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ARTICLE INFO ABSTRACT
Keywords: Roll-to-roll (R2R) printing techniques are promising for high-volume continuous production of flexible printed
Iterative learning control (ILC) electronics. One of the major challenges in R2R flexible electronics printing is achieving high-precision

Advanced manufacturing
Roll-to-roll (R2R) printing process
Registration error

registration control when transient disturbances repeatedly occur during the printing process. Conventional
registration control strategies often rely on real-time feedback controllers, such as PID control, to regulate web
tension and velocity. However, these approaches do not guarantee convergence of the registration error to zero.
This paper introduces a Spatial-Terminal Iterative Learning Control (STILC) method, designed to iteratively
reduce the registration error to an undetectable level. The proposed STILC approach holds the control input
constant during one operation cycle and updates the control input profile for the next operation cycle, without
requiring real-time monitoring. The effectiveness of the proposed STILC is validated by numerical simulations
and experiments on a lab-scale R2R gravure printing system. The experimental results show that the registration
errors are reduced to an undetectable range after a reasonable number of iterations when the proposed STILC
is applied, which demonstrates that the STILC method is effective for high-precision registration control in
R2R printing and is generalizable to manufacturing processes involving highly repetitive transient operations.

1. Introduction of continuous detectable signals adds to the challenge of controlling
registration errors.

Roll-to-roll (R2R) printing systems have emerged as a promising This control challenge is further exacerbated by transient distur-
manufacturing technology that facilitates high-throughput and contin- bances in system states, such as web tensions and web speeds [12-15],
uous manufacturing for various flexible-substrate-based products, such where the term web refers to the flexible substrate in the context of
as thin-film printing electronic devices, batteries, and solar cells, among R2R industries. One significant consequence of these transient dis-
others [1-7]. For example, Zuo et al. have demonstrated scalable man- turbances is web slippage, a phenomenon that is directly caused by

ufacturing methods for 2D perovskite solar cells by developing both a
facile drop-casting screening approach to identify optimal formulations
and implementing the process via roll-to-roll slot-die coating on flexible
substrates, achieving power conversion efficiencies of 8.0-8.8% with-
out requiring conventional spin-coating methods [6,7]. In the practical
production of R2R gravure printing processes, the registration error is
a vital concern that significantly impacts the quality and functionality
of the final products [8,9]. Registration error refers to the misalign-
ment between the desired positions and the real printed positions of
printed patterns on the substrate. This misalignment must be effectively
controlled to meet stringent tolerance requirements to guarantee the
functionality of products. However, measuring the registration error is
only feasible after the complete pattern has been printed, making real-
time monitoring infeasible during the printing cycle [10,11]. The lack error for each cycle cannot be completely eliminated. This is due to the

fluctuations in web tensions and web speeds [16]. Web slippage stands
out as a primary contribution to registration errors in R2R printing
processes [17]. Since web tensions and speeds can be continuously
monitored by sensors and accessed by controllers in real-time, several
feedback control methods have been introduced to address this chal-
lenge. Model Predictive Control (MPC) for tension feedback control and
PID control methods have been developed towards minimizing regis-
tration errors by precisely regulating the crucial variables within R2R
printing systems [13,18-21]. However, the traditional feedback control
methods have shown limitations in fully addressing this issue. Even
if feedback controllers can make the tensions and speeds converge to
their reference values at the end of each printing cycle, the registration
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cumulative nature of the measurement, which is evaluated at the end
of each cycle. This cumulative measurement of the output variable at
the termination of each operation cycle is referred to as the terminal
output for that specific cycle. In an R2R system, disturbances often
occur repeatedly due to the cyclic nature of its rotating components.
This leads to a repetitive registration error for each printing cycle. In
scenarios requiring high-precision printing registration control, these
feedback control methods might prove inadequate.

Iterative learning control (ILC) stands out as an effective method
for controlling repetitive manufacturing processes by compensating
disturbances in a feedforward manner [22,23]. In some previous stud-
ies [24,25], ILC methods were designed to mitigate transient behaviors
in R2R processes by iteratively regulating web tensions. However, these
methods require prior knowledge of the desired tension profile for each
cycle. In practice, it is more reasonable for applications to tolerate
slight deviations in tensions during the cycle while closely monitoring
the registration error, which is the terminal output [26,27]. Terminal
Iterative Learning Control (TILC) methods have been developed to
update the control input profile iteratively based on only the terminal
output, rather than the entire output profile [28-30]. In TILC, the input
profile for the current iteration is determined by the terminal output of
the previous iteration and a predefined basis function. In [31], a basis
function is designed based on a state-space model of a Rapid Thermal
Processing Chemical Vapor Deposition (RTPCVD) system. More com-
plicated basis functions can be found in [28-30], utilizing data-driven
techniques to tackle complex systems without sufficient prior knowl-
edge. To select a proper pre-defined basis function for a specific control
problem, practitioners need to make the best use of the prior knowledge
of the system while also limiting the complexity of the function to
ensure it can be implemented in real-world hardware. In this work, we
know from the modeling analysis that web slippage can be suppressed
by reducing the maximum difference between the motor torques of
unwinding and rewinding rollers. That is, the motor torque can remain
constant during a single printing cycle, but it can be adjusted cycle-
by-cycle iteratively based on the measurement of slippage. Therefore,
we select a constant-value basis function for the TILC-based method
proposed in Section 3 based on the characteristics of the R2R gravure
printing process. This approach could be a practical choice for many
industrial production processes where control input variables cannot
be frequently or flexibly adjusted. In such cases, maintaining certain
state variables within an acceptable range may lead to good quality
outcomes, rather than aiming for a specific desired profile. Designing
a usable heuristic constant profile within a few trials is typically not
challenging. In our study, this constant-value basis function effectively
deals with registration errors caused by web slippage, while keeping
the computational burden to a minimum. Particularly, we address the
period mismatch problem for the mismatch between the registration
error sensing period and the control iteration length by defining a
special terminal function for each control iteration.

Another challenge for applying ILC methods to the R2R registration
error control problem is that the angle-periodic disturbance is not
repeated over a fixed time period, which must be satisfied to guaran-
tee the effectiveness of traditional ILC methods. To address this, the
concept of Spatial Iterative Learning Control (SILC) has been proposed
and successfully demonstrated in various applications, including motor
torque control [32], additive manufacturing processes [33-36], wind
turbines [37], and multi-axis linear motion stages [23,38]. SILC in-
troduces an iterative updating law constructed in the spatial domain,
expanding the capabilities of iterative learning through an alternative
definition of iteration. Different techniques, such as Crank-Nicholson
discretization [39,40] and 2-D spatial convolution [33-35], are used
to capture the system dynamics and design ILC updating law in the
spatial domain. Zhang et al. proposed a layered-and-subregional model-
free adaptive iterative learning control (LS-MFAILC) method for laser
additive manufacturing that addresses intra-layer instability by divid-
ing each layer into multiple regions and adaptively controlling process
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parameters using thermal melt pool information [36]. In this paper,
we propose a new approach called Spatial-Terminal ILC (STILC) that
combines the strengths of SILC and TILC. This approach is designed to
address the distinctive challenges inherent in controlling registration
errors within R2R gravure printing. Our another work [41] has vali-
dated a similar STILC strategy for eliminating the RE in a double-layer
pattern in a two-printing-roller R2R process by numerical simulation. In
this work, the proposed STILC approach can attenuate the registration
error and maintain the registration error within the undetectable range
for the image-based sensor after 8-10 iterations in the experiments.
Due to its foundation in TILC-based principles, STILC only requires
the terminal output from each iteration to update the input profile,
where iteration corresponds to a single rotational cycle of the printing
component. Thus, it can work in R2R registration control problems
without continuous-time monitoring of the registration error or any
other measurements. Furthermore, the proposed STILC method can
handle the angle-periodic disturbance in R2R system since it is designed
in the spatial domain rather than the time domain. The mathematical
analysis proves its stability in the iteration domain. To demonstrate
the effectiveness of the STILC method in our R2R registration control
problem, we apply the proposed STILC approach in a lab-scale R2R
gravure printing testbed. The image acquisition system, in conjunction
with a closed-loop feedback registration algorithm [42], diligently mea-
sures the registration error stemming from iterative web slippage. The
experimental results demonstrate that the proposed STILC approach
effectively suppresses the registration error induced by angle-periodic
transient disturbances, reducing it to an undetectable level.

The main contributions of this work are listed below:

(1) A spatial domain TILC approach, specifically the STILC, is de-
signed to address the registration error in R2R gravure printing systems.
By iteratively learning the appropriate control actions from cycle-by-
cycle measurements of registration errors and past actions, this TILC-
based method effectively addresses angle-periodic transient distur-
bances and reduces the demand for control rate and high-performance
hardware.

(2) The effectiveness of the STILC method is theoretically validated
through stability analysis, demonstrating that the registration error
corresponds with the analytically derived impact of web slippage.

(3) The proposed STILC approach is implemented in a lab-scale
R2R gravure printing system and demonstrates practical effectiveness
in real-world manufacturing applications.

The remainder of this paper is organized as follows: Section 2
establishes the physics-based model of the R2R gravure printing system
and the registration error caused by the angle-periodic disturbance.
In Section 3, the novel STILC method is designed and its stability is
analyzed in the iteration domain. Section 4 describes the experimental
setup and analyzes the experimental results to validate the effectiveness
of the proposed STILC in real-world applications. Section 5 concludes
the paper.

2. Problem formulation

This section establishes the dynamic model of the gravure print-
ing system with one unwinding roller, one rewinding roller, and one
gravure printing roller, which is consistent with our experimental setup.
Subsequently, the mechanism of registration error caused by transient
web tension fluctuations is derived. This derivation corresponds to the
statement in the introduction that web slippage is primarily caused by
variations in web tension and web speed.

2.1. R2R process modeling
A typical R2R printing system includes a web handling system

transporting the flexible web (substrate) through a series of rollers.
In this paper, we study a streamlined R2R printing system with one
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Fig. 1. Schematic illustration of a streamlined R2R gravure printing system consisting
of three essential components: an unwinding roller that supplies the flexible substrate,
a central gravure printing roller that transfers the printed pattern while maintaining a
constant rotation speed v,, and a rewinding roller that collects the printed substrate.
The system operates with carefully balanced opposing motor torques (7, = -T,) to
maintain consistent web tension throughout the printing process, while the web speed
v matches the printing roller speed to ensure precise pattern transfer without slippage
between the substrate and rollers.

unwinding roller, one rewinding roller, and one gravure printing roller.
The streamlined R2R gravure printing system is shown in Fig. 1.

When the system is running at a steady state, the gravure printing
roller maintains a constant rotating speed v,, and the web speed v keeps
consistent with v,, i.e. v = v,. To maintain a constant tension in the
web, the motor torques of unwinding and rewinding rollers are set as
opposite but the same absolute value, i.e. T, = —T,, where T, is the
unwinding roller motor torque and 7, is the rewinding roller motor
torque. In this work, we have the following idealized assumptions for
the purpose of approximation and simplification:

Assumption 1. The web elongation caused by tension stretching is
relatively small. Thus, we can neglect the impact of web deformation.

Assumption 2. There is no slippage between the unwinding or rewind-
ing rollers and the web, since the web is tightly wrapped on the
rollers.

With Assumptions 1 and 2, we can approximately assume the speed
of the web is consistent at any point along the web, i.e., v, = v = v,,
where v, and v, are the tangential speeds of unwinding and rewinding
rollers, respectively.

Assumption 3. As the R2R system is running, the web is being trans-
ported from the unwinding roller to the rewinding roller. Thus, the
web volumes wrapping on these two rollers are continuously changing.
As a result, the radii of the unwinding and rewinding rollers, R, and
R,, are also continuously varying. However, the thickness of the web
is relatively small compared to the size of rollers. Thus, the radius
variations of unwinding and rewinding rollers can be neglected, i.e., R,
and R, are constant.

With Assumptions 1-3, we have

(€Y

w,R, =v=w.R,

where w, and w, are the angular speeds of the unwinding and rewind-
ing rollers, respectively.

Based on Newton’s Second Law, we can get the dynamic equations
for the unwinding and rewinding rollers

4
FR =T, =Jyo

u

b (2)
Tr - F,Rr = J,.E
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where F, and F, are the stretching forces that the web applies to
the unwinding and rewinding rollers, and J, and J, are the inertia
of the unwinding and rewinding rollers. The inertia of the tension
sensor and the speed sensor are relatively small to avoid affecting
the measurements significantly. Thus, we can assume the tension is
consistent in the web between the unwinding and rewinding rollers,
i.e. F = |F,| = |F,|, where F is the web tension force. Since the tension
sensor and the speed sensor do not apply any force to the web along
the longitudinal direction of the web, there are three forces applied
to the web in total. Other than the reaction forces of F, and F,, the
gravure printing roller also applies a friction force to the web. When
the difference between F, and F, does not exceed the maximum static
friction force between the web and the gravure printing roller surface,
the gravure printing roller can provide sufficient friction force to hold
the web at the contacting point. In this occasion, the web speed v is
mastered by the gravure printing roller and no slippage phenomenon
occurs. The force equilibrium equation is given as

F,+f,=F, 3)

where f, is the friction force between the gravure printing roller and
the web. To avoid slippage, f, should be less than the maximum static
friction f;.

Assumption 4. The friction force does not change its direction during
an iteration.

Assumption 4 holds because the unwinding roller and the rewinding
roller are both motorized under specified torque profiles, and their
torques are applied in opposite directions in the experimental setup
to generate tension throughout the web. When positive disturbances
are introduced to the rewinding roller, the unwinding roller torque
becomes insufficient to maintain the web’s tension equilibrium. The
friction between the web and printing roller compensates for this
imbalance, and slippage occurs if the friction is insufficient to restore
equilibrium. Therefore, the friction consistently acts to resist the web’s
acceleration towards the rewinding roller, establishing an invariant
direction for the friction force.

2.2. Registration error caused by transient disturbances

Transient disturbances in the R2R system may break the equilibrium
in (3). If the difference between F, and F, exceeds the maximum
static friction force, the slippage will occur between the web and the
gravure printing roller, and the friction will become dynamic friction.
The friction force f, can be described as below:

v—V

"ty 4

o= 0,

Iy

where f, is the constant value of dynamic friction.

The registration error caused by slippage is defined as the difference
between the correct pitch length and the real pitch length of the printed
pattern as illustrated in Fig. 2. It can be derived by the following
integral:

te
e=/ W-vydt+w
TS

where e denotes the registration error, ¢, and 7, are the start and end
time of one complete printing cycle, and w is the uncertainty intro-
duced by the registration error measurement, which is decided by the
precision of the image-based sensor in this study. The gravure printing
roller prints every complete pattern by rotating over a complete cycle
(0-360 degree). To simulate the slippage-caused registration error, we
introduce an angle-periodic disturbance to the rewinding roller motor
torque. Transient torque disturbances linked to the rotational dynamics
of motors are common across various applications arising from model
mismatches [43], vibrations [44], or intrinsic motor hardware imper-
fections [45]. For example, cogging torque, attributed to roundness

)
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Fig. 2. Registration error caused by the slippage phenomenon.

errors, is a common source of angle-periodic impulse disturbances. An
impulse occurs repetitively every time the rewinding roller rotates to
the same angular phase. In this work, we assume that the registration
error can only be measured at the end of each printing cycle by an
image-based sensor. It is worth noting that there exists a mismatch
between the angle-based disturbance period and the registration error
sensing period due to the different roller radii. In this study, the
unwinding and rewinding rollers have the same radius, which is 3.81
times of the radius of the gravure printing roller. Therefore, by defin-
ing an iteration as a rotation cycle of the rewinding roller, we have
an iteration-invariant disturbance profile and three registration error
measurements in each iteration. One solution for the period mismatch
issue in ILC design is to construct a Point-to-Point (P2P) ILC [46,47],
which tracks a point-wise desired trajectory instead of a continuous
one. However, in this work, our target is even simpler than tracking
a point-wise desired trajectory: we aim to eliminate any registration
error measured during an iteration. Therefore, we design a terminal
output function that picks the registration error measurement with
the largest absolute value during an iteration as the terminal output.
By applying this terminal output function, we can construct a TILC
framework to update the control input profile iteratively. The control
goal is to adjust the input of unwinding roller motor torque 7, based on
the registration error measurement to eliminate the registration error
after a few iterations.

3. STILC design and analysis
3.1. STILC design

In the analysis in Section 2, we know the slippage occurs when the
difference between the upstream tension force F, and the downstream
tension force F, exceeds the maximum static friction. The repetitive
impulse disturbance introduced to the rewinding roller motor torque
will make this difference exceed the maximum static friction in a short
time during each printing cycle. The ideal control is to maintain the up-
stream tension force equal to the downstream tension force in all time.
However, there is not always sufficient sensing capability of measuring
real-time web tensions between any web span in practical R2R systems.
Therefore, it is important that our STILC method can update the control
input variable (7,) for each printing cycle, utilizing only the registration
error measurement at the completion of the preceding printing cycle.
Without any real-time feedback control, the proposed STILC method
can adjust 7, to reduce the difference between 7, and T,. As a result,
the slippage can be eliminated.

Each rotation cycle of the rewinding roller is defined as one iteration
for the STILC method. The iterative updating law of the proposed STILC
is a P-type ILC law described as the following:

Ui 1(0) = u;(0) + LOWO)E; (6)
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where i is the iteration index, u,,(0) is the STILC control input when
the phase angle of the rewinding roller is 6 for the (i + 1)th iteration
(current iteration), u;(6) is the STILC control input at the same phase
angle for the ith iteration (last iteration), £ is the learning gain. @(0) is
a pre-defined basis function. In this research, we select a constant-value
function in terms of angle over [0, 2r]. Therefore, this basis function can
be removed from the iterative updating law (6) for its effect can be
integrated into the learning gain £. Because the control input variable
is constant during each iteration, the updating law can be described in
the iteration domain:

)

E; is the registration error with the largest absolute value measured
during the ith iteration, as described in (8):

. =u; +LE;.

(®

where TOF(-) is the terminal output function that picks the registration
error with the largest absolute value measured during one iteration, e;,
e;», and e;; are the three registration error measurements during the ith
iteration, i.e.

6iy 2z
en =/ R,de,—/ R,do,
[4 0

Zil

E; =TOF(e;,ejp.€;3)

0 4
en = / R, dO, — /
[ 27

Zi2

R, db, ©)

03 67
€3 = / Rr dor - /
9. 4

i3

R,d6,

where 6, and 0,, are the phase angles of the rewinding roller in the
ith iteration when the printing roller angle is going through 0 - 2z; 6,,
and 8, are the phase angles of the rewinding roller in the ith iteration
when the printing roller angle is going through 2z - 4x; 6., and 6, are
the phase angles of the rewinding roller in the ith iteration when the
printing roller angle is going through 4z - 6z. It should be noted that
the angular displacement of the printing roller 6, is not synchronized
with the angular displacement of the rewinding roller 6,, and we use
the latter to construct the iteration for our STILC design. In other words,
the 6, serves as 6 in (6).

It should be noted that the P-type STILC updating law (6) is math-
ematically similar to a P-type run-to-run control law [48]. However,
there are two main differences between them: (1) the run-to-run control
in the given reference is model-based, whereas the STILC is model-free;
(2) the run-to-run control is mainly applied in semiconductor manu-
facturing where in-situ metrology of product qualities is not always
feasible. The control input u is a “recipe” adjusted offline during the
stoppage time between two runs. However, in demonstrating our STILC
method within the R2R printing process, there is no stoppage time
between two iterations. The vision-based data are processed and then
used to generate the feedforward control profile immediately following
the termination of the last iteration.

3.2. Convergence analysis

In this section, we conduct a theoretical analysis of the stability of
the controlled system. This analysis demonstrates that the registration
error will converge to zero, provided certain assumptions are met.
These findings offer reliable guidance for selecting an appropriate
learning gain in designing the STILC updating law.

Given that the control input profile u keeps constant in a single
iteration, and the registration error e measured at the end of the
iteration is impacted by the control input profile and the iteration-wise
uncertainty, we can write the relation between the E; and y; in ith

iteration as the following lifted-form function:
E; = gu) + W, an

where y; is a scalar and g(-) is a function of u;. W; is the uncertainty in
ith iteration.
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Assumption 5. The iteration-wise uncertainty W, is bounded, i.e.
[W;| < W,ux» Where W, . is a positive constant.

The function g(-) can be derived from the time-domain system model
described by (2)—(5), along with the terminal output function (8). It
can be proved that g(-) exhibits certain properties, as elaborated in the
following proposition.

Proposition 1. The function g(-) satisfies the two properties below:

(D) [g(u,) — guy)u, — uy) < 0 for any u, # u,, and

(2) There exists a positive constant C satisfying |g(u,) — g(uy)l/
lu, —uy| > C for any u, # u, when E; is nonzero.

The proof of Proposition 1 is provided in the Supplementary Mate-
rials.

Utilizing Proposition 1 streamlines the following convergence anal-
ysis, enabling us to establish the theorem presented below.

Theorem 1. For the registration error E; described by (2)-(5) and the
terminal output function (8), the proposed STILC law (7) can guarantee
that registration error E; converges to zero in the iteration domain, if
Assumptions 1-5 and Proposition 1 hold, and |1 — LC| < 1.

Proof. Substituting (10) into (7), we get

U =u; + Lg(u;) + LW, an
Replacing i with i — 1 in (11), we further get

up=u;_y + Lgu_)+ LW;_,. 12
Subtracting (12) from (11), we have

Au; = Aui_y + LIg(w;) — g )]+ LIW; = Wi_y), 13)

where Au; = u; —u;.
According to Assumption 4 and Proposition 1, (13) yields the fol-
lowing inequality

|[Au;| < |Au;_y| = LC|Au;_y| + 2LW,,,. a4

Obviously, when |1 — £LC| < 1 holds, it is guaranteed that lim;_,

|Au;] = 0, which means the control input u converges to a constant.
From (7), we know 4u; = LE;. Hence E; converges to zero. W

4. Experiment validation
4.1. Substrate material and ink

The polyethylene terephthalate (PET) substrate web was obtained
from DuPont (Mylar Type A Polyester Film) and had a thickness of 50.8
pm. The Young’s Modulus of the web is 4.8 GPa. The ink used in the
experiment has a viscosity of 800 cP.

4.2. Online image processing

In order to quantify the dynamics occurring within each printing
cycle, we have developed an online image sequence registration algo-
rithm. This algorithm serves to calculate the displacements along both
the machine and lateral directions of the R2R system. As illustrated
in Fig. 3, our approach involves selecting small reference patches
(depicted as red squares) and subsequently identifying all correspond-
ing patches across the entire image. It is important to note that the
identification process is initiated only when two valid patches are
precisely found within the image. The essence of our methodology lies
in computing the positional gap between these two valid patches. This
specific gap signifies the substrate displacement that transpires during
a single cycle of the gravure printing process. A comprehensive outline
of the algorithm’s intricacies can be found in Algorithm 1.
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CARPE DIEM

TECH™

Fig. 3. Registration error computed from the positional gap between two small
reference patches, highlighted in red.

Algorithm 1: Image Sequence Registration

Input: Images I, from the camera sensor, k = {1,2,3---};
Image I, patch for registration;
Minimum searching range D;
Matching threshold Th.
Output: Top three Matched positions, Pos;
The corresponding gap between two valid positions,
gap.
1 for k < 1 to n do
// Crop the central part of the original image
2 I, < crop(I})
// Find the normalized 2-D correlation matrix

3 Cc « normxcorrZ(Ip, 1)
// Descending sorting
¢ « sort(c)
Find the position [xpl, yp1] with the value ¢(1)
Find the position [xp2, yp2] with the value ¢(2)
cnt « 2
while (xp2 — xp1)? + (yp2 — yp1)> < D? do
cnt <« cnt+ 1
Update [xp2, yp2] to the value c(cnt)
end

© ® N o u b

11
12
13
14
15

cnt2 < cnt
[xp3,yp3] < [xp2,yp2]
while (xp2 — xp1)? + (yp2 — yp1)? < D? and
(xp3 = xp1)? + (yp3 — yp1)* < D* do
cnt <« cnt + 1
Update [xp3, yp3] to the value c(cnt)

16
17

18 end
19
20 cnt3 < cnt
21 | Pos(i) < [[yp1,xp1]; [yp2, xp2]; [yp3, xp3]]
// If only two valid matches, output the gap;
otherwise, output [0,0]
22 if ¢(1) > Th and c(cnt2) > Th and c(cnt3) < Th then
23 | | gap(i) < [lyp2 — ypll,|xp2 — xpl|]
24 else
55 | | gap(i) < [0,0]
26 end

4.3. R2R gravure printing system

The proposed control algorithm was evaluated on an R2R gravure
printing system as shown in Fig. 4. It consists of two subsystems:
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the web handling system and the gravure printing module. The web
handling system is composed of two motorized rollers and two idler
rollers. A ring rotation encoder and a readhead were mounted on the
rewinding roller to measure the linear web moving speed. The left
idler roller is a tension measuring roller, which measures the tension
of the moving web. The gravure printing module is where the printing
process happens. The gravure printing module consists of an impression
roller, a print roller, an ink tank, and a doctor blade. The print roller
is a component in the printing process. Specifically, the anilox roller
is engraved with tiny cells that store ink. These cells act as micro-
caves, ensuring precise and consistent ink transfer onto the printing
substrate. During printing, the print roller is partially immersed in the
ink tank. As the roller rotates, the doctor blade scrapes the roller before
it makes contact with the substrate, removing the excess ink from the
non-printing areas and leaving the ink in the cells. Then, the web gets
sandwiched between the impression roller and the print roller. The ink
gets pulled out of the cell by the surface tension and transferred to
the substrate. To ensure a balanced pressure between the impression
roller and the print roller, a pressure control system is employed. The
pressure is controlled by a step motor and a guide rail. To monitor the
printing quality, an imaging system is installed. It consisted of a high-
speed CMOS area-scan camera, a lighting source, and an objective lens.
Additionally, An encoder was attached to the print roller to monitor
the angle. The entire R2R gravure printing system is controlled by a
real-time controller implemented with a Labview system.

4.4. Experiment procedure

The experiment was conducted in the following procedure. To
synchronize the web moving speed and the gravure print roller speed,
the two motorized rollers in the web handling system are controlled
in torque mode. The print roller from the gravure printing module
acts as the master speed roller. As a result, the web moves with the
gravure print roller under the pressure between the impression roller
and the print roller. To introduce the angle-periodic disturbance to
the downstream web tension, an encoder was installed on the rewind-
ing roller. It counts the rotation angle of the rewinding roller. Each
time when the reading from the encoder is between 5°and 8°, the
rewinding roller motor torque will have a sudden change to act as an
impulse disturbance. As online image processing needs two consecutive
repetitive patterns to appear in the same image, the camera has to
be triggered carefully. In practice, another encoder is installed on the
gravure printing roller and the camera is set to be triggered when the
angle of this encoder is between 0 and 40°. Then, when the first two
consecutive repetitive patterns appear in the same image, the encoder
is reset to O degree. The image captured by the camera is fed into
the image processing algorithm and the registration error is calculated
accordingly. Based on the calculated registration error, the STILC will
generate an input signal to adjust the torque of the unwinding roller
motor, thereby compensating the registration error.

4.5. Experimental results

The experiment parameters are shown in Table 1. The radii of un-
winding and rewinding rollers can be measured and other parameters
are set in Labview. We test the performance of the system with three
different disturbance magnitudes and STILC compensation. The STILC
learning gain was obtained by tuning empirically. The experimental
results are shown in Fig. 5. The angle-periodic impulse disturbances
with different magnitudes are shown in Figs. 5(a)-5(c). Figs. 5(d)-5(f)
show that STILC iteratively increases the value of unwinding roller
motor torque to reduce the difference between the torques of un-
winding and rewinding rollers. Figs. 5(g)-5(i) show the elimination of
registration errors under different disturbances. We can observe the
STILC-generated signals converge to a constant level and the regis-
tration errors are eliminated after no more than 10 iterations. These

412

Journal of Manufacturing Processes 150 (2025) 407-415

Imaging

Unwinding Roller Sensor Rewinding Roller

Web

Tension
Sensor

Speed
Sensor

Gravure Printing Roller

LED Light
+ Ink Tank

(a)

Labview System
(STILC algorithm is implemented here)

Unwinding Roller Rewinding Roller

STILC Signal
Registration
Error

Encoder

Imaging
Sensor

Compression
Roller

s> | ED Light

(

Ink <«
Gravure Printing
Roller

(b)

Fig. 4. Experimental Setup. (a) The experimental setup in the lab; (b) A scheme of
the experimental setup.

Table 1

Experiment parameters.
Parameter Notation Value
Unwinding roller radius R, 0.0381 m
Rewinding roller radius R, 0.0381 m
Gravure printing roller speed v, 2.54 mm/s
Roller motor torque setpoint T, T, 1.144 Nm
STILC learning gain L 15.12 N
Size of image I, - 1450 x 1100 pixels
Size of patch 1, - 140 x 620 pixels
Normxcorr2 matching threshold Th 0.7
Minimum searching range D 100 pixels

experimental results are also consistent with the simulation results
shown in our supplementary materials.

Additionally, we test the performance of the proposed STILC ap-
proach when the impulse disturbance magnitude varies online. As
shown in Fig. 6(a), the disturbance magnitude is enlarged at the 7th and
the 16th printing cycles. Before the disturbance magnitude is changed
at the 6th and the 13th iterations, the registration error has been
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Fig. 5. Experiment results for small, medium, and large disturbance magnitudes. (a)-(c) are the disturbances with small, medium, and large impulse magnitudes; (d)-(f) are the
angular speeds of the rewinding rollers when the disturbances are small, medium, and large; (g)-(i) are the STILC compensation signals when the disturbances are small, medium,
and large; (j)—(1) are the registration error control performances when the disturbances are small, medium, and large.

eliminated. The changes generate registration errors in consequential it-
erations again, but the proposed STILC method shows timely responses
to the varying disturbances and eliminates the registration error online.
This experimental result is meaningful because the working conditions
of R2R systems can be slowly varying in the iteration domain. For
example, the radii of the unwinding and rewinding rollers are varying
because the volume of the web wrapping on them is changing. Another
example is the varying surface friction coefficient for the gravure
printing roller because of the residual ink accumulation on the roller.
Once the varying working conditions break the equilibrium state and
result in new registration errors again, the proposed STILC is capable of
responding to it and bringing the system back to the equilibrium state.

To summarize, the experimental results shown in Figs. 5 and 6
validate the effectiveness of the proposed STILC approach in the lab-
scale R2R system. During the printing process, it does not require any
real-time monitoring of web tensions or web speeds. The registration
error is only measured by the image-based sensor at the end of each
printing cycle and is fed into STILC every iteration (two printing
cycles), which significantly lowers the requirements on sensor hard-
ware and computational capability. With STILC, the slippage-related
registration error caused by angle-periodic transient disturbances can
be suppressed automatically. The effect of suppressing web slippage
can be observed in the images captured by the image-based sensor.
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Before applying STILC to the system, there is a slippage region marked
by the red box in Fig. 7(a). When STILC is applied, the slippage region
is eliminated after sufficient printing cycles, as shown in Fig. 7(b).

5. Conclusion and discussion

This paper presents a novel STILC approach to tackle a fundamental
challenge in registration control within R2R gravure printing systems
with repetitive transient disturbances and the inability to monitor the
real-time registration error. The proposed method overcomes these
difficulties by incorporating a TILC updating law with a constant basis
function in the spatial domain, enabling iterative convergence of the
registration error to zero. To evaluate the effectiveness of the proposed
STILC approach, we conduct a numerical simulation and an experiment
on a lab-scale R2R gravure printing system. To simulate it numerically
in Simulink, we model the dynamics of the registration error and the
R2R system and introduce angle-periodic transient disturbances to the
system. The simulation results shown in our supplementary materials
demonstrate that our method achieves convergence of the registration
error to zero after a few printing cycles. In the experiments, we then
specify the same parameters in the lab-scale R2R gravure printing
system and introduce the same disturbances. The registration error is
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Fig. 7. The captured image at the end of one printing cycle when (a) there is a
slippage; (b) there is no slippage.

measured by an image-based sensor and the online image processing al-
gorithm. The experiment results shown in Fig. 5 are consistent with the
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performance we observed in the simulation results. The web slippages
caused by the repetitive impulse disturbances are eliminated by the
STILC compensation. Furthermore, we show that the proposed STILC
can also adjust its compensation signal when the impulse disturbance
magnitude is varying online and maintain the registration error at a
relatively low level.

It is worth noting that the friction dynamics between the web and
the roller is a sophisticated rolling friction dynamics and the slippage
effect can also be complex, including both gaps (a part of pattern is
missing) and overprints (a part of the pattern is overlapped in the same
area). In this study, we measure the pitch length of the printed pattern
and utilize it as an indicator of registration error. This approach is a
compromise, chosen due to the limitations of our sensing capabilities.
In future work, further investigation is needed to enhance the vision-
based sensing system, making it capable of identifying more specific
slippage regions and slippage classes, such as gap or overprint.

Furthermore, this work is demonstrated on a lab-scale experimental
R2R setup, which means that some necessary adjustments could be
needed if the proposed STILC method is applied to the industry-scale
R2R systems. For industrial systems, the radius of the rewind roller
increases as the substrate accumulates. Although the radius can be
measured using a displacement sensor, the maximum force applied to
the substrate diminishes as the roller radius grows. Therefore, we must
ensure that the motor maintains sufficient torque to transport the sub-
strate effectively. Further research is required to scale the application
of STILC to industrial contexts.
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