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Abstract: The formation of raster structures on stainless-steel tapes requires high-precision
mechatronic systems to ensure accuracy and stability during the process. This article
gives a thorough look at a redesigned precise mechatronic system that can make coded
or raster linear scales using a dynamic laser process. These scales are critical components
in linear measuring systems, such as optical encoders, where accuracy and reliability are
paramount. One critical challenge is maintaining precise tape dynamics to mitigate errors
caused by slippage at the tape-roller interface and mechanical vibrations. The main goal
of this study is to look at these changing behaviors in a redesigned tape displacement
measurement unit. Unlike older models, this one does not use a pneumatic roller system;
instead, the tape drives the measuring roller directly. Experiments show that the new
design greatly lowers errors caused by slippage and vibration, which makes it easier for
the tape to move in sync with the laser activation. Additionally, the updated system
exhibits enhanced performance in terms of stability, achieving higher accuracy of the raster
structure compared to the previous design. These findings underscore the importance of
dynamic analysis in optimizing tape displacement measurement units for high-precision
raster formation processes.

Keywords: raster scale formation; stainless-steel tape dynamics; tape slippage; vibration
analysis

1. Introduction
Precision measurement systems, like linear optical encoders, need linear stainless-steel

tapes with a raster or code structure in order to work. These tapes provide reference
scales that enable highly accurate linear displacement measurements across a variety of
industries, including automation, robotics, and precision manufacturing. Their robust
design and precisely etched structures ensure durability and reliable performance, even in
demanding environments.

Stainless steel is the preferred material for these tapes due to its excellent mechanical
properties. It is highly durable, resisting wear and corrosion while maintaining flexibility
under tension or bending. Stainless steel also exhibits superior thermal stability, ensur-
ing minimal expansion or contraction under temperature changes, which is critical for
consistent measurements. There are two types of formed patterns on these tapes: raster
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structures, which are made up of evenly spaced lines or tracks for incremental positioning,
and coded patterns, which can be binary or gray-coded designs for absolute positioning.

The ability to manufacture metal scales in significantly longer lengths compared to
glass scales is one of their key advantages. While glass scales are typically limited to lengths
of around 3 m due to their fragility and the challenges of producing defect-free substrates
over longer spans, stainless-steel scales can easily exceed a few tens of meters in length. This
makes them indispensable for applications requiring extensive measurement ranges. For
instance, the aerospace industry uses long metal scales for precise positioning during the
assembly of large aircraft components [1]. Similarly, in automated conveyor systems, such
scales provide accurate displacement measurements over extended distances [2]. Metal
scales can be used on large gantry-style CNC machines and coordinate measuring machines
(CMMs), which makes sure that measurements are accurate even when the machines are
used in large areas [3].

A further advantage of stainless-steel scales over their glass counterparts is their
superior ease of transport, handling, and mounting. Metal scales are highly flexible and
resistant to breakage, making them more suitable for on-site handling during installation
or maintenance. Unlike glass scales, which are fragile and require careful packaging and
transportation to prevent damage, metal scales can be coiled into compact rolls, reducing
space requirements and minimizing the risk of breakage during shipping. Additionally,
their robustness streamlines mounting, particularly in applications that demand long
measurement spans or necessitate on-site alignment adjustments. These characteristics
make stainless-steel scales an ideal choice for demanding industrial environments.

There are different ways to make raster structures on linear scales, and the one you
choose depends on how accurate you need them to be, how much they cost to make, and
what you need them for. Common techniques include laser ablation of coatings, printing,
and paint application technologies, mechanical scratching, and embossing.

Printing and paint application technologies, such as screen printing and inkjet printing,
are widely used for creating raster structures where moderate accuracy suffices. These
methods allow for rapid patterning in large areas at low costs, making them suitable for
less critical applications. For example, inkjet printing has been used to make electronic
parts and straight lines. Measuring scales are made by carefully depositing conductive or
reflective inks [4]. Screen printing is another robust method, ideal for thicker coatings or
larger features, although it is less suited for sub-micron patterns.

Mechanical scratching and embossing methods are often employed to create robust,
durable patterns on metallic or polymeric substrates. These techniques involve physically
displacing material to form raster structures, often using precision tools or dies. Mechanical
scratching, while cost-effective, typically lacks the resolution of laser ablation or lithography,
but it remains useful for industrial settings where durability and visibility are priorities [5].
Embossing, on the other hand, uses prefabricated molds or dies to imprint patterns onto
materials. This process is highly scalable and efficient for repetitive tasks but requires
significant upfront investment in tooling [6].

For most precision applications, raster structures have a periodicity ranging from
1 µm to 40 µm, with individual line lengths reaching several millimeters. At such high
densities and with small line widths, stringent requirements are imposed on the edge
quality of the lines. When scanning these precision scales using photoelectric measuring
heads, the sharpness and consistency of the edges directly influence signal quality and
overall measurement accuracy. Often, applications demanding such precision utilize static
lithographic processes. Usually, these steps are used on chromium-coated glass rulers or
gold-coated stainless-steel tapes. Lithographic methods are used to make precise scales
with clear line dimensions. Recent advancements in lithographic techniques, including
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extreme ultraviolet (EUV) lithography, have significantly enhanced resolution, paving the
way for the creation of nanostructures with feature sizes as small as 10 nm [7]. However,
these methods involve complex setups and are typically reserved for semiconductor man-
ufacturing, where such precision is paramount. Laser ablation is a great alternative for
making linear scales, where getting the right balance between accuracy and speed is very
important [8].

Laser ablation, especially with femtosecond lasers, can remove material with great
accuracy, which lets you make complex patterns with features that are less than a micron in
size. Dynamically performed, this method offers flexibility and speed, making it suitable
for high-throughput manufacturing processes. Traditional lithography methods, like
ultraviolet (UV) lithography, have more steps, such as coating the photoresist, exposing
the image under a photomask, and developing the image. Generally conducted in a static
manner, these steps require precise alignment and can be time-consuming, making them
less adaptable to continuous production workflows [9].

The laser etching process is particularly well suited to stainless-steel tapes, combining
flexibility, precision, and scalability. It begins with preparing the tapes by cleaning and
pre-treating the surface for optimal results. The laser system dynamically feeds the tape
under controlled tension and alignment. The laser beam is precisely modulated to ablate the
surface and form high-contrast raster or coded patterns. This dynamic approach eliminates
the need for stop-and-start operations, significantly improving production efficiency. After
etching, the tape is cooled, cleaned, and rewound into a coil for easy handling and storage.
Inspection systems integrated into the process ensure that the etched patterns meet stringent
quality standards.

In the development of mechatronic manufacturing systems for stainless-steel tapes,
precise control of tape displacement is crucial. The real-time feedback mechanism, essential
for synchronizing laser operations with tape motion, traditionally comprises a measurement
roller. In this setup, the tape is pressed against the roller with a controllable force exerted by
an opposing roller, typically actuated by a pneumatic system. Extensive research has been
conducted to optimize this unit, focusing on its dynamic parameters, contact mechanics,
and vibrational behavior.

A. Fursenko et al. studied how the tape-feeding mechanism moves and emphasized
how important it is to know the system’s natural frequencies and damping properties to
avoid resonant vibrations that could affect the accuracy of the etching process. According to
what they found, improving these dynamic parameters makes the raster formation process
more stable and accurate [10].

In a different study, A. Fursenko et al. looked at how the tape and measurement roller
interacted with each other by measuring things like contact pressure, friction coefficients,
and material deformation. To accurately measure tape displacement, which has a direct
impact on the quality of the etched patterns [11], the results show that the contact force
needs to be carefully controlled, and a deep understanding of how friction works is needed.

Additionally, we conducted an investigation into how variations in frictional condi-
tions affect the vibrational behavior of steel tapes during processing. This study reveals
that changes in friction can induce vibrations, leading to potential defects in the etched
patterns. Implementing effective friction management strategies is essential to mitigate
these vibrations and ensure the precision of the manufacturing process [12].

Collectively, these studies provide valuable insights into the mechanical interactions
within the tape displacement measurement unit. However, the final accuracy of the
produced scales using such a configuration was unsatisfactory. As a result, we redesigned
the tape displacement measurement unit. The new assembly eliminated the pressing roller,
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as its deformations in the tape were the primary source of error. Now, the tape passes over
a guide roller and wraps around the measuring roller, driving its rotation.

Such linear steel tape systems used in mechatronic applications are highly sensitive
to mechanical vibrations and slippage, which can adversely affect their precision and
operational reliability. Vibrations can originate from both internal and external sources,
including motor imbalances, external environmental disturbances, and inherent system
resonances [13,14]. These vibrations cause oscillatory behaviors in the tape, leading to posi-
tional inaccuracies, disrupted measurements, and potential damage to system components.

The slippage between the tape and roller mechanisms introduces additional chal-
lenges, such as inconsistent displacement measurements. This phenomenon is particularly
pronounced in systems where maintaining constant tension and adequate contact pressure
is difficult [15]. Slippage often results from poor roller alignment, uneven wear, or varia-
tions in tape tension during operation. Research shows that optimizing roller geometry
and using advanced tension control systems can effectively reduce slippage and improve
measurement accuracy [16].

The dynamics of tape slippage and its interplay with vibrations can exacerbate errors
in position sensing. For instance, the design of guiding systems and tensioning mechanisms
is closely linked to lateral positioning errors caused by vibrations and slippage. Researchers
who looked at how tilted rollers affected the movement of tape found that it is very
important to carefully adjust the roller angle and the way the tape contacts the rollers in
order to keep the tape stable and in the right place [16]. Moreover, the introduction of
advanced vibration-damping techniques, such as isolation mounts and damping layers,
has been shown to minimize the transmission of vibratory forces to critical components,
thereby preserving the accuracy of linear tape systems [17,18].

High-frequency tape vibrations, which are often caused by the material itself and the
speed at which it is used, can change the accuracy of displacement measurements [19].
Real-time feedback systems with high-resolution optical encoders are very important for
finding these distortions and fixing them, ensuring that measurements are accurate over
long periods of time. Slippage and errors caused by vibration can also be stopped from
getting worse by using advanced maintenance methods like checking the alignment and
roller conditions on a regular basis [20].

This study investigates a new design tape displacement measurement unit to analyze
the dynamic behavior of a steel tape and assess potential slippage on the measuring roller.
An analysis of the key parameters that ensure stable operation was carried out, along
with dynamic testing of the unit under operational conditions and mechanical vibration
excitation from the outside. Using advanced metrological measurement systems, the linear
velocity of the tape in the raster formation zone and its correlation with the velocity of
the measuring roller were examined. The relative and absolute accuracy of the raster
structures made by the system with the redesigned unit was also tested. This showed how
the updated configuration improved performance and accuracy.

2. Overview
This section presents a detailed examination of the tape displacement measurement

unit, its functional role in the precision formation of raster structures, and the dynamic
phenomena influencing its performance. The discussion encompasses the research object,
identifies principal error sources (slippage and mechanical vibrations), and provides a
theoretical framework for understanding their impact on system accuracy. Furthermore,
strategies for mitigating these errors are analyzed, and critical system parameters neces-
sary for achieving optimal operational stability and high-quality raster scale generation
are summarized.
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2.1. Research Object

The thing being looked into is a high-tech and complicated mechatronic device that
was made to precisely create raster patterns on a stainless-steel tape using laser technology.
The tape, which serves as the substrate for the raster structures, is unwound from a reel and
guided through several system components and redirecting rollers. The tape displacement
measurement unit is an important part of the system because it makes sure that everything
is in sync and lined up correctly for the raster formation process. Figure 1 presents the
model view of this unit.
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Figure 1. Model view of tape displacement measurement unit.

Within the displacement measurement unit, the tape wraps around a measuring roller,
causing it to rotate as the tape moves forward. The measuring roller mounts a precision op-
tical angular encoder, custom-engineered for this device. This encoder converts the roller’s
rotational motion into precise angular measurements, which are then used to calculate
the tape’s linear displacement. These calculations are critical for two primary functions:
determining the tape’s exact position and controlling the activation and modulation of the
laser used to form the raster structures.

The dynamic behavior of the tape within this unit is a critical factor in ensuring its
proper operation and has been identified as the primary research objective. Investigating
the tape’s motion stability, including factors such as slippage and vibration effects, is
essential to improve the reliability and precision of the tape displacement measurement
process. The schematic representation of the tape measurement unit is shown in Figure 2.
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A metal tape is pulled at one end at a linear operational velocity vt. At the other end,
a precision braking system is installed to maintain a stable tape tension T of the required
magnitude. During the process, the tape wraps around the measuring roller (with a radius
R) at a specific wrapping angle θ, causing it to rotate at an angular velocity ωr. This angular
velocity of the roller ωr and the linear velocity of the tape vt are coupled through:

vt = Rωr, (1)

In the contact zone between the measuring roller and the tape, corresponding frictional
forces are at play. The frictional force Ft at the tape-roller interface is:

Ft = µT
(

1 − e−µθ
)

. (2)

The exponential term accounts for the distribution of friction over the contact area.
At higher wrapping angles (θ ≫ 1), the frictional force approaches its maximum value,
Ft ≈ µT.

The tangential force Ftan due to tape motion is:

Ftan = ρt Atv2
t , (3)

where ρt is the tape’s material density, and At = b·h is the cross-sectional area of the tape.

2.2. Sources of Error in Raster Scale Formation

Despite the numerous factors influencing the formation of raster structures within
the device, which affect the accuracy of the produced scale, this study focuses on investi-
gating the slippage of the metal tape in the measurement roller surface and the impact of
mechanical vibrations.

2.2.1. Slippage

Slippage refers to the relative motion between the tape and the measuring roller, where
the tape moves without maintaining a perfect one-to-one correspondence with the roller’s
rotational motion. This phenomenon occurs when the tangential force Ftan at the tape-roller
interface exceeds the maximum static friction force Ft, resulting in a loss of synchronization
between the tape’s linear displacement and the roller’s angular displacement. Consequently,
this misalignment leads to positional errors during the generation of raster elements.

Slippage directly impacts the positional accuracy and geometric quality of the rasters
generated on the tape. When slippage happens, the actual position of the tape is different
from the expected position based on the roller’s angular displacement. This issue is
particularly critical in systems where a laser dynamically forms raster elements. In these
systems, an angular encoder often synchronizes the laser’s activation timing with the tape’s
position. Slippage disrupts this synchronization, causing the laser to activate too early or
too late, which leads to the irregular spacing of shapes in the generated raster.

The interaction between the tape and the measuring roller is also crucial for maintain-
ing consistent velocity measurement. Slippage compromises this consistency, resulting
in errors in encoder signal interpretation. If the tape’s actual velocity does not match
the calculated velocity due to slippage, the machine may produce uneven or distorted
raster elements. Moreover, slippage is rarely uniform and can vary due to changing tape
tensions, external vibrations, or non-uniform friction. These variations introduce cumula-
tive errors, which worsen over extended periods, severely impacting the reliability of the
generated structure.
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Slippage often introduces high-frequency oscillations or harmonics in the tape’s dis-
placement data. These distortions manifest as high-frequency positional errors, degrading
the clarity and regularity of the raster symbols. The cumulative effects of slippage and its
associated errors underscore the importance of minimizing slippage to ensure accurate and
reliable raster generation.

Slippage is modelled as the deviation between the tape’s linear velocity vt and the
roller’s angular velocity ωr. The slippage ratio S is:

S =
|vt − ωrr|

vt
, (4)

Any nonzero slippage ratio directly translates to a proportional error in position
estimation. For example, a slippage ratio of 0.01 (1%) implies that every meter of tape
movement introduces a 10 mm positional error.

For no slippage, the frictional force Ft must counteract the tangential force Ftan:

Ft ≥ Ftan,
µT

(
1 − e−µθ

)
≥ ρt Atv2

t .
(5)

In this case, the system is considered stable. By rearranging this inequality, other
important parameters necessary to maintain a stable system without slippage can be
defined, such as the critical wrapping angle θc, minimum tape tension Tmin, or a critical
tape velocity vcrit.

The critical wrapping angle θc describes the minimum angle of contact between the
tape and the roller required to generate sufficient frictional force to prevent slippage. It
ensures that the available frictional force exceeds the tangential forces acting on the tape
due to its motion.

θc = − 1
µ

ln
(

1 − ρt Atv2
t

µT

)
, (6)

The critical wrapping angle ensures operational stability. If the actual wrapping angle
θ exceeds θc, slippage is prevented. Conversely, if < θc, the available frictional force is
insufficient, leading to slippage and positional errors. By making design changes to the
rollers or guiding the tape, the wrapping angle can be increased. This makes the system
more stable without needing more tension or slower speeds.

The minimum tape tension Tmin is the baseline tension needed to prevent instability,
slippage, and misalignment in raster scale generation. While the required tension is
typically very low in well-designed systems, maintaining tension above this threshold is
essential to ensure smooth operation and high precision. In practice, higher tensions are
often applied to provide a safety margin and further minimize errors. The minimum tape
tension Tmin required to prevent slippage can be obtained by rearranging Equation (5):

Tmin =
ρt Atv2

t
µ
(
1 − e−µθ

) , (7)

The critical velocity vcrit is the maximum linear velocity of the tape at which the
tangential forces due to motion are still balanced by the available frictional force at the tape-
roller interface. Beyond this speed, the tangential force exceeds the available frictional force,
leading to slippage. The critical velocity is one of the most important factors for making
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sure that systems that move tapes, like raster scale generation, work reliably. Rearranging
inequality for the critical velocity:

vcrit =

√
µT

(
1 − e−µθ

)
ρt At

, (8)

If Ft < Ftan, slippage occurs, and the relative velocity between the tape and roller
becomes nonzero. The relationship between the tape velocity vt and the roller angular
velocity ωt during slippage is:

∆v = vt − ωrr =
Ftan − Ft

ζ
, (9)

where ∆v is the velocity mismatch, and ζ is the viscous friction coefficient of the
tape-roller interface.

Over the time interval ∆t, the positional error due to slippage is:

∆x =
∫ ∆t

0
∆v dt, (10)

For continuous operation, the total cumulative error over a length L is:

∆xtotal =
∫ L/vt

0
∆v dt, (11)

Effective mitigation strategies, such as optimizing the tape tension, increasing the
wrapping angle, and improving roller design, are essential to minimize its adverse effects.
Understanding and controlling slippage dynamics ensures high-quality production.

Increasing the wrapping angle enhances friction by enlarging the tape’s contact with
the roller, stabilizing motion, and reducing velocity mismatches. Maintaining tape tension
above the critical threshold prevents slack and misalignment, with dynamic tensioning
systems ensuring consistency in real time. Textured rollers or coatings that increase surface
friction further reduce slippage, and keeping the surface clean ensures a consistent grip.

Controlling tape velocity within a safe range ensures that tangential forces do not ex-
ceed available friction, preserving synchronization and reducing errors. Real-time feedback
mechanisms, using sensors to monitor tape displacement and roller velocity, enable active
compensation during operation.

By optimizing these parameters and incorporating real-time feedback, slippage-related
errors, including positional mismatches and distortions, can be minimized. This ensures the
production of precise, high-quality raster scales for advanced linear measurement systems.

2.2.2. Mechanical Vibrations

In raster scale generation, vibrations are the oscillating movements of the stainless-
steel tape that happen both longitudinally (along the tape’s length) and transversely (across
the tape’s plane). There are many things that can cause these vibrations, such as mechanical
noise from the environment or nearby machines, problems inside the machine (like a
broken drive mechanism, uneven tape tension, or rollers that do not line up properly),
and operational factors (like fast tape movements and loading that comes and goes during
raster generation). These dynamic effects significantly impact the precision and accuracy of
raster scales.

Vibrations can cause positional errors by introducing periodic deviations in the tape’s
position, which lead to the misplacement of raster elements. These errors manifest as
irregular spacing between raster patterns and misaligned symbols, degrading measurement
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accuracy. In addition, high-frequency vibrations cause harmonic distortions that change
the raster geometry in a way that looks like ripples and makes the patterns less clear and
uniform. Over longer scales, even small deviations accumulate, leading to substantial
misalignment and non-uniform spacing.

Longitudinal vibrations are described by a one-dimensional wave equation:

∂2u(x, t)
∂t2 = c2

l
∂2u(x, t)

∂x2 , (12)

where u(x, t) represents the longitudinal displacement, cl =
√

Et
ρt

is the longitudinal wave
speed, Et is the Young’s modulus of the tape material, and ρt is the tape density.

For a tape of length L, fixed at both ends (u(0, t) = 0; u(L, t) = 0), the natural frequen-
cies of longitudinal vibrations are given by:

fn,l =
ncl
2L

, n = 1, 2, 3, . . . (13)

where n represents the vibration mode number. Transverse vibrations follow the equation:

∂2v(x, t)
∂t2 + 2ζ

∂v(x, t)
∂t

+ ω2
nv(x, t) =

T
ρt At

∂2v(x, t)
∂x2 , (14)

where v(x, t) is the transverse displacement, ωn = 2π fn,t is the angular frequency of the
n-th mode, and ζ is the damping ratio. The fundamental frequency of the transverse
vibrations can be seen in Equation (13).

The maximum positional deviation due to transverse vibrations is:

∆xmax = Vnsin
(nπ

L

)
, (15)

where Vn is the amplitude of the nth mode. The cumulative effect over a length L is:

∆xtotal =
∫ L

0
Vnsin

(nπ

L

)
dx, (16)

These relationships highlight how vibration-induced errors accumulate over long
scales. Several strategies can be employed to reduce the effect of vibrations. Optimizing
tape tension is a primary method. Increasing tension raises the natural frequency of
vibrations, moving it out of the operational range and avoiding resonance. Real-time
dynamic tension control systems can maintain optimal tension during operation. Damping
techniques also play a crucial role. Vibrations can be absorbed by materials that are naturally
damping or by applying damping coatings. Devices that absorb vibrations, such as tuned
mass dampers or viscous dampers, can further reduce oscillatory effects.

To lower external excitations, you can isolate the machine’s base to cut down on
mechanical noise from the outside and make sure the rollers are precise to lower periodic
excitations. Adjustments to the way the machine works, like making sure the speed is just
right to avoid resonant frequencies and using controlled acceleration or deceleration, stop
dynamic loads from causing more vibrations. Structural design enhancements, including
rigid machine frames and the use of side guides to stabilize tape motion, further reduce
susceptibility to vibrations.

2.3. Summary of System Parameters

To optimize the tape displacement measurement unit and achieve the highest possible
process quality, the relevant unit parameters were carefully calculated, evaluated against
the whole system’s capabilities, and finalized. The optimization process involved assessing
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factors such as tape tension, roller dynamics, and slippage control minimization. Table 1
presents the key parameters.

Table 1. Assigned and calculated system parameters.

Parameter Abbreviation Value Reference
Equation

Measurement roller material - Aluminum alloy 6061 -
Measurement roller radius R 148 mm -

Metal tape material - Stainless-steel AISI 420 -
Density ρt 7800 kg/m3 -

Young’s Modulus Et 200 GPa -
Tape width b 8 mm -

Tape thickness h 0.2 mm -
Cross-section area A 1.6 × 10−6 m2 -

Coefficient of friction µ 0.3
Critical wrapping angle θC 3.6 × 10−7◦ (6)

Wrapping angle θ 100◦ -
Min. Tape tension Tmin 1.022 × 10−7 N (7)

Tape tension T 22 N -
Tape critical velocity vcrit 14.68 mm/s (8)

Tape velocity v 1 mm/s -
Friction force Ft 2.69 N (2)

Tangential friction force Ftan 1.248 × 10−8 N (3)

3. Experimental Research of the Dynamic Tape Behavior
Several experiments were conducted to look into the moving behavior of the stainless-

steel tape scale, especially to see how much the tape and roller could slip and how mechan-
ical vibrations would affect it. Researchers looked at this tape displacement measuring unit
as part of the whole operating system. They looked at how it changed when the tape was
moving at its normal linear speed. Additionally, scenarios were analyzed where the tape
was subjected to various external mechanical vibrations along its length.

To evaluate the stability of the relative position between the tape and the measuring
roller, which directly affects the accuracy of the entire technological process, a comparison
was conducted between the readings of the precision angular encoder measuring the
roller’s rotation and the readings of the linear encoder head scanning the scale formed on
the moving tape. Furthermore, the accuracy of the scale formed on the tape was measured
to assess the high-frequency error component.

For the dynamic behavior research, the calibrated vibration measurement instruments
were used, including:

• Mobile equipment Type 3660-D (Brüel & Kjær, Darmstadt, Germany) for recording,
storage, processing, and handling of measurement results;

• Notebook DELL with appropriate software;
• Three-axis accelerometers Type 4506 (Brüel & Kjær, Darmstadt, Germany);
• Mini-shaker Type 4810 (Brüel & Kjær, Darmstadt, Germany);
• Eddy-current sensor probes U3B (Lion Precision, Minneapolis, MN, USA).

Beeswax attaches accelerometers and the movable components of non-contact dis-
placement sensors to the stainless-steel tape surface and other objects. This method is
advantageous due to beeswax’s ability to provide a secure bond while maintaining min-
imal impact on system dynamics. By applying and compressing the beeswax into a
very thin layer, the resonant frequency of the system is only slightly reduced, ensuring
reliable measurements.

3.1. Investigation of Vibration Behavior at Operational Rastering Velocity

In this experiment, longitudinal vibrations of the tape moving at an operational speed
of vt = 1 mm/s were measured at points located before and after the analyzed tape
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displacement measurement unit. The dynamic response of the tape was recorded using
two three-axis accelerometers (Brüel & Kjær 4506), which were mounted directly on the
stainless-steel tape surface. A schematic representation of the experiment is provided in
Figure 3.
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Figure 4. Graphs of the tape longitudinal vibrations before (red line) and after (grey line) the tape
displacement measurement unit over time (a) and their frequency characteristics (b).

The results indicate that the tape vibrates with different amplitudes and frequency
characteristics before and after the displacement measurement unit. These observed differ-
ences suggest that variations in tape velocity and tension occur, which may lead to tape
slippage on the measuring roller.

From the perspective of the problem being addressed, it is crucial to analyze the align-
ment of the vibrations between the tape enveloping the measuring roller and the measuring
roller itself under operational speed conditions. One of the three-axis accelerometers is
mounted on the surface of the stainless-steel tape at the point where it wraps the measuring
roller, while the other accelerometer is attached to the measuring roller near the enveloping
tape. A schematic representation of the experimental setup is presented in Figure 5.
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An evaluation of the frequency characteristics of the measuring tape and the measuring
roller reveals a strong correlation at low and medium frequencies. This shows that the
dynamics are stable within these ranges, which means that there probably is not going
to be any major systematic slippage that could cause errors. The close alignment of these
characteristics demonstrates effective interaction between the tape and the roller under
normal operating conditions.

3.2. Investigation of Vibration Behavior at Forced Longitudinal Vibrations

To study the dynamics of forced longitudinal vibrations in the tape displacement
measurement unit, a controlled setup is employed where a mini-shaker’s (Brüel & Kjær
Type 4810) rod is attached to the free end of the tape. This configuration ensures that
vibrations are induced directly through the tape. The supporting frame securely mounts
the shaker, ensuring stability and precise transmission of oscillatory forces. Figure 7 shows
a simplified version of this arrangement. It lets you control how much the tape vibrates,
which is similar to what might happen during raster scale generation.
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Figure 7. Vibration measurement at forced longitudinal vibrations in the tape displacement measure-
ment unit.

Tape vibrations are measured using two high-precision non-contact displacement
sensors (Lion Precision U3B), specifically designed for detecting small displacements. Its
compact size and low mass preserve the natural vibration characteristics. One sensor’s
movable element is attached to the surface of the tape enveloping the measurement roller,
while the other is positioned on the tape near the mini-shaker. This setup ensures precise
monitoring of the system’s dynamic behavior.

For more research, the tape was excited with vibrations of varying frequencies (called
“sweep”) between 20 Hz and 600 Hz, as well as vibrations at the known resonant frequencies.
Figure 8 presents the results of the tests conducted in the “sweep” mode.
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Figure 8. Graphs of tape longitudinal vibrations under the forced “sweep” mode excitation over time
(a) and its amplitude-frequency characteristics (b), measured at the locations where tape wraps the
measurement roller (blue line) and next to the mini-shaker (red line).

From the “sweep” test, the resonant frequencies of the system were identified. Peaks
in vibration amplitude were observed at 46.19 Hz with an amplitude of 27.20 nm, at
86.44 Hz with an amplitude of 43.13 nm, and at 94.75 Hz with an amplitude of 15.72 nm.
Other vibration maxima up to 400 Hz did not exceed 13 nm.

3.3. Relationship Between Tape Linear Velocity and Tangential Velocity of the Measuring Roller’s
Peripheral Point

The variation in the tape’s linear velocity along its length and its correlation with the
peripheral velocity of a point on the measuring roller is analyzed. In this case, an optical
linear encoder reading head (FAGOR ITRY) measures the tape’s displacement within the
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raster formation zone. The reading head is mounted and precisely aligned above the tape
surface, which has a pre-formed 20 µm incremental raster scale. The resolution of the read
head’s output signals (TTL) reaches 0.5 µm.

Simultaneously, output signals from a specially designed high-precision angular
encoder mounted on the measuring roller are recorded. After interpolation of the encoder’s
analog output signals (1Vpp), the angular encoder achieves a resolution of 3,600,000 counts
per revolution. Figure 9 displays the schematic diagram of the experimental setup.
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Figure 9. The principal scheme of the experiment is to determine the relationship between tape linear
velocity and the rotation velocity of the measuring roller.

During the experiment, the tape was pulled at the operational raster formation speed
vt. The tape’s displacement velocity in the raster formation zone was measured according to
the number of linear encoder pulses per unit of time. Similarly, we expressed the tangential
velocity of the measuring roller’s peripheral point as the number of high-precision angular
encoder pulses during the same time period. The pulse counting period was set to 10 ms.

Over 9000 readings, a total of 174,717 linear encoder pulses were recorded, with
an average of 19.413 pulses per 10 ms period. Considering the encoder’s resolution of
0.5 µm, the calculated tape displacement speed was 0.97065 mm/s. The root mean square
(RMS) deviation of the velocity from the mean value was ±0.1080 mm/s. Assuming a
confidence interval of 2.1 RMS deviations (corresponding to a 96% probability), the tape’s
displacement velocity was determined to be 0.97065 ± 0.2268 mm/s. This indicates that
the velocity varied from 0.74385 mm/s to 1.19745 mm/s, corresponding to a variation of
±22.01% relative to the mean value. Figure 10 presents the variation in the measured
number of pulses every 10 ms.

For the same tape displacement, a total of 338,047 angular encoder pulses were
recorded, with an average of 37.56067 pulses per 10 ms period. By looking at the number
of pulses from both encoders and the fixed resolution of the linear encoder (0.5 µm), the
resolution of the angular encoder was made better. One pulse from the angular encoder
corresponds to a displacement of 0.25842 µm at the peripheral point of the measuring
roller. The root mean square (RMS) deviation of the velocity variation relative to the
mean value was calculated to be ±0.0934 mm/s. Assuming a confidence interval of
±2.1 RMS deviations (96% probability), the tape’s displacement velocity was deter-
mined to be 0.97065 ± 0.1962 mm/s. This means the velocity ranged from 0.7994 mm/s
to 1.16715 mm/s, corresponding to a variation of ±19.26% relative to the mean value.
Figure 11 presents the variation in the measured number of pulses every 10 ms.
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Figure 11. Change in the number of pulses from the optical angular encoder in 10 ms time intervals.

The graphs clearly show the same changes in speed and show that there is a connection
between the number of pulses recorded by the angular encoder and those recorded by
the linear encoder. To objectively evaluate this relationship, the correlation coefficient was
calculated, yielding a value of 0.7948523. This number is very close to 1, and there is not
much difference between the speed of the tape pulling and the speed of the measuring
roller’s edges. This means that the measuring roller’s motion is very close to the speed
of the tape’s displacement, with only a small difference. This small variation is likely
attributed to tape deformations caused by fluctuations in the tensile force applied to
the tape.

The displacement difference ∆d between the raster generating point and the measuring
roller was calculated using the following formula:

∆d = k·nl−nk, (17)

where k is the ratio of the total number of pulses from the angular encoder to the linear
encoder ( nk

nl
= 1.934826), nk is the total number of counted pulses from the high-precision

angular encoder, and nl is the total number of pulses counted from the linear encoder.
The results of this calculation are graphically presented in Figure 12.
It was found that one pulse from the angular encoder causes the tape to move by

0.25845 µm. This meant that the difference in movement between the raster generating
point and the measuring roller had to be turned back into linear values. This difference
varies within ±2.07 µm. Analyzing the data reveals no clear evidence of systematic slippage.
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However, the velocity fluctuations indicate a periodic variation in the difference between
the tape’s velocity and the measuring roller’s velocity.
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trendline with a displayed R2 value.

3.4. High-Frequency Error Component

In order to obtain a better idea of the position errors of individual lines and to reduce
the effect of raster line detection errors on the measurements, each step was looked at over a
2 mm length. The tape’s accuracy was evaluated using a high-precision comparator, which
optically detects the midline of the steps in the formed raster structures and compares their
position to a reference provided by the XL-80 laser interferometer (Renishaw, Wotton-under-
Edge, United Kingdom) system. The stainless-steel tape’s surface forms an incremental
raster structure with an integrated zero mark that repeats every 50 mm.

Six realizations were performed for this purpose. Figure 13 graphically presents the
results of these measurements.
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Additionally, an average graph was calculated (Figure 14), which provides the clearest
representation of the position errors of individual raster lines.

The results of this study indicate that the position error of the lines over a 2 mm length
does not exceed 1 µm or ±0.5µm. The maximum distance between adjacent lines is up to
0.12 µm, with the most probable error range being between 0.05 µm and 0.1 µm.



Machines 2025, 13, 124 17 of 19

Larger error ∆MAX, reaching up to 0.2 µm, are observed in the zero-pulse region
between 1.1 mm and 1.4 mm. The root mean square (RMS) deviation of the measurement
results across different realizations compared to their mean value can be used to figure out
how inaccurate the lines’ detection is. This RMS is calculated as 0.201 µm. The uncertainty
of line detection, with a coverage factor of 2.1 (corresponding to a 96% confidence level), is
equal to ±0.44µm.
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4. Conclusions
A raster-forming technological device with a redesigned tape displacement measure-

ment unit, in which the tape wraps around and drives the measuring roller, has been
investigated. Key sources of error in this configuration, such as slippage and mechanical
vibrations, were analyzed. Critical parameters of the unit were analytically identified to
optimize its performance and minimize the possibility of tape slippage. Experimental
tests were conducted to evaluate the mechanical vibrations of the tape under operational
conditions and external mechanical excitation. Additionally, the real tape velocity in
the raster forming zone was analyzed and compared with the velocity recorded by the
measuring roller.

The results support the following conclusions:

1. The dynamic behavior of the tape indicates that variations in tape velocity and its
stretching occur during the raster formation process.

2. Despite the observed variations in tape velocity, the strong correlation between the
measured tape velocity in the operational raster forming zone and the velocity deter-
mined by the tape displacement measurement unit shows that significant systematic
tape slippage was not detected. This confirms the reliability of the redesigned unit in
maintaining consistent tape movement.

3. Under comparable operational conditions, the results achieved with the redesigned
tape displacement measurement unit are significantly better than those of the previous
design. The unit exhibited an absolute peak-to-peak error of ±1 µm over a 2 mm
length, with a maximum positional error of 0.8 µm between adjacent rasters. In
contrast, the redesigned unit achieved improved accuracy, with errors reduced to
±0.5 µm and 0.2 µm, respectively.

Further studies should focus on the stability of tape tension, as current findings suggest
that tension variations might contribute to the observed errors. Additionally, looking into
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the optical angular encoder’s internal subdivision error (SDE) would be helpful in seeing
how it affects the accuracy of the determined tape speed and positioning. These studies
might provide deeper insights into error sources and further enhance the precision and
reliability of the system.
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(Albinas Kasparaitis) and A.K. (Artūras Kilikevičius); project administration, D.G., A.K. (Albinas
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