown in Figure 1. The gravure printed electronics machine is mainly composed of three sections: unwinding, printing, and rewinding. In printing section, each printing roller is driven by an independent servo motor. Two dancer rollers are installed in unwinding and rewinding sections for reducing web tension fluctuations and measuring tension signals. Load cells are set up in the web spans for measuring the web tensions, too. Photoelectric sensors are installed in the printing section for detecting register errors. Drying devices are set up behind each printing roller for drying the conductive ink. The web tension system and the register system are coupled together in the printing section.


Figure 1. Diagram of a roll-to-roll gravure printed electronics machine.
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Figure 2 shows the schematic diagram of the printing subsystem in the gravure printed electronics machine. The subsystem includes two printing units, a web, and a drying device, which is set between the two adjacent printing units for drying the printed conductive ink. [image: ] and [image: ] are the web tensions of the web spans. [image: ] and [image: ] are the tangential velocities of the printing rollers. [image: ] is the web length between two adjacent printing rollers. [image: ] is the web length inside the drying device. In this web tension subsystem, [image: ], [image: ] and [image: ] are inputs, [image: ] is the output, and other parameters can be considered as influence factors. The subsystem is a typical Multiple-Input Single-Output (MISO) system.


Figure 2. Schematic diagram of the printing subsystem.
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Because of the existing of a drying device in the web span, the distribution of web temperature is not uniform. The web temperature inside the drying device is much higher than that outside the drying device. As the web is very thin and the heat-transfer process is fast, the duration of heat transfer can be considered as zero. Therefore, it can be considered that the web temperature inside the drying device is equal to the drying temperature, and the web temperature outside the drying device is equal to the room temperature. The web temperature distribution in a web span is shown in Figure 2.



For the web span between two adjacent printing rollers, the variation of the web mass is equal to the difference between the enter web mass and the exported web mass in unit time, i.e., the law of conservation of web mass. Based on the law of conservation of web mass, the mass conservation equation for the web span in Figure 2 can be obtained as follows:


[image: ]



(1)







The detailed mass conservation equation can be get by substituting [image: ] into Equation (1):


[image: ]



(2)




where [image: ] indicates the web density, [image: ] indicates the cross-sectional area of the web, and [image: ] indicates the position in the web span along the web motion direction.



Assuming the web material is perfectly elastic, the mass of a web element will not change with the stretched state, i.e.,


[image: ]



(3)




where the subscript [image: ] indicates the un-stretched state of the web. Using the definition of strain, Equation (3) can be written as:


[image: ]



(4)




where [image: ] indicates the web strain in the web motion direction. Combining the Equations (2) and (4), we have


[image: ]



(5)







The web density and cross-sectional area in the un-stretched state do not change with the position and time, so we get:


[image: ]



(6)







Based on Equation (6), Equation (5) can be written as:


[image: ]



(7)







Because of the non-uniformity of the web temperature, the strain of the web is not uniform within the web span for a given web tension value. The web span can be divided into three parts according to the temperature distribution. So:


[image: ]



(8)







The drying temperature is uniformity inside the drying device, so [image: ]. Similarly, Outside the drying device, [image: ]. So, Equation (8) can be written as:


[image: ]



(9)







Calculating the integral parts:


[image: ]



(10)







Combining the Equations (7) and (10), we have:


[image: ]



(11)




where [image: ] indicates the web strain at room temperature outside the drying device, and [image: ] indicates the web strain at the drying temperature inside the drying device.



As the strain [image: ] is very small, so:


[image: ]



(12)







Substituting Equation (12) into Equation (11), Equation (13) can be obtained,


[image: ]



(13)







Because the mechanical structure and the web path are fixed, so the changes of the web length [image: ] and [image: ] can be ignored. Equation (13) can be written as:


[image: ]



(14)







In practical applications, the drying temperature and room temperature are generally fixed. For the whole web span, the strain caused by thermal expansion and shrinkage is constant, although the moving web will generate thermal expansion and shrinkage at different positions of the web span. The thermal strain can be considered as a structure parameter, and it is compensated in the initial adjustment of the system. In this case, the constant thermal stain would not affect the web tension. So, the stain [image: ] is generally caused by the tension. Using Hooker’s law, [image: ], we have:


[image: ]



(15)




where [image: ] indicates the Young’s modulus of the web at room temperature, and [image: ] indicates the Young’s modulus of the web at drying temperature. The room temperatures outside the drying device are equal everywhere, so [image: ]. Assuming that the drying temperatures of all of the drying devices are same ([image: ]), and neglecting the changes of web cross-sectional area ([image: ]), we have:


[image: ]



(16)







Equation (16) can be written as:


[image: ]



(17)







Equation (17) represents the mathematical model of the web tension between two adjacent printing rollers in a gravure printed electronics system.




3. Experimental Setup


The mathematical tension model of the roll-to-roll gravure printed electronics system shows that the temperature affects the web tension between two adjacent rollers by the web Young’s modulus at room temperature ([image: ]), and the web Young’s modulus at drying temperature ([image: ]). The web material (PET) is sensitive to temperature, so the web Young’s modulus [image: ] will change with the room temperature, and the web Young’s modulus [image: ] will change with the drying temperature.



For further studying the thermal characteristics of the plastic film tension in roll-to-roll printed electronics, the relations between the inputs and the outputs, including the room temperature and drying temperature, are researched through numerical simulations by using MATLAB/Simulink, and through experiments by using a gravure printing setup.



Figure 3 shows the gravure printed electronics experimental setup, which consists of three sections: unwinding, printing, and rewinding. In the printing section, all of the driving shafts are driven by servo motors (YASKAWA SGMGH-44), and the speeds of the printing rollers are obtained by the position encoders on the servo motor. Tension signals are picked up by load cells (MITSUBISHI LX-030TD) mounted on the idle rollers and then amplified by the tension amplifiers (MITSUBISHI LM-10TA). The whole system is controlled by a multi-axis controller (GOOGOLTECH T8VME). The web material is PET.


Figure 3. Gravure printed electronics experimental setup.
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In order to study the thermal characteristics, an open loop control system is adopted in order to control the printing roller speeds, and there is no tension controller in this section. There is a tension compensation setup near the load cell for compensating the decrease of the tension caused by the mechanical system (such as friction forces). The adjustment work occurs before production, and the compensation setup is not adjusted during production.



In Figure 2, setting [image: ], the model of the two adjacent printing rollers subsystems can be expressed as follows:


[image: ]



(18)







The mechanical parameters of the printing subsystem are summarized in Table 1.



Table 1. Mechanical Parameters of the Printing Subsystem.







	
Parameters

	
Values

	
Units






	
web length of a web span ([image: ])

	
9.1

	
m




	
web length inside the drying device ([image: ])

	
3.5

	
m




	
web cross-sectional area ([image: ])

	
1 × 10−4

	
m2










The room temperature range of the workshop is usually between ~10~30 °C, and the drying temperature range is usually from ~120~150 °C. As the web material is Polyethylene terephthalate (PET), the relations between web temperature and the Young’s modulus are shown in Table 2.



Table 2. Relations between Temperature and the Young’s modulus of Polyethylene terephthalate (PET).







	
Web Temperate (°C)

	
10

	
20

	
30

	
120

	
135

	
150






	
Young’s Modulus (109 Pa)

	
5.200

	
4.890

	
4.590

	
0.622

	
0.463

	
0.365










The process parameters are as follows: the steady-state value of upstream web tension [image: ], the steady speeds of the printing rollers [image: ].




4. Effects of Drying Temperature on Web Tension


4.1. [image: ] Is Input, [image: ] Is Output, [image: ] and [image: ] Are Constants


[image: ] has step changes ([image: ]) at 500 s when the drying temperatures are equal to 20 °C, 120 °C, 135 °C, and 150 °C, respectively, the step responses of the tension [image: ] are shown in Figure 4 and Figure 5. The step changes of [image: ] cause the step changes of [image: ]. The drying temperature affects the transient responses rather than the steady-state responses.


Figure 4. The responses of the tension [image: ] as [image: ] has step changes at different drying temperatures in simulations.
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Figure 5. The responses of the tension [image: ] as [image: ] has step changes at different drying temperatures in experiments.
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The steady-state values of [image: ] increase 10 N as [image: ] at different drying temperatures, i.e., the drying temperature does not affect the steady-state tension [image: ] caused by input tension [image: ].



In the transient response, the settling time [image: ] is defined as the time required for the system to settle within a certain percentage [image: ] of the input amplitude, which is usually [image: ]. In Figure 4, the settling times [image: ] are 202 s, 961 s, 1260 s, and 1574 s at 20 °C, 120 °C, 135 °C, and 150 °C, respectively. The ratios between the increases of the settling times [image: ] and the settling times [image: ] are about 31% and 25% when the dry temperatures vary from ~120~135 °C and ~135~150 °C, respectively. It shows that: first, the difference between the transient response without using the drying system, and the transient response using the drying system is very obvious, and the thermal effect of the drying system on tension can’t be neglected; second, the settling times [image: ] increase with the increases of the values of the drying temperature, and the growth rate is about 30% for each 15 °C rise in the drying temperature.




4.2. [image: ] Is Input, [image: ] Is Output, [image: ] and [image: ] Are Constants


[image: ] has step changes ([image: ]) at 500 s when the drying temperatures are equal to 20 °C, 120 °C, 135 °C, and 150 °C, respectively, the responses of the tension [image: ] are shown in Figure 6 and Figure 7. The step changes of [image: ] cause the negative step changes of [image: ]. The drying temperature only affects the transient response.


Figure 6. The responses of the tension [image: ] as [image: ] has step changes at different drying temperatures in simulations.
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Figure 7. The responses of the tension [image: ] as [image: ] has step changes at different drying temperatures in experiments.
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The steady-state values of [image: ] decrease about 49 N as [image: ] at different drying temperatures, i.e., the drying temperature does not affect the steady-state tension [image: ] caused by input velocity [image: ].



For the transient response in Figure 6, the settling times [image: ] are 202 s, 961 s, 1260 s, and 1574 s at 20 °C, 120 °C, 135 °C, and 150 °C, respectively. The values of the settling times [image: ] are the same to that in Section 4.1. It shows that: first, the difference between the transient response without the drying system and using the drying system is also obvious too; second, the settling times [image: ] increase with the increases of the values of the drying temperature.




4.3. [image: ] Is Input, [image: ] Is Output, [image: ] and [image: ] Are Constants


[image: ] has step changes ([image: ]) at 500 s when the drying temperatures are equal to 20 °C, 120 °C, 135 °C, and 150 °C, respectively, the responses of the tension [image: ] are shown in Figure 8 and Figure 9. The step changes of [image: ] cause the step changes of [image: ]. The value of the drying temperature only affects the transient response, which is similar to Section 4.2.


Figure 8. The responses of the tension [image: ] as [image: ] has step changes at different drying temperatures in simulations.
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Figure 9. The responses of the tension [image: ] as [image: ] has step changes at different drying temperatures in experiments.
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The steady-state values of [image: ] increase about 49 N as [image: ] at different drying temperatures, i.e., the drying temperature does not affect the steady-state tension [image: ] caused by input velocity [image: ].



For the transient response in Figure 8, the settling times [image: ] are 202 s, 961 s, 1260 s, and 1574 s at 20 °C, 120 °C, 135 °C, and 150 °C, respectively. The values of the settling times [image: ] are the same to that in Section 4.1 and Section 4.2. It shows that: first, the difference between the transient response without the drying system and the transient response when using the drying system is also obvious too; second, the settling times [image: ] increase with the increases of the values of the drying temperature.





5. Effects of Room Temperature on Web Tension


5.1. [image: ] Is Input, [image: ] Is Output, [image: ] and [image: ] Are Constants


[image: ] has step changes ([image: ]) at 500 s when the room temperatures are equal to 10 °C, 20 °C, and 30 °C, respectively, the step responses of the tension [image: ] are shown in Figure 10 and Figure 11. The step changes of [image: ] cause the step changes of [image: ]. The room temperature affects the transient responses rather than the steady-state responses.


Figure 10. The responses of the tension [image: ] as [image: ] has step changes at different room temperatures in simulations.
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Figure 11. The responses of the tension [image: ] as [image: ] has step changes at different room temperatures in experiments.
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The steady-state values of [image: ] increase 10 N as [image: ], respectively, at different room temperatures, i.e., the room temperature does not affect the steady-state tension [image: ] caused by input tension [image: ].



For the transient response in Figure 10, the settling times [image: ] are 1334 s, 1260 s, and 1188 s at 10 °C, 20 °C, and 30 °C, respectively. The ratios between the decreases of the settling times [image: ] and the settling times [image: ] are −5.5% and −5.7% when the room temperatures vary from ~10~20 °C and ~20~30 °C, respectively. It shows that: first, the settling times [image: ] decrease with the increases of the values of room temperature; second, the settling times [image: ] decrease about 6% for each 10 °C rise in room temperature, which is a less obvious decline than that caused by the drying temperature.




5.2. [image: ] Is Input, [image: ] Is Output, [image: ] and [image: ] Are Constants


[image: ] has step changes ([image: ]) at 500 s when the room temperatures are equal to 10 °C, 20 °C, and 30 °C, respectively, the responses of the tension [image: ] are shown in Figure 12 and Figure 13. The step changes of [image: ] cause the negative step changes of [image: ]. The room temperature affects both the steady-state response and the transient response.


Figure 12. The responses of the tension [image: ] as [image: ] has step changes at different room temperatures in simulations.
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Figure 13. The responses of the tension [image: ] as [image: ] has step changes at different room temperatures in experiments.
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For the steady-state response in Figure 12, the steady-state values of [image: ] decrease 52.0 N, 48.9 N, and 45.9 N when the room temperatures are 10 °C, 20 °C, and 30 °C, respectively. It shows that the decreases of the steady-state values [image: ] decrease with the rise of the room temperature, in other words, the steady-state values of [image: ] caused by a certain step change of the input velocity [image: ] in the step responses, increase with the increases of the room temperature. The differences between the steady-state values of [image: ] are 3.1 N and 3 N when the room temperatures vary from ~10~20 °C and ~20~30 °C, respectively. Furthermore, the ratios between the differences of the steady-state values of [image: ] and the decreases of the steady-state values [image: ] are 5.96% and 6.14% when the room temperatures vary from ~10~20 °C and ~20~30 °C, respectively. It shows that the steady-state values [image: ] caused by a certain step change of the input velocity [image: ] increase about 6% for each 10 °C rise in room temperature, which would also make a measurable impact on precise tension control.



For the transient response in Figure 12, the settling times [image: ] are 1334 s, 1260 s, and 1188 s at 10 °C, 20 °C, and 30 °C, respectively. Furthermore, the ratios between the decreases of the settling times [image: ] and the settling times [image: ] are −5.5% and −5.7% when the room temperatures vary from ~10~20 °C and ~20~30 °C, respectively. The results of the transient responses are the same to the step responses in Section 5.1. The similar conclusions are as follows: the settling times [image: ] decrease with the increases of the room temperature, and the decrease rate is about 6% for each 10 °C rise in the room temperature.




5.3. [image: ] Is Input, [image: ] Is Output, [image: ] and [image: ] Are Constants


[image: ] has step changes ([image: ]) at 500 s when the room temperatures are equal to 10 °C, 20 °C, and 30 °C, respectively, the responses of the tension [image: ] are shown in Figure 14 and Figure 15. The step changes of [image: ] cause the step changes of [image: ]. The value of the room temperature affects both the steady-state response and the transient response, which is similar to Section 5.2, but has the opposite results.


Figure 14. The responses of the tension [image: ] as [image: ] has step changes at different room temperatures in simulations.
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Figure 15. The responses of the tension [image: ] as [image: ] has step changes at different room temperatures in experiments.
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For the steady-state response in Figure 14, the steady-state values of [image: ] increase 52.0 N, 48.9 N, and 45.9 N when the room temperatures are 10 °C, 20 °C, and 30 °C, respectively. The values of the steady-state response are the same to the step responses in Section 5.2, so the conclusion is similar, too. The steady-state values of [image: ] caused by a certain step change of the input velocity [image: ] in the step responses, decrease with the increases of the values of room temperature, and the decrease rate is about 6% for each 10 °C rise in room temperature.



For the transient response in Figure 14, the settling times [image: ] are 1334 s, 1260 s, and 1188 s at 10 °C, 20 °C, and 30 °C, respectively. The ratios between the decreases of the settling times [image: ] and the settling times [image: ] are −5.5% and −5.7% when the room temperatures vary from ~10~20 °C and ~20~30 °C, respectively. Similarly, the settling times [image: ] decrease with the increases of the values of room temperature, and the decrease rate is about 6% for each 10 °C rise in room temperature.





6. Discussions


Through the aforementioned simulations and experiments, the thermal characteristics of the plastic film tension in roll-to-roll printed electronics are summarized as follows.



(1) The experimental results are according to that in the numerical simulations, and it shows the correctness of the mathematical model, including room temperature and drying temperature.



(2) The drying temperature does not affect the steady-state value of web tension, whatever the input type. The drying temperature obviously affects the transient process, and the settling time increases with the rise of drying temperature.



(3) The room temperature affects both the steady-state response and the transient response. For the steady-state response, the room temperature does not affect the steady-state value of web tension when the input is upstream web tension. When the input is roller velocity, the absolute change of the steady-state web tension decreases with the rise of the room temperature. For the transient response, the settling time decreases with the rise of the room temperature, which is the opposite of the drying temperature, furthermore, the change rate is much less than that caused by the drying temperature.



(4) For a given room temperature or drying temperature, the settling times are the same across the different input types and values.



(5) The settling time, considering the drying temperature, is about 5–8 times longer than that without considering the drying temperature, which means that the transient process can’t be neglected, otherwise, the quality of the printed electronics during this time is not guaranteed.



(6) In practical applications, the drying temperature could be adjusted to compensate for the change of the transient process caused by the variation of room temperature. In this case, the speed of the hot air should be changed with the drying temperature in order to guarantee the drying quality.



(7) In order to reduce the effect of room temperature on web tension, a constant temperature workshop could be built to keep the room temperature constant.




7. Conclusions


To obtain higher printing precision, the thermal characteristics of plastic film tension in roll-to-roll gravure printed electronics need to be researched in-depth. In this paper, the tension model including a drying system is derived based on the law of mass conservation. The mathematical model shows that the drying temperature and the room temperature could affect the web tension by the thermal behavior of the plastic film. Then, the thermal effects of the drying temperature and the room temperature on web tension are studied by using numerical simulations and experiments based on the relations between system inputs and outputs. In the transient responses, the settling time increases with the rise of the drying temperature, but decreases with the rise of the room temperature, and the effect of the drying temperature is more obvious than that of the room temperature. In steady-state responses, only the room temperature affects the steady-state value of the web tension when the input is the velocity of the printing roller. Based on these thermal characteristics of the plastic film tension in roll-to-roll gravure printed electronics, it is conducive to adopt an appropriate control strategy in order to obtain a higher precision of register control in practical applications.
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