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Abstract—With the advancement of manufacturing tech-
nology in transfer printing and two-dimensional materi-
als fabrication, roll-to-roll (R2R) dry transfer by mechani-
cal peeling is becoming a promising process for efficient
transfer of thin film materials from a donor substrate to a
target substrate for device fabrication. As a key process
variable, the peeling angle determines the loading condi-
tion of the R2R dry transfer process and thus the quality
of the transferred material. Controlling the peeling angle
is challenging in a R2R process because of the adhesion
energy and peeling front velocity in addition to the flexible
substrates involved in the peeling process. In this article,
a real-time supervisory control strategy is developed for
the R2R mechanical peeling process. A strain energy-based
peeling process model is employed to estimate the peel-
ing front velocity and the adhesion energy. The real-time
estimation is then used to generate reference signals for
web tension controllers to track the desired peeling angles.
The proposed control strategy is demonstrated with both
simulation and experimental results.

Index Terms—Real-time supervisory control, roll-to-roll
(R2R) manufacturing process control, transfer printing,
two-dimensional (2-D) materials fabrication.

I. INTRODUCTION

OLL-TO-ROLL (R2R) manufacturing is a high-
Rthroughput method to produce a variety of advanced
products, such as flexible and stretchable electronics [1], [2],
[3], [4], lithium-ion battery electrodes [5], [6], solar cells [7],
[81, [9], and other system-in-foil devices [10]. As the technology
develops, R2R dry transfer by mechanical peeling is becoming a
promising process to transfer two-dimensional (2-D) materials
[11], [12], [13], [14], [15] and printed electronics [16], [17],
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[18], [19], [20] from one substrate to another for device
fabrication. R2R device transfer is a critical manufacturing
step, as many 2-D materials and flexible electronics must
be fabricated on substrates that are not suited for product
end-use. R2R mechanical peeling has recently been proposed
for transferring 2-D materials due to its advantages over other
methods such as wet etching and electrochemical delamination
[11], [21], [22], [23], [24]. The dry transfer method is fast,
does not introduce chemical contamination, and allows for
the recycling of the metal substrate that the 2-D material is
grown on. Meanwhile, a polymeric stamp has been used to
pick up components or patterns fabricated on a donor substrate
and transfer them onto a target substrate for transfer printing
electronics [16]. We anticipate that the R2R dry transfer method
can be expanded to replace the discrete stamp process, which is
also a mechanical peeling process, and facilitate a continuous
high-throughput transfer process for printed electronics.

Mechanical peeling has been studied previously in a batch
mode, using manual or semiautomated setups where a flexible
film was peeled from a rigid substrate. It has been shown that the
web speed and peeling front geometry, characterized by peeling
angles, are critical to ensuring successful transfer [11], [12], [15].
Also, in the stamp-based transfer printing process for flexible
electronics, some stamps are designed such that the mechanical
adhesion between the stamp and the materials to be transferred
can be modulated with the peeling angle [20]. Bending radius
of the substate during the mechanical peeling process, which is
another way of characterizing the peeling angle, is also shown
to be effective in switching between the pick and place modes
in the transfer printing process [18].

Compared with conventional manual and semiautomated
batch-mode operations, R2R mechanical peeling presents a sig-
nificant challenge to peeling angle control due to the complex
interactions between the two flexible substrates and the roller
system dynamics. The peeling angle is affected by both the
peeling front velocity and the adhesion energy between the donor
substrate and the material to be transferred. The web tensions
during the peeling process need to satisfy a certain criterion to
ensure successful peeling. Recently, a strain energy-based peel-
ing process model was developed to characterize the relationship
between the peeling angles and process parameters such as adhe-
sion energy, roller speed, peeling front velocity, and web tension
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in the R2R dry transfer system [23]. While the model is shown
capable of capturing the transient behavior the R2R mechanical
peeling process, a method to directly control the peeling angles
by employing this model has not been demonstrated.

In this article, we propose a real-time supervisory control
strategy to control the peeling angles in the R2R mechanical
peeling process. To our knowledge, this is the first published at-
tempt to control the peeling angles directly in a R2R mechanical
peeling system. Most previous studies on mechanical peeling
have focused on material properties or process parameters as
opposed to controls. Studies focusing on R2R system controls
dealt with web speed and tension tracking exclusively, such
as those for tape transfer and web processing lines [25], [26].
Peeling angle control is different, as in peeling angle controls,
multiple web tension zones are coupled together at the peeling
front and the angles are affected by tensions on multiple webs. In
addition, an accurate estimation of the adhesion energy between
the flexible webs is necessary to accurately control the peeling
angles in R2R dry transfer.

The control framework presented in this article consists of a
high-level supervisory controller and two regulatory-level ten-
sion controllers. The supervisory controller employs the peeling
process model to generate reference tension signals in real-time
that, based on the estimated adhesion energy and peeling front
velocity, will result in the desired peeling angles. The tension
reference will then be used in tension tracking control, where
a dynamic feedforward control is integrated with a feedback
control [27]. The proposed control strategy is validated with
simulation and experimental results from a custom-built R2R
dry transfer testbed.

[I. R2R PEELING SYSTEM ANALYSIS
A. R2R Peeling System Model

Figure 1 shows a schematic of the R2R mechanical peeling
process [23]. A roll of laminated web on an unwinding roller is
fed into the system and peeled after two idler nipping rollers of
radius R, as shown in Fig. 1(a). The two peeled substrates are
then collected by two rewinding rollers. The unwinding roller is
controlled by a motor rotating at an angular velocity w;. The
linear unwinding speed is v;. The two rewinding rollers are
controlled by two motors providing torques u, and u3. The linear
velocities of the webs at the two rewinding rollers are denoted
as v and v3. The three web sections separated by the peeling
front form three tension zones and the tensions are denoted as
ti, t, and t3, respectively. These three tensions are measured
with tension roller loadcells denoted as LCy, LCs, and LC3,
respectively. The peeling front geometry is described by two
peeling angles: 6 and «.. The peeling front velocity, which is the
speed of the peeled front propagation, is denoted as v,,.

During a stable peeling process, the energy released when
generating a unit area of free interface will be the same as the
adhesion energy of the interface, i.e.,

G=T 1

where G is the energy release rate of the peeling process and I'
is the adhesion energy, which is a property of an adhesive bond.
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(b)

(a) System schematic, (b) Peeling front model [23].

Fig. 1.

Given the peeling front geometry, the energy release rate G can
be determined as [23], [28]

t
G:33(1+cos(9+oz)+€3+81COS(9+a))
. hus B
—1—32(1+cosa+€z+81608a)—%(53_5%)
hwo E
- =5 E -4 @

where b is the width of the web, €1, £, and £3 are elastic strains in
the corresponding web sections, h,,, and h,,3 are the web thick-
nesses, and £, and Ej5 are the elastic moduli of web Sections II
and III, respectively. The energy release rate expression can be
obtained by analyzing the peeling system as in Fig. 1(b) where
a crack with length of Ad is created. By considering the energy
involved in the crack growth process, there are three categories
of energy involved: the energy dissipated due to the new crack
creation Uy, the potential energy changed by external force U,
and the elastic potential energy change Us, as in (3)—(5). The
sum of the three categories should be zero

U, = —ThAd 3)
U, = t,Ady + t3Ads 4)

1 1
Us = 5 ExbhuaAd (e —&3) + 5 Babhus Ad (e3-¢3). 3
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Furthermore, the peeling angles 6 and « can be determined by
performing a force balance analysis among the three tensions:

4+ t3 —t2
=71 —cos ! (2570 6
T — CoS <2t2t3 (6)
=7 — cos ! M (7)
2t1t; '

As the peeling front location moves, the web lengths on
the three sides of the peeling front change as well. As shown
in Fig. 1(a), the total length of each web section from the
corresponding roller to the peeling front is [23]

Lpdl+Rﬂ+Rmnc;a> (8)

T —
) o

(10)

LZ:D2+R(a—72T—B)+Rtan<

Ly = D3+ Ry+ h.

where D, D,, and Dj are defined as the web lengths between
the corresponding tangential points on the nipper rollers and the
unwinding/rewinding rollers, e.g., D is the web length between
points / and I’, 3 is the central angle corresponding to the arc
section that the incoming laminate is wrapped around the lower
nipping roller, v is the central angle corresponding to the arc
section that the upper web is wrapped around the upper nipping
roller, and h is the web length between the peeling front and the
tangential point on the upper roller. Additionally, based on the

trigonometry relationship shown in the insert of Fig. 1(a), W +

Wy + W3 = Wy, where W’s are vectors in the complex plane,
the following equations can be established [23]:
R i(58) L ei0+a-p) _ pei-) _ apei®
cos ((m —a) /2)
(11

7—B+g=a. (12)
Based on the above geometric relations, the web lengths L,
L,, and L3 can be determined with the peeling angles 6 and «.
This web length and angle relationship is used for peeling speed
estimation and control design.
The tension/strain dynamics can be obtained through mass
conservation

v () —vp (1)

Iy (t) = el (13)
o Up(t) v (1)
b“)_1+gmw“y+@a) 14
l.3 (t) _ Up (t) U3 (t) (15)

T l4ea () 1+4e()

where [; is the unstreched length of the web section with actual
length L; as in (8)—(10). The dynamic interactions among roller
speed, tensions, angles, and adhesion variation can be described
with the model introduced in this section.
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Fig. 2. Peeling with varying adhesion. (a) 6 as a function of f, 3. (b)
« as a function of f, t3.

B. Effect of Adhesion Energy

Adhesion energy is a major factor that determines the tensions
required to maintain a stable peeling process with the desired
angles Ogesired aNd (vgesireq- Assuming steady-state peeling, (2),
(6), and (7) can be used to show that #; is entirely dependent
on o, 13, and the adhesion energy I'. Thus, for a given value of
T at steady state, 6 and « are purely functions of ¢, and #3. To
understand the effect of adhesion energy on the peeling angles, a
steady state analysis is conducted where the adhesion energy I' is
varied from 50 to 150 N-m and the peeling tensions ¢, and ¢3 are
varied from 10 to 50 N. Fig. 2 shows the response of the peeling
angles as a function of both the peeling tensions and adhesion
energy. Each of the two response surfaces in the figure corre-
sponds to an adhesion energy level. The points on the surface
represent equilibrium conditions for stable peeling. For example,
consider a peeling process that begins at an operating point O
on the surface corresponding to I'= 150 N-m, and assume that
the control goal is to maintain the same peeling angles, as it is
throughout this article. If the adhesion energy changes to 50 N-m,
the process condition will need to be changed to a point on the
corresponding surface O, through the adjustment of tensions ¢,
and ¢3. This example demonstrates the need for a control strategy
that accounts for adhesion energy variation while tracking the
desired peeling angles in the R2R mechanical peeling process.

[II. CONTROL STRATEGY

The proposed control strategy is outlined in Fig. 3. It consists
of a supervisory controller and two regulatory-level tension con-
trollers. The supervisory controller takes the reference peeling
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R2R
system

Control loop block diagram.

angles Or and aur , the tension measurements ¢, ¢, and t3,
and the web speed v; as inputs to estimate the instantaneous
adhesion energy and the peeling front velocity. These estimates
are then used to generate the tension setpoints foyer and tsyef
required to track the peeling angles ,.; and aes. Then, the two
regulatory-level tension controllers utilize both a feedforward
F;(s) and a feedback C;(s) control block to track the tension
setpoints from the supervisory controller using the motor torques
on the two rewinding rollers as control inputs.

A. Supervisory Control

As has been seen in Fig. 2, the peeling angles are determined
by both the adhesion energy and peeling tensions. If the adhesion
energy is known, then the reference peeling tensions to,¢r and
t3ret can be determined based on the reference angles 6,.; and
aref, Which can then be used as the setpoints for the regulatory
level tension controllers. However, the adhesion energy in the
real peeling process is unknown and may vary. Thus, an online
estimation of the adhesion energy is needed so that a feedback
mechanism can be used to adjust the reference peeling tensions.
To determine the adhesion energy on-line, it is necessary to first
estimate vy, as it determines whether the energy balance in (1)
and (2) is in effect. When v, is greater than zero, the films are
peeling, which means that the adhesion energy, I', equals the
energy release rate, G. When v, equals zero, the films are not
peeling apart, which means that G is smaller than I". Since the
rate of change of the web length from the unwinding roller to
the peeling front can be expressed as

(16)

The peeling front velocity can be estimated numerically using
the following discretized equation:

(k) L (Q(k)’ a(k)) — L (9(1@—1)) Oz(kfl))
v, —
At

Ll =V — Up.

o =

a7

where kis the discretized sample index and At is the time interval
between samples. This estimation is updated at each time step
to obtain the current peeling front velocity.

With the peeling front velocity estimation, the supervisory
control algorithm can be developed as shown in Fig. 4. At each
iteration, the peeling front velocity is estimated. If the estimated
peeling front velocity v,(,k) is greater than zero, which means
the peeling occurs, the adhesion energy of the interface can

be estimated using (1) and (2) by setting %) = G®)_1f

i estimated —
v,(, ) is zero, it means that the energy release rate G(*) is less
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Fig. 4.  Supervisory controller implementation.

than the adhesion energy I'*), i.e., no peeling is occurring. In
this case, a new energy release rate G(*)" is computed based on
v,()k) = 0. The estimated adhesion energy is set to be equal to
the larger value between the adhesion energy estimation from
the previous step I‘éii_ngted and energy release rate G*)'. With
the estimated adhesion energy, peeling tensions té’;gf and téﬁgf
can be computed using (1), (2), (6), and (7) to allow the peeling
angles to follow O and oyes.

B. Peeling Tension Control

A tension dynamic model is considered for designing the
regulatory level web tension controllers. The two webs between
the peeling front and the rewinding rollers can be approximated
as elastic springs with stiffnesses of K; = % The tension

dynamics are

t.i:Ki(Ui—’Ul)—l-wi, i=2,3 (18)

where v; is the web velocity at the rewinding roller and w; is
the disturbance caused by the difference between the peeling
front velocity and the unwinding speed. When the peeling front
velocity is the same as the unwinding velocity, w; will be zero.
The roller velocity dynamics can be described as [26]
2
—%Ui — Rj:tl + %ui, 1=2,3
where f; is the friction coefficient, J; is the rotational inertia,
and u; is the motor torque applied on the ith rewinding roller.
The transfer function from the input torque to the tension
output can be expressed as

Ti (S) o KiRi
Uz' (S) - JZ'SZ + fl'S + K7R2 '
Equation (20) represents the plant transfer function for the

regulatory level tension controllers. A feedback controller C;(s)
can thus be designed to track the peeling tension as
Ky,

Ci(s)=Kp, + 5

19)

b =

(20)

P, (s) =

21

The closed loop transfer function can then be written as

B KiKpR-s+ K,K,R

B Jis? + fis* + (Kle + KiKpiR) s+ KZ'K]iR.
(22)

GCli (5)

Control gains K p, and K, are chosen such that the characteristic
polynomial in (22) can effectively reject the disturbance.
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TABLE |
SYSTEM PARAMETERS

Parameters Value

E\ E; E; 2.7 GPa
R,R{,R;,R; 0.0381 m
Dy 049m

D, 1.02m

Dy 1.59m
Ry s 127 um

b 0.1016 m
J2.J3 0.9511 kg - m?
o fs 19.023 N - s
Kp, Kp, 14.38

K, K, 11.60

T 0.05s

To improve the tracking speed of the two tension controllers, a
dynamic feedforward control scheme [27] is used. The purpose
of the control design is to cancel the closed-loop poles and
cancellable zeros to achieve unit feedback and fast closed-loop
system performance. The transfer function of the feedforward
block F;(s) is given by

_ Ji53 + fisz + (KiR2 + KlelR) s + KiKIiR

F; (s) 2
(rs+ 1) (K;Kp,Rs + K;K,R)

(23)

Note that F;(s) is the reciprocal of G, (s) with the filter term

(Tsir 0’ added so that it is not improper.

IV. NUMERICAL SIMULATIONS AND EXPERIMENTAL
VALIDATIONS

Both numerical simulations and experiments were conducted
to validate the effectiveness of the proposed control strategy
based on a R2R mechanical peeling testbed developed in house
[23]. Table I gives the system parameters and controller param-
eters used in the article.

A. Control System Architecture

The control system architecture of the R2R testbed is shown
in Fig. 5. The controller utilizes both the real-time target and
the FPGA target in a National Instrument CompactRIO. The
FPGA target is used to perform sensor data acquisition, exe-
cute low-level signal processing, and generate output signals
to the actuators. The motors driving the two rewinding rollers
are integrated with quadrature encoders. The encoder speed
interpolation is performed by counting the pulses at a rate of 1
MHz, and the speed reading is obtained at 1 kHz. To reduce the
loadcell signal noise, a digital filter is implemented. The FPGA
target generates both the pulse signal that activates the stepper
motor attached to the unwinding roller and the voltage signals
that control the brushless motors attached to the rewinding
rollers. The real-time target implements the high-level control
algorithm by interpreting the sensor measurements to produce
the torque commands for the rewinding rollers. In addition, the
real-time target carries out the data logging and visualization
functions.
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Fig. 5. Control system architecture.

B. Simulation Study

Two simulation cases representing typical R2R mechanical
peeling operations are considered in the article. The first has a
constant adhesion energy I" and changing reference peeling an-
gles. This case could represent a situation where two substrates
are being peeled with essentially constant adhesion energy be-
tween them, but it is desirable to change the peeling geometry
to selectively transfer specific features or devices. The second
case has a periodically varying I and constant reference peeling
angles. This second case could represent a situation where there
is an optimal peeling angle that needs to be maintained, but
some pattern or physical process causes the adhesion energy to
vary periodically. In the first case, I' is fixed at 350 N-m. The
unwinding speed is set as 0.0045 m/s to represent a start-up
operating condition where the peeling angles need to be moved
to their optimal point. At the beginning of the simulation, the
peeling angles are maintained at 6 = 110° and o = 130°. The
setpoint O, is changed to 120° at time = 30 s and back to 110° at
time = 70 s. The setpoint af is changed to 140° at time = 50 s
and back to 130° at time = 90 s. The simulation results are shown
in Fig. 6. The dotted lines in Fig. 6(a) show the reference peeling
angles and the solid lines show the resulting peeling angles.
It is seen that the resulting peeling angles track the reference
peeling angles closely. Fig. 6(b) shows that the peeling tensions
are actively adjusted to track the peeling angles. Fig. 6(c) shows
the adhesion energy and the instantaneous energy release rate.
Changing the reference peeling angles affects both the tensions
and energy release rate. For example, when the reference angle
Orer is increased to 120° at time = 30 s, the energy release
rate (G) drops below the adhesion energy (I'). As a result, the
peeling front velocity drops to zero, as shown in Fig. 6(d). When
the energy release rate is lower than the adhesion energy, the
developed controller can adjust the peeling tensions such that
the energy release rate is increased to catch up with the adhesion
energy, and peeling is regained at the desired peeling angles.

In the second simulation case, the control objective is to
maintain the peeling angles at = 100° and o = 140° while the
adhesion energy varies periodically. The unwinding speed is set

Authorized licensed use limited to: University of Texas at Austin. Downloaded on December 27,2023 at 19:40:07 UTC from IEEE Xplore. Restrictions apply.



ZHAO et al.: REAL-TIME SUPERVISORY CONTROL STRATEGY FOR R2R DRY TRANSFER OF 2-D MATERIALS AND PRINTED ELECTRONICS

5140 p L
:_.Oi ~ [ eref ........... aref 3“"-___
o) . —_—0 == «
2120t ; v ]
c H ’ S
< . i . \ .

20 40 60 80 100

809 90 901

80

100

2837

S il , il
()]} v ¥
(0]
E ........... Href aref g === a
2 \ \ \
g 100 / i y
20 40 60 80 100
Time (s)
(©)
£05¢ ]
3
8_ 89.9 90 90.1
2 all il ] Bl
2 . | ]
& 20 40 60 80 100
Time (s)
(d

_25
=
c 20
Ke]
215
)
'_
10
(b)
E 350 ' y
Z
= —G
g) 300 Y r -
(D L 1 1 L
20 40 60 80 100
Time (s)
©
@ T T
E 0.02 1
o
o
8 0.01r l k 1
O E— l — 1
2 20 40 60 80 100
Time (s)
(d)
Fig. 6. Angle control numerical simulation results (case 1).

at 0.1 m/s to represent a steady state operating condition where
the optimal peeling geometry needs to be maintained despite
variation in other process parameters. The simulation results are
shown in Fig. 7. The adhesion energy is set to vary between
110 and 80 N-m, with a period of 30 s, as shown in Fig. 7(a).
As the adhesion energy changes, the peeling tensions change
accordingly, as shown in Fig. 7(b). As aresult, the peeling angles
quickly converge to the reference angles, as shown in Fig. 7(c).
At the transition points where the adhesion energy changes,
the peeling angles deviate from the reference values due to the
mismatch between the adhesion energy and the instantaneous
energy release rate. When the adhesion energy increases, peeling
angle 6 tends to increase and « tends to decrease. Similarly,
when the adhesion energy decreases, the peeling angle 6 tends
to decrease and « tends to increase. Both cases indicate that
the peeling process is trying to transition into a new peeling
front geometry to maintain peeling. However, the developed
control algorithm can bring the angles back to the reference
angles by actively controlling the tensions ¢, and t3, regardless
of the adhesion energy change. Fig. 7(d) shows the peeling front
velocity v, in response to the adhesion energy changes. When

Fig. 7. Angle control numerical simulation results (case 2).

the adhesion energy I' suddenly decreases, the energy release
rate G will be larger than I, resulting in a sudden increase in the
peeling front velocity. When the adhesion energy I' suddenly
increases, the energy release rate G will be smaller than I" due
to the delay in the tension controllers, as can be seen in the
zoomed-in view in Fig. 7(a). This results in a sudden decrease
of v, to zero, as seen in Fig. 7(d), which means that no peeling
is occurring during those transients.

The effectiveness of the dynamic feedforward in the regu-
latory level tension controller is demonstrated by comparing
the performances of two different types of controllers, one with
only proportional integral (PI) feedback and the other with PI
feedback and the dynamic feedforward. The result is shown in
Fig. 8. The tension setpoint for ¢, is changed at 30 s and 40 s. It
is shown that the tracking speed can be significantly improved,
and the settling time reduced with the addition of the dynamic
feedforward control.

C. Experimental Validation

The angle control strategy developed in this article is tested
with a sample prepared by laminating 3M Scotch heavy duty
packaging tape (2 in wide) onto a polyethylene terephthalate
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(PET) film (0.005 in thick and 4 in wide). This sample was
used because it could introduce a stick-slip phenomenon dur-
ing peeling, where the adhesion energy between the tape and
PET film changed periodically [29]. The stick-slip phenomenon
causes the adhesion energy to change substantially during the
peeling process, presenting a challenge for conventional web
tension controllers to maintain the peeling angles, because they
do not have an in-line estimator for the adhesion energy. The
supervisory controller developed in this article is able to estimate
the adhesion energy, based on which proper tension commands
can be generated to maintain the proper peeling angles. The
experimental result for peeling angle control using the supervi-
sory controller is shown in Fig. 9. The unwinding speed was set
at 0.012 m/s. Both reference peeling angles were set at O =
arer = 120°. As shown in Fig. 9(a), the stick-slip phenomenon
occurred during the peeling process. When it happened, there
was a sudden decrease in € and increase in «, forcing the angles
to move toward their respective upper and lower bounds of 0° and
180°. However, these sudden changes only remained for a short
period of time. With the peeling tensions actively controlled, as
shown in Fig. 9(b), the peeling angles quickly recovered to the
setpoint of 120°. Fig. 9(b) also shows that the peeling tensions
were adjusted continuously during each stick-slip interval, even
when the peeling angles were relatively stable. This was be-
cause the adhesion energy of the tape/PET interface increased
throughout the stick-slip cycle and the peeling tensions were

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 28, NO. 5, OCTOBER 2023

actively adjusted to ensure continuous peeling with the reference
peeling angles.

V. CONCLUSION

A real-time supervisory control strategy is developed for a
R2R dry transfer process using mechanical peeling for 2-D
materials and printed electronics. The control strategy consists
of a high-level supervisor controller and two regulatory level
tension controllers. The supervisor controller utilizes a R2R
peeling process model to estimate the peeling front velocity
and the adhesion energy of the laminates being peeled. The
estimates are then used to determine the peeling tension setpoints
to track desired peeling angles. The regulatory level tension
controllers utilize a PI feedback controller combined with a
dynamic feedforward control to reduce the transient dynamics of
the tension force. The developed control strategy allows active
adjustment of the peeling tensions to achieve the desired tracking
of peeling angles in real time. It enables the first ever capability
to control transient behavior of a mechanical peeling process.
The method is validated with both numerical simulation and
experimental results and is expected to play an important role in
ensuring the quality of dry transferred 2-D materials and printed
electronics in large-scale R2R manufacturing.
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