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1.  Introduction and background

Due to the consolidation of the printing press market 
in recent years and the requirement to be able to print 
small runs economically, there is an obvious shift from 
conventional printing processes, such as offset and gra-
vure printing, to digital printing technology, especially 
inkjet printing. This trend applies equally to roll-to-roll 
and sheet-fed printing presses.

This new technology creates additional requirements 
for the modeling of machine dynamics, which takes 
into account the special effects that play a role and are 
different from classic impact printing processes. In this 
paper, we limit the consideration to roll-to-roll (web) 
presses.

The longitudinal dynamics of the web fundamentally 
influence the printing process and the achievable 
print quality. As a first approximation, the longitudinal 

motion of the web can be decoupled from the trans-
verse movement and movements perpendicular to the 
web’s plane. For web presses, a plethora of publica-
tions dealing with the modeling of machine dynamics 
in the printing direction and the prediction of register 
and registration values exist. The first comprehensive 
process model was introduced in the 1970s in the pio-
neering work of Brandenburg (1971; 1976) and further 
developed by Whitworth and Harrison (1983). Further 
publications from various research groups around the 
world (Roisum, 1996; 1998; Wolfermann, 1995; Zitt, 
2001; Galle, 2007; Yoshida, et. al, 2008; Schnabel, 2009) 
followed. Up to this day, this topic is of continued inter-
est, as recent works show (Brandenburg, 2011; Göb, 
2013; 2017; Seshadri, Pagilla and Lynch, 2013; Seshadri, 
Raul and Pagilla, 2014). The overall goal is always to 
most accurately control web tension, thereby optimiz-
ing the print quality. Overall, this increases productiv-
ity and reduces waste, which leads to the conservation 
of resources.

JPMTR 122 | 1904 Original scientific paper
DOI 10.14622/JPMTR-1904 Received: 2019-02-14
UDC 005.31:774.8-021.465:004.356 Accepted: 2019-05-16

A model for the prediction of print quality 
of a roll-to-roll inkjet press

Nicklas Norrick

Heidelberger Druckmaschinen AG, nicklas.norrick@heidelberg.com 
Gutenbergring, 69168 Wiesloch, Germany 

Abstract

In this paper, a simulation model for the web dynamics of a digital label printing machine is presented and an exem-
plary application from practice is shown to verify the model. The basis is an extended modeling of the web dynamics 
including thermal effects in order to calculate the dynamic behavior of the continuous web. It is shown how thermal 
excitation can be used to measure the transfer function of the web dynamics and the influence of web tension control 
systems. Furthermore, a post-processing algorithm is presented which links the output data of the web dynamics 
simulation with the behavior of the inkjet printing data path and thus simulates digital inkjet printing. The results 
can be used to explain both registration errors from color to color as well as color density fluctuations within a 
raster image printed by a single color. As a practical example, a digital inkjet printing machine is considered in the 
following, in which a periodic variation in the color impression of a raster or solid surface can be recognized in the 
printed image. The fluctuation period corresponds to one revolution of the rotary encoder, which serves as a trig-
ger signal for the inkjet printheads. With the help of the simulation model for the web dynamics and the presented 
post-processing algorithm, the origin of the error can be understood. Measurement and simulation are compared to 
verify the model. If the amplitude and the phase angle of the encoder error are measured, the print quality can be 
ensured by compensating the error within the inkjet printing data path. This is shown both in the simulation and on 
the basis of measured data.
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This paper presents a method for modeling and regis-
ter simulation of roll-to-roll inkjet printing presses. In 
particular, it deals with the peculiarities of inkjet print-
ing and presents a novel algorithm to calculate print 
quality from web dynamics simulations. The method 
is tested on a real case study. In this special case, it is 
considered how errors in the rotary encoder, which is 
used to clock the printheads, affect the print quality. In 
the process, simulation and measurement results are 
compared.

2.  Methods and modeling

To model the web transport in longitudinal (printing) 
direction, the web is discretized into discrete web sec-
tions of the length l. Figure 1 shows a schematic of the 
control volume.

εin, νin ε εout, νout

φ∙
l

print direction

�Tin �T 

Figure 1: Schematic of the control volume for the 
derivation of the web transport equations where 

ε is strain, ν is material flow, T is temperature 
and φ is phase shift

The web is assumed to be homogeneous, only stressed 
in longitudinal direction, massless and have negligible 
bending stiffness. The thickness of the web t is added 
to the radius of the rollers transporting the web yield-
ing an effective radius reff. The width of the web is w. 
The control volume is bounded by a roller at the begin-
ning and the end of the web section. For each section, 
the roller on the right side of the section is used for the 
formulation of the equation of conservation of angular 
momentum. The inputs to the web section are the web 
speed and strain.

For the following equations, the index _in denotes val-
ues belonging to the preceding web section and the 
index _out denotes values belonging to the following 
web section. Variables without an index belong to the 
web section in question.

From the continuity equation, the equation
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can be developed to describe the transport of web 
material in and out of the control volume, where νin is 
the material flow into the web section with strain εin, 

νout is the material flow out of the web section, and ε 
is the material strain in the web section. The material 
law for the web can be linear elastic with an elastic 
modulus E (Hooke’s Law) or viscoelastic, for instance, 
a Kelvin-Voigt-model (Markert, 2013) to determine 
stress σ, of the form

𝜎𝜎	 = 	𝐸𝐸𝜀𝜀	 + 	𝑅𝑅𝜀𝜀 	+ 	𝐸𝐸𝛼𝛼)Δ𝑇𝑇	  [2]

which also incorporates the strain of the material 
due to temperature effects (thermal expansion coef-
ficient αT) and the viscosity R. For paper, material 
parameters have been collected by Niskanen (2012). 
Generally speaking, it may be necessary to obtain the 
correct material parameters from measurements for 
each special case.

The equation of conservation of angular momentum for 
the roller on the right side of each web section yields

𝛩𝛩𝜑𝜑 + 𝑏𝑏𝜑𝜑 = 𝑀𝑀'() − 𝑀𝑀	 + 𝑀𝑀,-./0 	+ 	𝑈𝑈	cos(𝜑𝜑 + 𝛿𝛿)	 [3]

The terms in this equation describe the torques M 
stemming from the web 

𝑀𝑀"#$ − 𝑀𝑀	 = 	 (𝜎𝜎"#$ − 𝜎𝜎) ∙ 𝑤𝑤$	𝑟𝑟.//	  [4]

as well as a drive torque or friction torque Mdrive as 
well as a sinusoidal unbalance torque with an ampli-
tude U, phase shift φ and phase angle δ, at point wt. The 
left-hand side of the equation is characterized by the 
moment of inertia of the roller Θ and a linear damping 
coefficient b, which corresponds to a viscous damping 
component in the bearings.

The transport equation for the temperature of the web 
can be approximated by
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𝑑𝑑𝑑𝑑

+
𝑣𝑣'( + 𝑣𝑣)*+

2
	
∆𝑇𝑇 − ∆𝑇𝑇'(

𝑙𝑙
= 0	  [5]

using an average temperature for each section as the 
mean between the temperature of the web coming 
into the section ∆Tin and the temperature leaving the 
section ∆T. This completes the equations for the web 
dynamics including thermal effects.

The system of nonlinear differential equations is trans-
ferred to the MATLAB®/Simulink® environment for 
simulation in the time domain.

For an arbitrary web section, this set of equations can 
be placed into a subsystem block with defined inputs 
and outputs. For each web section, a simulation block is 
required in which only a few parameters differ, so that 
it is very easy to build up a complete model of the web 
dynamics of a printing press with dozens of rollers.
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In addition to the equations presented above, each 
block is configured to provide information as to 
whether the Euler-Eytelwein adhesion condition 
(Eytelwein, 2011) is met at the present time, as well as 
the bearing load for the web-carrying roller. 

The model is used to answer fundamental questions 
about web dynamics, for example to determine the 
expected natural frequencies and mode shapes of the 
overall system as a function of the substrate elasticity, 
or to assist in the dimensioning of the drive motors. 
For detailed investigations with a direct relation to the 
achievable print quality, it is however necessary to extend 
this purely mechanical model by a register calculation 
algorithm, which will be detailed in the next section.

3.  Register calculation algorithm

Inkjet printing is a non-impact printing process (NIP), 
meaning a printing process without a fixed image car-
rying device (Kipphan, 2000). An inkjet printhead is 
comprised of a multitude of tiny nozzles for the jetting 
of minute ink drops, each of which is responsible for 
one image pixel perpendicular to the printing direc-
tion. To print an image, the substrate is moved relative 
to the stationary printhead, so the resolution in the 
printing direction is defined by the printing speed and 
the jetting frequency. In order to achieve the high res-
olution a required for high print quality in transverse 
direction, the nozzles in the printhead are staggered, as 
shown schematically in Figure 2 for a fictitious print-
head with m = 4 nozzle rows and n = 7 nozzle columns. 
A real printhead is of course made up of many more 
nozzles. Due to the staggered construction, the printing 
of a line in the transverse direction results in the situa-
tion that not all nozzles print at the same time but with 
a time delay. For constant speed printing, this does not 
matter, but changes in printing speed can create a sort 
of inter-head registration error which manifests itself 
as a color density variation in print direction.

Figure 2: Schematic of the nozzle layout  
of an inkjet printhead

As a clock signal, a measuring system is required which 
accurately measures the current substrate speed. 
Typically, this signal is provided by a very accurate, 

high-resolution rotary encoder. Due to signal propaga-
tion times, program run times and especially the flight 
time of the drop from head to substrate, the time delay 
between measured web speed or position and real 
substrate position upon impact of the ink drop on the 
substrate is not negligible.

The difficulties become clear with a numerical example 
to illustrate the order of magnitude: at 1200 dpi (equiv-
alent to 21 μm resolution) and a print speed of 1 m/s, 
the printheads have a clock rate of 47 kHz. This means 
that every 21 μs a drop is triggered. With a drop speed 
of 5 m/s and a distance from printhead to substrate of 
1 mm, the drop flight time is 200 μs.

In order to calculate the register between two printed 
dots, it is necessary to know the current position of a 
printed dot. That is, a reference point printed at a cer-
tain position must be tracked on its way through the 
machine. The difference between the position of the 
n-th printhead and the position of the reference point 
at time tp(n) (at this time the n-th printhead sets a new 
point) results in the registration error denoted as 1/n.

In order to determine the current position of the ref-
erence point within a certain web section, the data of 
the actual angular velocities of the rollers and strains 
of the web sections are needed, but these are known 
from numerical simulation. To illustrate the derivation 
of the necessary equation, the sketch in Figure 3 is 
used. It shows the web at time tp(n) moving under two 
consecutive printheads, the first of which printed the 
reference point at an earlier point in time.

printhead 1

reference point

printhead n

ε0 ε1 εn

print direction

Figure 3: Sketch for the derivation of the point position

Let us consider section 1 with the corresponding strain ε1. 
First, it is necessary to determine the strain-free mate-
rial length dxunstrained that has been transported from 
section 0 to section 1 in the time period from t1 to t̃ . With 
the generally valid formulas ν = dx/dt and ε = du/dx 
we can represent dxunstrained in the form

𝑑𝑑𝑑𝑑#$%&'()$*+ =
𝑣𝑣.(𝑡𝑡)

1 + 𝜀𝜀5(𝑡𝑡)
𝑑𝑑𝑡𝑡	  [6]

Integration then leads us to the strain-free length 
transported into the section

𝑥𝑥"#$%&'(#)*(𝑡𝑡) =
𝑣𝑣0(𝑡𝑡)
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5

56

𝑑𝑑𝑡𝑡	  [7]
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at the point in time t. The strain-free length lunstrained 
is the material length that was already present at the 
beginning between the printed point 1 and roller 1 at 
time t1. The position of the point lp at a point in time t 
taking into account the strain ε1(t) is then calculated by

𝑙𝑙" 	= 	 𝑥𝑥&'()*+,'-. 𝑡𝑡 +	 𝑙𝑙&'()*+,'-. 1	 +	𝜀𝜀3 𝑡𝑡 		  [8]

At a second point in time t2, point 1 has traversed the 
first web section where x = l1. The formula for a gener-
alized section i is thus

𝑥𝑥"#$%&'(#)* 𝑡𝑡 =
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wherein lj are the lengths of the preceding web sections.

From the simulated encoder signal including the 
aforementioned time delay, the times are determined 
at which the web would have covered the distance 
from printhead 1 to printhead 2 without consideration 
of elongation effects. With these times, the difference 
between the location of point 1 at time t2 and the loca-
tion of the n-th printhead can be calculated – this is the 
registration error between the two points.

Algorithmically, this calculation was implemented as a 
MATLAB® script, with which a register prediction can 
be efficiently derived following a time-domain simula-
tion of the web dynamics.

4.  Results

The model just introduced is applied to an exemplary 
inkjet printing machine as shown schematically in 
Figure 4.

unwinder

roller A

printheads

1
2 3 4

5
roller B

M M

M

rewinder

Figure 4: Schematic of a roll-to-roll inkjet 
printing press

The core of the machine is the digital printing unit 
with four process colors and white as a fifth color. The 
web is guided from an unwinder, past a web tension-
ing station over the so-called roller table, on which the 
substrate is guided over many small rollers past the 
printheads arranged one behind the other. The rotary 
encoder is mounted on the last roller of the roller table. 
The motors for web tension control are marked with M.

On the real machine, the web tension is measured on 
several rollers via flange-mounted force transducers. 
In the model, the web force sensors are integrated 
into each web section block as has been detailed in 
Section 2. In the model, the feedback control loop is 
closed via these virtual web force sensors. Overall, the 
model is made up of 31 discrete web sections.

As a plausibility check, a simulation result leading to 
comprehensible effects in the register is shown. For 
this purpose, it is prudent to switch off all other dis-
turbing factors in the simulation (for example imbal-
ances, errors on the unwinder, errors in the control 
system) and only a temperature step is initiated.

If heat is coupled into the web between the printing of 
two colors, for example due to a drying process, this 
leads to thermal expansion of the web. The subsequent 
web sections must run faster to maintain a constant 
web tension. The corresponding intermediate results 
for a temperature step ∆T at time t = 10 s are shown in 
Figure 5. It can be seen that the speed difference is very 
small. Nonetheless, this tiny difference in speed is what 
will lead to undesirable effects in the register.

Let us consider the register between the reference 
color (printhead 1) and a printhead n behind the heat 
input, while using a rotary encoder on roller A to clock 
the printheads. After the temperature step the reg-
ister settles to a new stationary value which linearly 
increases with the distance of the printheads to each 
other, since the encoder is specifying an incorrect (too 
slow) speed. In the simulation, the thermal strain after 
the temperature step αT∆T = 600 µm/m and is effective 
for the register 1/3 over a length of 500 mm and for 
the register 1/5 over a length of 1000 mm, resulting in 
a stationary registration error of 300 µm and 600 µm, 
respectively. The result is shown in Figure 6a.

Using the rotary encoder on roller B for clocking the 
printheads results in a different picture. Regardless 
of the distance of the printheads to each other, after 
a transient phase, a static offset occurs which is much 
smaller (20 %). This is the case since the web is only 
subjected to a deviation between real speed and the 
speed detected by the rotary encoder on a short sub-
section of the web path. The transient process in the 
register due to the step in web temperature can be 
interpreted as a superposition of the differences in 
strain and velocity in Figure 5. The situation can be 
seen in the Figure 6b.

An interesting phenomenon can be observed in the 
model – the temperature step excites vibrations in the 
web motion. With this knowledge, a quasi-harmonic 
excitation can be induced into the system by means 
of a printed pattern, e.g. zebra crossing stripes. For 
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UV-curing inks, heat is introduced into the web when 
UV radiation activates the polymerization process and 
cross-linking enthalpy is released directly into the sub-
strate. Thus, the thermal expansion of the web can vary 
greatly even over short distances.

In the case of the zebra crossing stripes, the thermal 
excitation frequency corresponds to the speed of the 
web. The system response can be measured, for exam-
ple with the installed rotary encoders, allowing the 
calculation of a transfer function and thereby a com-

   a)                b)
Figure 5: Web strain (a) and speed (b) at roller A and roller B  

after subjection to a temperature step ∆T at time t = 10 s

  a)                b)
Figure 6: Calculated register after subjection to a temperature step ∆T at time t = 10 s  

using encoder on roller A (a) and roller B (b)

Figure 7: Transfer function gained through simulation of temperature excitation
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parison of system behavior, e.g. with and without ten-
sion control. An example of such a test with simulated 
data is presented in Figure 7. The excitation is printed 
zebra crossing stripes with a width of 0.1 m and each 
measurement point corresponds to printing at a fixed 
web speed (from 5 m/min to 100 m/min). The fitted 
frequency response function (FRF) is calculated using 
the rational fraction polynomial method (Richardson 
and Formenti, 1982). It is evident that the web tension 
control within the digital printing unit is able to sup-
press the resonance at 4.4 Hz.

As explained in the Section 3, the image data path of an 
inkjet printing press uses the encoder signal as input 
on a web-guiding roller. Due to internal errors of the 
encoder (often referred to as the integral nonlinear-
ity or INL of the encoder, e.g. in Carusone, Johns and 
Martin, 2012) as well as external errors due to eccentric 
mounting, the encoder signal is superimposed with a 
harmonic disturbance at constant speed.

a) b)y y

xx
Ω Ω

internal
error

external
error

sum error

compensation

remaining error

Figure 8: Superposition of internal and external 
rotary encoder errors (a), resulting residual error 

after compensation (b)

In the vector diagram (Figure 8a), the vector addition 
of internal and external encoder errors can be easily 
understood. Depending on the phase position of the 
two individual errors, a gain or attenuation of the 
amplitude of the sum error can result.

A faulty encoder signal suggests changes of the sub-
strate speed, although it is constant in reality. As a 
result, the printheads are incorrectly triggered, which 
results in a registration error. This in turn is visible to 
the human observer as a periodic variation in the color 
impression of a raster or solid surface. This can be the 
case for the color-to-color register or the inter-head 
register described in Section 3. Both can be influenced 
by the encoder error due to the same effect. This influ-
ence can be measured and an exemplary measurement 
result is shown in Figure 9. For better recognition of 
the periodic component whose frequency corresponds 
to that of the rotary encoder, both the raw signal and 
a low-pass filtered signal are shown. The additional 
high-frequency disturbances in the raw signal have 
nothing to do with the harmonic encoder error.

The effect of the encoder error on the register can be 
understood using the proposed simulation methods. 
For this purpose, the simulated (ideal) encoder signal is 
corrupted with a harmonic disturbance and the inter-
head register is considered. The distance between the 
first and the last row of nozzles according to Figure 2 is 
12 mm for the printheads considered here.

If the sum error of the encoder can be measured in 
amplitude and phase, this error can be compensated 
in the image data path. The control electronics of the 
printheads then do not register the eccentricity of the 
encoder, which means that this error does not mani-
fest itself in the register. Ideally, a signal with exactly 
the same amplitude and phase rotated by π is added. 
This would lead to perfect compensation of the error. 
Figure 8b schematically shows the addition of a non-
ideal compensation value in the phase diagram (it is 
assumed that the determination of the amplitude is 
faulty by 10 % and the determination of the phase is 
wrong by 10°) and the residual error remaining as a 

   a)                b)
Figure 9: Inter-head register due to erroneous rotary encoder signal: 

(a) measurement, and (b) simulation
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result. It can be seen that especially a wrong phase 
information can quickly lead to incomplete compensa-
tion or even a deterioration of the result.

The effect of the compensation can be demonstrated 
both by simulation and measurement. The result is 
shown in Figure 10. In reality, a reduction of 33 % is 
achieved. The fact that the compensation does not 
work better can be explained by the fact that further 
errors, e.g. the geometric eccentricity of the rollers 
also contributes a considerable amount to the error. 
Theoretically, these errors could also be eliminated 
by the compensation by adding more harmonic com-
ponents to the encoder signal beyond the measured 
encoder error. Trivially, the signal needed to compen-
sate the error could be determined by trial-and-error.

In the simulation, the compensation achieves a reduc-
tion of 80 %, which can be easily understood due to the 
purposely erroneously entered amplitude and phase. 
It can be seen that the compensation is robust against 
small errors in the identified encoder signal of about 
10 % in the amplitude and 10° in the phase.

5.  Conclusions

A mathematical model of the longitudinal web dynam-
ics was presented, capable of describing the dynamic 
behavior of the continuous web of a roll-to-roll press. 
Based on this model, a novel method was devised to 
track a printed point on its way through the machine, 
thus obtaining a calculation of the register. The method 
is suitable for constant printing speeds as well as tran-
sient processes. Simulation results were presented, 
demonstrating the functionality of the model. The pos-
sibility of using thermal expansion of the web to excite 
mechanical vibrations for the measurement of transfer 
functions was presented. It was shown in simulation 
and measurement how print quality can be optimized 
by the compensation of the harmonic encoder error 
within the image data path. The presented model with 
post-processing (point tracking algorithm to model 
the registration behavior) allows the impact of design 
changes of the printing press to be directly translated 
into print quality characteristics. These predictions 
ultimately save time and money in machine develop-
ment and production.

   a)                b)

Figure 10: Inter-head register after compensation of erroneous rotary encoder signal:  
(a) measurement, and (b) simulation
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