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Abstract

The requirements that complex 3D miniaturised components have to satisfy are constantly
increasing for various application areas, e.g. in aerospace, biomedical and electronics, and
hence there is a sustained drive to broaden the capabilities of precision manufacturing
processes. In this regard, state-of-the-art Laser Micro-Machining (LMM) systems have been
attracting significant industrial interest with their emerging capabilities for multi-axis
machining. However, intrinsic limitations of component technologies of such systems can
impact the machining accuracy, repeatability, and reproducibility (ARR), especially in
complex processing strategies requiring the simultaneous use of multiple axes, and
consequently to affect the overall processing uncertainty. Herein, the aim of this research is to
propose a systematic method for assessing the overall performance of such LMM systems when
they are deployed for laser structuring/patterning/texturing of freeform surfaces. In particular,
the method employs a series of laser processing tests on spherical samples to quantify the
contributions of different error sources on the machining ARR when implementing
simultaneous multi-axis processing strategies under quasi-static and dynamic conditions. An
experimental validation of the proposed method is conducted on a representative state-of-the-
art LMM system and then conclusions are drawn about its capabilities to determine the
processing ARR of multi-axis LMM systems. This research provides an insight into the
limitations and manufacturing challenges in deploying such systems for the fabrication of

complex 3D components.
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1. Introduction

Over the last decade, technological advances in different industrial sectors, i.e. biomedical,
aerospace, electronics and telecommunications, have driven the demand for producing highly
accurate miniaturised components with intricate geometries [1, 2]. To address these
challenging requirements, various conventional and non-conventional manufacturing
technologies have been deployed to fabricate high-precision micro-structures/features in
products [3-5]. Traditionally, such features were manufactured through CNC micro-milling,
however inherent limitations of this technology with respect to tool wear, spindle speed and
available cutting tool sizes constrain its broader use.

On the other hand, non-contact chip-less machining processes have attracted the interest of
industry and research due to their intrinsic characteristics. Among them, Laser-based Micro-
Machining (LMM) can offer an attractive alternative in performing different high resolution
operations, e.g. structuring/texturing/scribing, drilling, polishing and cutting, on freeform
surfaces in a fully integrated manufacturing platform. Compared to lithographic processes, this
technology offers relative higher processing efficiency, flexibility and reliability while it does
not require a clean-room environment for its use [6]. At the same time, it is a process that can
be used to machine almost any engineering material, such as glass [7], metals [8], ceramics [9]

and polymers [10], by selecting a suitable laser source.

Recently, the LMM technology has been extensively deployed as a surface modification
technique to fabricate micro/nano structures on planar surfaces of new or existing products and
thus to “imprint” attractive surface functionalities, e.g. anti-biofouling [11], anti-corrosion
[12], anti-bacterial [13], anti-icing [14], anti-reflective [15], anti-adhesive [16] and cell-
adhesion [17]. Despite that, it is recognised that laser machining of micro/nanoscale structures
onto complex 3D surfaces with significant variations in their curvature, e.g. on medical
implants and contact lenses, is of great importance and could broaden the LMM industrial
applications [18-21]. Therefore, multi-axis LMM systems, which combine the capabilities of
5 axes CNC systems together with that of scanning heads, can be used to execute complex 3D

laser processing strategies that were considered not achievable until recently.

To date, the most well-recognised approach to texture/structure large freeform/curved surfaces

is to apply a tessellation/partitioning method to divide them into planar scanning fields and



layers by taking into account the constraints introduced by the beam delivery sub-systems [22,
23]. In these cases, mechanical stages are used only to position the centre of each field to be
normal to the laser beam, and then the scanning head executes the necessary processing
strategy. Nonetheless, there are specific challenges/limitations that should be taken into
consideration when laser processing 3D surfaces. More specifically, the variations of Beam
Incidence Angle (BIA) and Focal Offset Distance (FOD) due to the surface curvature might
impact the dimensional accuracy and/or functional characteristics of structures/textures.
Therefore, some processing constraints should initially be determined for both factors
according to the application-specific requirements and then used to drive the surface
partitioning process [24-26]. At the same time, the overall machining accuracy also depends
on the component technologies of LMM systems, i.e. mainly determined by the employed
optical and mechanical axes, when executing multi-axis processing strategies. Therefore, their
machining performance has been evaluated separately or in combination under a “positioning

mode” for precision LMM using optical metrology systems [27-29].

Lately, state-of-the-art multi-axis LMM platforms have been introduced to the market that can
operate in a “simultaneous mode” and hence enable the synchronous motion control of multiple
optical and mechanical axes during the laser processing operations. As a result, this technology
enables LMM improvements related to the overall processing uniformity and efficiency,
especially when curved or even freeform surfaces are processed. In particular, such operations
can benefit and employ the highly accurate mechanical axes and the fast scanning capabilities
of optical ones, simultaneously. However, multi-axis simultaneous processing strategies are
associated with inferior overall machining accuracy due to the spatial accumulated errors of
multiple axes and their interactive effects on tool/beam positioning in regard to the workpiece
[30]. An analytical description of the error sources affecting the LMM operations is further
elaborated by other researchers [31]. Even though information about Accuracy, Repeatability
and Reproducibility (ARR) of optical and mechanical axes are provided in the technical
specifications by the manufacturers, it is not possible to estimate the machining ARR when
executing multi-axis motions and the uncertainty associated with such processing strategies.
Therefore, the use of systematic evaluation procedures for assessing the machines’ overall
ARR are essential as they are required to determine the geometrical and dimensional tolerances

achievable when processing complex 3D components.



In this respect, various test pieces, such as a semi-sphere, a cone frustum in NAS 979 or a S-
shaped piece in ISO 10791-7, requiring multi-axis simultaneous machining have been proposed
as indirect assessment methods for evaluating the overall performance of conventional 5-axis
machine tools under quasi-static and/or dynamic states [32-35]. In such machining tests, the
motion errors of all employed axes are combined/superimposed onto the finished part and
hence they can be used as a final acceptance test for machine tools after their installation on-
site. Nevertheless, a similar verification test has not been reported for LMM systems, yet, most
likely because simultaneous multi-axis LMM capabilities have only been introduced to the
market, recently. Thus, further efforts are necessary to develop a systematic method for
assessing ARR of LMM systems when executing simultaneous multi-axis processing strategies

that combine both optical and mechanical axes.

This research reports an investigation into the capabilities of state-of-the-art multi-axis LMM
systems that are specially designed and implemented for processing complex 3D components.
Firstly, the generic concept for laser texturing/structuring/scribing of freeform/curved surfaces
is introduced that offers a higher processing efficiency due to the simultaneous control of both
optical and mechanical axes. Thereafter, a generic method is proposed for assessing the impact
of different error sources on the ARR of such laser processing setups. An experimental study
was conducted to quantify and compare ARR when both optical and mechanical axes were
simultaneously utilised in different combinations/processing strategies for precision laser
texturing/structuring/scribing operations under quasi-static and dynamic conditions. Lastly, the
validity of the proposed method is discussed, and conclusions are made about its capability to

assess the performance of multi-axis LMM systems.
2. Multi-axis simultaneous laser processing

In general, there are various types of multi-axis LMM system configurations available on the
market, however the most common one includes three linear-axis drivers (X, Y, Z), two rotary-
axis drivers (C, B or A) and a galvo scan head. An example of such multi-axis LMM system is
provided in Section 4. The basic principles of simultaneous multi-axis LMM are very similar
to those in conventional machining. The axes’ motions are coordinated, e.g. the movements
from an initial to a final position can be defined as machining/beam vectors according to the
number of axes involved. For LMM of freeform/curved surfaces, the axes are programmed to
start/end their movements at the same time. Compared to conventional machining, the LMM

technology involves two additional optical axes (Gx, Gy) realised with beam deflectors
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integrated into the galvo scanners. As such, laser texturing/structuring/scribing operations
allow variations of FOD and BIA along the beam paths to benefit from their high beam
deflection speed. Thus, this inherent characteristic can contribute not only to minimise the
overall machining time, but also to circumvent the use of an optical Z module for dynamically
refocusing the laser beam on the surface. Nevertheless, the FOD and BIA, i.e. the angle (6)
between the laser beam and the surface tangent at the incident point, variations should be
constrained within an effective processing area where their negative side effects do not
jeopardise the desired machining performance. As can be seen in Fig. 1a, this area should be
equal to or smaller than the lenses’ Field of View (FOV) on curved surfaces and is typically

defined by the Rayleigh length.

Furthermore, the generation of beam paths with a certain directionality, e.g. vertical, horizontal
or diagonal, and the synchronous control of optical and mechanical axes motions has specific
requirements and cannot be implemented using stand-alone universal Computer-Aided Design
(CAD)/Computer-Aided Manufacturing (CAM) tools. Therefore, specially developed
postprocessors are necessary and they should be integrated into existing CAD/CAM packages.
They output the programmed movements into beam vectors while considering the points where
the laser source should be turned on/off. For clarity, a graphical representation of a geometry
projected on a sphere’s periphery that should be processed/scribed using simultaneous multi-
axis LMM strategy is shown in Fig. 1b. In such processing strategies, the orientation of beam
paths and the motion of mechanical axes should be perpendicular to each other. In particular,
both optical axes should be deployed to execute the desired processing strategy, whilst the
mechanical axes are simultaneously used to maintain the centre of each beam path at the focal
plane and the BIA normal to the surface. For processing large surface areas, i.e. when their size
along the beam scanning direction exceeds either the laser’s effective processing area or lens’s
FOV, they must be partitioned into multiple scanning fields. In contrast, it should be noted that
there is no need for partitioning the surfaces along the mechanical axes trajectory and thus the
stitching errors can be reduced when executing multi-axis simultaneous LMM strategies. After
partitioning the surfaces, each scanning field is processed individually and then the mechanical
stages are deployed to reposition the laser beam between them. Generally, the surface
partitioning process can be implemented using algorithms/tools available in most commercial

CAD packages by specifying some geometrical constraints [24].
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Fig. 1. A schematic representation of: (a) a single beam path on a curved surface; (b) a
geometry projected on a spherical surface that should be scribed using a simultaneous multi-

axis LMM strategy.

Note: The red and blue dashed lines in (b) represent the motions of optical axes when the laser

source is inactive.
3. Methodology

A generic empirical method is proposed for assessing the overall performance of multi-axis
simultaneous laser structuring/texturing/engraving operations under both quasi-static and
dynamic conditions. An overview of all the steps involved is given in Fig. 2. The prerequisites
for implementing this method are to: i) predefine an effective processing window for machining
freeform/curved surfaces; and ii) compensate the negative dynamic effects of the optical beam
deflectors before investigating the dynamic capabilities of such laser processing setups. These
two aspects in the proposed methodology are introduced/discussed briefly in the next two sub-
sections for completeness before the generic method for assessing the capabilities of multi-axis

LMM systems is described.

Step 1 Step 2 Step 3 Step 4
Assessment P Process design P Design of laser P Implementation P Evaluation of
method requirements processing tests of the tests "| ARR capabilities

Fig. 2. The sequence of steps to execute the proposed assessment method.

3.1 Effective processing window

In laser processing of freeform/curved surfaces, the beam paths cannot anymore lay fully onto
the focal plane (see Fig. 1a) and thus an acceptable range of FOD variations should be defined
for obtaining satisfactory machining results. Theoretically, this FOD limit should be equivalent

to the Rayleigh length as the laser beam is considered in focus within this range. However, in
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the case of LMM operations requiring high precision, any displacements from the focal plane
may influence the width and depth of machined structures depending on the used laser source
and workpiece material. Therefore, alternative strategies should be followed as proposed in
[36] to define the effective processing area by conducting some preliminary laser trials. In brief,
these strategies require to scribe a set of structures onto a planar workpiece with varying FODs
while BIA is kept normal to the surface. In this way, the impact of FOD on the ablation depth
can be quantified and the processing performance satisfactory cut-off value can be determined.
An example of such preliminary trials is provided in Sub-section 4.2.

3.2 Dynamic effects of optical beam deflectors

In LMM operations, the optical beam deflectors, i.e. optical axes, are used for steering the laser
beam across the workpiece surface and thus they accelerate/decelerate whenever its velocity or
motion trajectory has to change. Without applying any compensations, this can have a
significant impact on the achievable quality and dimensional accuracy of machined structures.
For instance, the existence of acceleration/deceleration regions at the beginning and end of
each beam path can result in discrepancies between the desired and actual machined patterns
on surfaces as shown in Fig. 3a. At the same time, it can lead to variations in the ablation depth
of the machined structures. As can be seen in Fig. 3b, a higher removal rate can be detected in
the processed areas where the effects of accelerations/decelerations are present. In reality, such
errors are more pronounced at high scanning speeds and are mainly attributed to the inertia of
deflectors’ driving motors [37]. Therefore, it is essential to counteract the aforesaid negative
dynamic effects of beam deflectors prior to investigating the LMM system’s ARR capabilities
under dynamic conditions. Especially, an empirical method should be used to compensate these
dynamic effects and thus to attain a constant velocity along the beam vectors when the laser
source is triggered. Firstly, the process requires the acceleration/deceleration regions of the
beam deflectors to be determined experimentally using a strategy similar to that proposed in
[38]. As such regions are dependent on the set scanning speeds and the specific LMM setups,
an example of how they could be determined is provided in Sub-section 4.2. Thereafter, the
beam vectors should be adjusted to include these compensations. As a result,

accelerations/decelerations occur only in these regions while the laser source is switched off.
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Fig. 3. Negative dynamic effects of beam deflectors at a scanning speed of 500 mm/s without
applying any compensation method: (a) dimensional discrepancies between the programmed
(red lines on the left side) and the actual beam scribing (line-like structures on the right side);
(b) a height map of the processed area (left) and surface profile (right) of a pocket with non-

uniform ablation at the walls (beam trajectories change points).

Note: The blue profile in (b) shows the effect of the beam acceleration and deceleration in

executing the processing strategies.
3.3 Method for assessing simultaneous multi-axis laser processing strategies

The assessment method is proposed in this research that requires four Laser Processing Tests
(LPTs), namely LPT 1, LPT 2, LPT 3 and LPT 4, to be performed onto spherical test pieces to
judge the ARR capabilities of LMM systems when conducting simultaneous multi-axis
texturing/scribing/structuring operations on curved/freeform surfaces. In particular, this
method requires, first, an accurate 3D model of the spherical samples to be created using a
CAD/CAM software. Thereafter, a set of four patterns, which should be scribed on the surface

in the four LPTs, has to be designed and projected onto it as shown in Fig. 4a. For clarity, each
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projected pattern in the set is used for a different test. It is worth noting that the patterns’
dimensions should be selected in such a way that they should be within the effective processing
area of the laser. In addition, the intrinsic constraints introduced by the rotational ranges of A
or B axes should be taken into consideration when selecting their dimensions, too.

The LPTs were specially designed to investigate all available options in executing multi-axis
laser texturing/scribing/structuring operations that require simultaneous control of both
mechanical and optical axes. Therefore, a different processing strategy should be utilised to
process the pattern for each test. For instance, the most common scanning strategies, i.e.
vertical, horizontal and diagonal at 45° and - 45° to the horizontal one, which at the same time
include all the possible simultaneous combinations of optical and mechanical axes, are depicted
in Fig. 4b. For LMM system configurations that include either B or A rotary-axis, the
combinations of simultaneous multi-axis motions required to execute the processing strategies
in each LPT are summarised in Table 1. Even though this research refers mainly to the most
common LMM configuration and scanning strategies, the fundamental idea behind the design
of this assessment tests and method can easily be extended to evaluate any type of multi-axis

LMM configuration and scanning strategy.

Table 1. The processing strategies with their respective simultaneous axes motions employed

in executing the four tests on a LMM system with either B or A rotary-axis.

LPT Scanning Multi-axis LMM system configurations with

no. strategy B rotary-axis A rotary-axis
LPT 1 Vertical C, Gx, Gy C, Gx, Gy
LPT 2 Horizontal X, Z, B, Gx, Gy Y, Z, A, Gx, Gy
LPT 3 Diagonal (45°) X, Z, B, C, Gx, Gy Y,Z A C, Gx, Gy
LPT 4 Diagonal (- 45°) X, Z, B, C, Gx, Gy Y,Z A C, Gx, Gy

In all test strategies, a constant offset distance (h1) between any two consecutive beam scribing
vectors should be set to produce line-like structures on the surface with only a single pass.
Ideally, this distance should be selected according to the application-specific requirements.
However, it should be sufficiently big so that the scribing lines do not overlap even in the case
when the maximum predetermined FOD and BIA limits are present. Meanwhile, another set of
equally distant (h2) beam scribing vectors, i.e. three perpendicular to the other ones (see the
blue lines in Fig. 4b), should also be added to the tests and then used as reference to evaluate
the geometrical accuracy of the scribing lines produced with the former set of beam vectors.

Thus, it should be noted that the execution of these beam vectors and the relative positioning
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movements between them must be performed only with X and Y mechanical axes due to their

higher ARR compared to the optical axes.

Furthermore, the proposed test method aims to assess the ARR capabilities of LMM systems.
Therefore, pseudo-repeatability and reproducibility tests should be carried out by repeating the
four LPTs on the same and on another spherical sample using the same laser processing
parameters, respectively. As such, three sets of identical scribing patterns should be produced
on the two samples, namely Pattern Set 1 (PS 1) on sample 1, Pattern Set 2 (PS 2) on sample 1
and Pattern Set 3 (PS 3) on sample 2. Thereby, the ARR capabilities of a LMM system to
execute the LPTs should be assessed based on the results obtained from these three Pattern
Sets. To judge the overall performance of LMM systems under quasi-static, i.e. with no
dynamic influences and servo control limitations, and dynamic states, the whole experimental
procedure needs to be conducted at both low (e.g. less or equal to 10 mm/s) and high (e.g. equal
or above 100 mm/s) scanning speeds. However, when investigating their dynamic capabilities,
the beam vectors should be adjusted as described in the previous sub-section to avoid/minimise
the negative dynamic effects associated with optical axes. At the same time, it is necessary to
ensure that the compensation for the first beam vector is sufficient to allow a constant velocity

to be reached along the mechanical axes at the beginning of each laser processing operation.

(a) (b)
) LPT 1 LPT 2
h, %
I, h,
LPT 3 LPT 4

h,

h ,<

h,

Fig. 4. The LPTs in the proposed method for assessing the performance of different
simultaneous multi-axis LMM strategies: (a) a schematic illustration of the patterns that should
be scribed on the spherical surface in the four LPTs; (b) the scribing strategies employed to
produce the four patterns in the tests.
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Due to the contactless nature of the LMM technology, laser texturing/scribing/structuring
operations can tolerate some deviations in BIA from normal together with some FOD variations
until evident alterations of the machined structures can be observed [39]. As a result, the actual
processing errors, i.e. in the width and depth of the scribing lines, may not be truly reflected
onto the surface and hence they cannot be quantified accurately. Therefore, only the deviations
in the length (d.), pitch (d2) and geometrical accuracy of the scribing lines produced with a
single pass should be considered in assessing the ARR achievable with the investigated
simultaneous multi-axis LMM strategies. However, the d> and geometrical accuracy can vary
along the scribing lines due to the simultaneous movements of mechanical and optical axes
required to execute the programmed beam vectors in the four LPTs. Therefore, their average
values should be determined based on multiple measurements taken at different places along
the scribing lines. An example on how to measure the three aforementioned parameters is given
in Sub-section 4.5. At this point, it should be stated that their geometrical accuracy can be
quantified by measuring their perpendicularity (g) against the reference ones produced using
only the mechanical stages. Regarding the scribing lines’ di1 and d», the processing accuracy
should be assessed based on their maximum deviations from their nominal/programmed values.
On the other hand, the repeatability and reproducibility should be evaluated by comparing the
measured values with their respective average values obtained from samples 1 and 2,
respectively. Lastly, to ensure that the ARR capabilities of LMM systems can be quantified in
a reliable and repeatable manner using the proposed test method, the uncertainty associated
with the employed measuring equipment and procedures must be kept to a minimum. A
flowchart is provided in Fig. 5 that summarises the main steps and methodology proposed in

this research to evaluate the overall performance of LMM systems.
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Step 1: Process design requirements

Performance
evaluation of a LMM
system

Predefine an effective

processing window

Select a scanning speed
to assess the system

Compensate the dynamic effects
of optical beam deflectors

Is dynamic

No

performance
W
A 4

A 4

No action is required |

Define the scanning strategies

"] and generate the beam vectors

|

|

1 | Create a CAD model of Design and project the
I'| the spherical test piece patterns on the surface
|

| i i it i i i i i i
Step 3: Implementation of laser processing tests _I

S e

I . 2

1 Specity the laser _| Perform each test twice
I

I

processing parameters

on the same workpiece

Repeat the tests on a

new spherical sample

Minimise uncertainty
in measurements

Quantify the dimensional
and geometrical ARR

Identify any potential
systematic error sources

Consider correction commands to
improve the overall system performance

Fig. 5. Flowchart summarising the procedure to evaluate the performance of a LMM system.

4. Pilot implementation

A pilot implementation of the proposed methodology is provided in this section. To
demonstrate the applicability of the proposed method, a multi-axis LMM system was selected

that was capable of executing the considered LPTs and thus to show what quantitative data

about the ARR capabilities of such systems can be obtained.

4.1 Experimental set-up and analysis tools

The experimental trials were conducted on the state-of-the-art LASEA LS4 LMM workstation
and its main component technologies, i.e. beam delivery sub-system and the multi-axis setup,

are depicted in Fig. 6. In particular, the system is equipped with a high precision stack of two
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rotary-axis drivers (B, C) and three linear (X, Y, Z) mechanical stages to tilt, rotate and position
the workpiece inside the machine’s working envelop. The C rotary stage is on top of the B one
and it can rotate continuously, whereas the latter is limited to the range of - 100° to + 30°. In
addition, a reconfigurable work-holding device is mounted on the C rotary stage to precisely
load and unload the samples. A galvo scan head, mounted on the Z stage, with two optical
beam deflectors (Gx, Gy) is incorporated in the beam delivery sub-system that allows the laser
beam to be steered with a maximum scanning speed of 50 rad/s. For multi-axis processing
strategies, the motions of optical and mechanical axes are fully synchronised and are controlled
by a PC-based multi-axis motion controller (Aerotech A3200). To ensure that the beam
deflectors operated within their technical specifications, as stated in Table 2, an automated
calibration process was carried out prior to the LMM operations. At the same time, the
positioning ARR of the linear stages (see Table 2) were measured using a laser interferometer

and were then error mapped by the manufacturer during the installation.

Table 2. Technical specifications of component technologies (as provided by the

manufacturer) integrated into the LS4 workstation.

Specifications X/Y axis Z axis B axis C axis Optical axes
Travel range 500/300 mm 200 mm  -100° to +30° continuous 640 mrad
Resolution 0.1 ym 1 um 0.01° 0.01° 10 prad

Max travel speed 200 mm/s 150 mm/s 200 deg/s 200 deg/s 50 rad/s
Acceleration rate 3000 mm/s?> 1250 mm/s®> 500 deg/s> 500 deg/s? -

Accuracy + 1 pm + 1.75 um S arc sec 6 arc sec + 5 um
Repeatability + 0.4 pm + 1 um 3 arc sec 3arc sec + 10 prad
Thermal drift - - - - + 20 prad
Tracking error - - - - 160 ps

Furthermore, the LS4 workstation integrates a 10 W ultrafast femtosecond laser source (Yuja,
Amplitude Systems) with a central wavelength of 1030 nm delivering pulse energies up to 100
wJ at 100 kHz, pulse durations in the range from 300 fs to 10 ps, and maximum repetition rates
up to 2 MHz. Also, the workstation integrates a 50 W pulsed nanosecond fibre laser (GLPN
series, IPG) that operates at a central wavelength of 515 nm. In this research, the experimental
work was conducted using the ultrashort pulse laser in order to attain a higher structuring
quality, i.e. edge definition, and thus to minimise the measurement uncertainty in quantifying
the system’s ARR capabilities. Nevertheless, it should be noted that the proposed assessment
method can be implemented onto any multi-axis LMM system irrespectively of the laser source

integrated into it.
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Commercially available aluminium spheres, with a nominal diameter of 40 mm and deviations
from sphericity within = 0.5 um, were used in this pilot implementation of the proposed
method. The spheres were attached to a shaft extension of 15 mm, and they were utilised to
evaluate the machining ARR capabilities of the LMM system. The substrates were processed
with a nearly Gaussian beam (M? < 1.3), which was focused down to a beam spot diameter of
35 um at the focal plane using a telecentric lens with a focal length of 200 mm and FOV of 40
x 40 mm?2, As it was already stated in Section 2, variations of BIA from normal are always
present when processing curved surfaces, which can result in a non-uniform ablation along the
beam paths. Therefore, to maintain as consistent as possible ablation along the beam paths
regardless of BIA, a quarter waveplate was integrated into the beam delivery system to convert
the linear polarisation into a circular polarisation [40]. Moreover, it is worth noting that the
four LPTs were initially carried out at a relatively low scanning speed of 10 mm/s in order to
characterise the performance of the system under quasi-static conditions. Thereafter, the same
tests were repeated at a speed of 100 mm/s to assess the capabilities of the LMM system under
dynamic conditions. However, it should be stressed that a constant pulse energy of 50 uJ and
a pulse-to-pulse distance of 2 um was maintained throughout all the experimental procedures,

unless otherwise stated.

A fully automated setting up routine, like those in conventional machining, was implemented
for correlating the workpiece coordinate system to the machine’s one using a CAD/CAM
software (GibbsCam). This setting up routine aligns precisely the samples at the focal plane
and at the centre of the lens” FOV prior to the LMM operations. In addition, a dedicated
module, namely “Laser Process”, is integrated into this software which is capable of
programming multi-axis LMM movements to execute complex processing strategies.
Therefore, it was employed in this research to generate the necessary beam paths and output

the respective beam motion commands.

The inspection of the machined structures was performed with the focus variation technology
optical microscope (Alicona Infinite Focus G5), which incorporates software tools to perform
both surface texture and form measurements on parts with complex 3D geometries. To do so,
the system is equipped with a clamping device, which was used for mounting and securing the
spherical samples in an exact 90° position and also to move between different machining
patterns on them. At the same time, the three integrated linear motorised stages allow X-Y
scanning of the processed areas and images of the surface topography to be captured.
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Thereafter, each single topography captured was automatically combined into a full 3D model
of the machined patterns by using for this the overlapping areas of different scan fields. In the
stitching process, any motion errors from the linear stages can be neglected as the system
compensates them, automatically. Once the real 3D surface was obtained, a range of software
tools were employed to extract the surface forms out of the 3D dataset and then the machined

structures were inspected offline.

Beam

Quarter

500 fs Shutter el expander Galvo scan head
1030 nm waveplate %)
E ~ ‘
1.5 ns Shutter ‘ Half
515 nm waveplate

Fig. 6. Schematic illustration of the employed multi-axis LMM set up.
4.2 Process design requirements

Prior to assessing the ARR capabilities of the LMM system, a series of preliminary trials were
conducted on planar aluminium substrates. They were used to determine the effective
processing window for machining freeform/curved surfaces and also to compensate any
negative dynamic effects of the optical beam deflectors. Each experimental procedure was
repeated five times to judge the reliability of the obtained results. The machined structures were
analysed using the FV microscope with 50x objective lens and lateral and vertical resolutions

of 1 um and 20 nm, respectively.

4.2.1 Effective processing window

To define the effective processing window of the laser source integrated in the LMM system,
a vertical scanning strategy was employed to produce scribing lines with a single pass on the
surface as depicted in Fig. 7a. Each scribing line was produced with increasing FOD, both
above (positive) and below (negative) the focal plane, by moving the Z stage in increments of
100 um. The laser scribing operations were performed with FODs varying in the range of +

700 um, and therefore a relatively large spacing of 200 um was set between the lines. In this
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way, any overlaps between the lines, especially due to the increasing beam spot size, can be
avoided. As can be seen in Fig. 7b, significant variations were observed in the ablation depth
along the lines processed with FODs in the range from — 700 to + 700 um. For instance, FOD
of =300 pum led to an average depth decrease of more than 32%. In this research, the acceptable
range of FOD variations, and hence the effective processing window, was defined as a
maximum Z offset from the focal plane that entailed an average ablation depth reduction of
less than 25% for each scribing line. Therefore, the scribing process was considered effective
when the FOD deviations were restricted within = 200 um and thus a relatively uniform
scribing depth could be maintained along the beam paths. Nevertheless, this is just an
assumption in this research and it should be tailored according to the specific laser-material

interaction effects that can affect the conducted LPTs.
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Fig. 7. The effective ablation range analysis: (a) the scribing lines produced with a single pass
that were used to identify the acceptable FOD limit; (b) the measured depth of the scribing lines
at different FODs.

4.2.2 Dynamic effects of optical beam deflectors

An empirical procedure was implemented to determine the acceleration/deceleration regions
of the scan head beam deflectors when used simultaneously with a scanning speed of 100 mm/s.
A set of five beam vectors were employed to produce trains of craters on the surface as
illustrated in Fig. 8a while the pulse-to-pulse distance was set to 50 um. Thereafter, the distance
between the craters was measured using the automatic fitting tools provided by the
2DImageMeasurement module of Alicona G5 to determine the acceleration/deceleration
regions of the beam deflectors. As can be seen in Fig. 8b, a non-uniform distance was observed

between the craters at the beginning of the beam vectors owing to their acceleration. Once the
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laser beam reached its steady-state velocity, the pulse-to-pulse distance stabilises and as a result
the distance between the craters becomes uniform. For example, the average
acceleration/deceleration length of the beam deflectors employed in this research was 90.2 +
0.7 um at a scanning speed of 100 mm/s. Thus, to ensure a constant velocity along the optical
axes during the LPTs, this value was added at the start and end of each beam vector to
compensate for the beam deflector’s dynamic effects. At the same time, the laser source was

switched off during the acceleration /deceleration regions along the beam vectors.

(@) (b)

89.5um 50.1 pm

Fig. 8. Analysis of negative dynamic effects along the optical axes: (a) the test procedure used
to identify the acceleration/deceleration regions along the beam vectors; (b) the varying craters’
distance along one of the beam vectors used to determine the respective

acceleration/deceleration regions at a scanning speed of 100 mm/s.
4.3 Design of laser processing tests

The proposed LPTs for assessing the ARR capabilities of the used multi-axis LMM system
were implemented as shown in Fig. 9 and the procedure that was followed is explained below
in detail. First, an accurate 3D model of the aluminium spheres used in the method pilot
implementation was created by using GibbsCAM. Then, the same software was used to design
and project the patterns onto the surface of the test sphere. They were four equidistantly 3 x 3
mm? square patterns and each of them was used for a different LPT. The size of these four
processing fields was chosen so that the FOD variations along the beam paths did not exceed
+ 200 um. A different laser processing strategy was employed to scribe the respective patterns
in each test. The desired orientation of the beam vectors in each LPT was defined with guide
curves in the used CAD/CAM software that were overlaid onto the 3D sample. Especially,
these guide curves determined the direction of mechanical axes” movements during the scribing
operations, and thus the beam vectors were oriented perpendicularly to them. It is worth noting

that the processing strategies and the combinations of simultaneous multi-axis motions used to
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execute each LPT were as defined in Table 1 for a multi-axis LMM configuration with B rotary-

axis.

Furthermore, a constant offset distance of 0.2 mm was set between any two consecutive beam
scribing vectors and the patterns were produced with a single pass. In addition, three beam
vectors, which were 1 mm apart, were also included in the tests to produce reference scribing
lines. They would be used to assess the geometrical accuracy, i.e. their g to the other scribing
lines produced in the LPTs, and also to position the patterns at the centre of the FV
microscope’s FOV when scribing them. As stated in Sub-section 3.3, the relative positioning
movements between these three beam vectors were performed with only the X and Y
mechanical axes to achieve the maximum possible accuracy in the used laser processing
configuration. At this point, it should be noted that the width of the scribing lines produced on
the test pieces was depended on the beam spot diameter at a given FOD and BIA. Based on our
initial scribing trials in Sub-section 4.2, variations of scribing lines’ width were marginal,
within FOD of = 200 um. At the same time, taking into consideration both the test piece
geometry and the predetermined maximum FOD limit, the BIA variations had a relatively small
impact on the resulting scribing lines in the LPTs. Similar observations were also reported in
[39], which found that small BIA variations had an almost negligible impact on the morphology
of the scribing lines. Thus, the beam spot size and the width of the scribing lines can be deemed
constant inside the predetermined effective processing window. Meanwhile, it should be
reiterated that the beam vectors were modified as described in the previous section to
avoid/minimise the negative dynamic effects of optical axes. Specifically, corrections, i.e.
infout movements for each scribing vector, were introduced in the generated beam paths with
GibbsCAM. At the same time, the mechanical axes had a constant velocity that was attained
by adjusting the first lead into the beam movement at the beginning of each operation. Finally,
a pseudo-repeatability test was performed by repeating the four LPTs on the same sample with
a predefined angular displacement of 22.5° from the first patterns along the C axis. Thereafter,
a reproducibility test was also carried out on another identical spherical sample using the same

laser processing parameters.
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1 mm
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3 mm
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LPT3 LPT 4
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Fig. 9. The implemented LPTs to assess the performance of the employed multi-axis LMM

system.

4.4 Uncertainty assessment

The focus variation technology was used for inspecting the scribing lines and quantifying the
system’s ARR capabilities in this research. Therefore, the uncertainty (u,) related to the
instrument’s measurement repeatability was analysed regarding the three measurands. Then,
the overall uncertainty (U) in assessing the ARR of simultaneous multi-axis LMM strategies

was calculated in accordance to GUM as follows [41]:
U; = max (g Up,i Uei) 1)

where: i = d1, d2 and g, the measurands used to quantify the processing ARR capabilities; u, ;
- the experimental standard deviation of 10 repeated measurements of the same scribing line;
uy, ; - the experimental standard deviation of repeated measurements on different scribing lines
from the two similar patterns produced on the same sample to evaluate the machining
repeatability; and u.; - the experimental standard deviation of repeated measurements on
different scribing lines produced on the two samples in order to assess the system’s
reproducibility. To avoid overestimating the influence of the instrument’s repeatability on the
overall uncertainty, the largest uncertainty contributor among the calculated type A

uncertainties, i.e. (ug, up, u.), was chosen [42].
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Furthermore, the employed measuring procedure itself can significantly affect the instrument’s
repeatability and consequently the uncertainty in quantifying the system’s ARR. Thus, its
uncertainty contribution must be minimised in order to perform a reliable analysis. In this
regard, a pattern as those produced on the spherical samples in the proposed assessment method
was fabricated on a planar substrate and the distance between two lines was measured 10 times
as shown in Fig. 10a. It is worth noting that the surface was scanned using only the objectives
that provide a lateral resolution better than 1 um, whilst the measurements were performed by
using two methods that minimise the subjective errors associated with the operator. First, the
distance between the edges of the 1% and the 2" lines was measured using the
2DImageMeasurement module available in Alicona software, i.e. by employing an automatic
edge detection. Secondly, the distance was measured by using two respective cross-sectional
profiles of the lines. Especially, the distance between two points with the maximum depth in
these profiles was measured using the ProfileFormMeasurement module. The calculated
average values of these measurements and their corresponding standard uncertainties for the
considered three Alicona objectives are plotted in Fig. 10b. As expected, the measurement
uncertainty decreased with the increase of the objectives’ magnification with both
measurement methods. A higher scattering of the measurement results was obtained with the
second method and therefore the 2DImageMeasurement module was used to perform all the
measurements in this research. The measurement uncertainty of this method, employing the
three objectives, is stated in Table 3. Considering both the precision of the measurement results
and the time required to obtain them, the 50x objective was selected to conduct all

measurements in this research.

Table 3. The measurement uncertainty associated with the three objectives when using the

2DImageMeasurement module.

Objectives Vertical resolution (um) Lateral resolution (um) Uy (um)
20x 0.10 0.90 0.9
50x 0.04 0.64 0.5

100x 0.02 0.44 0.3
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Fig. 10. The measurements conducted by using the two methods: (a) a representative 3D image
of the scribing lines with 10 measurements between two consecutive ones; (b) a plot of the
standard uncertainties and average values obtained when measuring the distances between two

scribing lines with the three objectives and the two methods.

4.5 Results and discussion

The results of the pilot implementation of the proposed methodology are presented and
discussed in this section. Fig. 11a-d shows PS 1, i.e. one of the three Pattern Sets produced
with the four LPTs on the two samples. 10 different scribing lines on each of the pattern (see
Fig. 11a-d) in the three sets, i.e. PS 1, PS 2 and PS 3, were measured to assess the capabilities
of the multi-axis LMM system. Especially, the measurements of scribing lines’ di, d2 and g
were taken on the patterns produced with each test as shown in Fig. 11e. The average value of
10 repeated measurements were used to calculate the deviations from the programmed and
executed beam vectors. Since d> and g may vary along the scribing lines as stated in Sub-
section 3.3, their average values were determined based on repeated measurements taken at 10
and 3 equally distant places along the scribing lines, respectively. By applying the measuring
procedure described in Sub-section 4.4, the overall uncertainty, U, associated with the

measurands di, d> and g was better than 0.9 um, 0.5 pm and 0.1° in this research, respectively.
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Fig. 11 The patterns in PS 1 that were produced with the four LPTs: (a-d) top view of the four

patterns in PS 1 produced with a scanning speed of 10 mm/s; (e) a close view of three scribing
lines in (b), which depicts the procedure followed to measure the ds (the arrow red dashed line),

d (the arrow blue line) and g (the orange 90° angle sign).

Note: The black arrow dashed lines and numbers in (a-d) signify the scribing lines measured

on the patterns produced in the four LPTs. Scale bar: 500 pm.
4.5.1 Laser processing test 1

The processing ARR achievable when the C rotary-axis is used simultaneously with both
optical ones, i.e. the beam deflectors, to execute a given LMM strategy is analysed
experimentally in this test. The measurements conducted to assess the system’s performance
under quasi-static conditions, i.e. when laser processing was carried out at a lower scanning
speed of 10 mm/s, are depicted graphically in Fig. 12a-c. The graphs show the deviation of
actual measured values from the programmed beam vectors for the scribing lines produced
with the vertical scanning strategy in the three Pattern Sets (PSs 1, 2 and 3). As can be seen in
Fig. 12a, the maximum deviations observed regarding d; of the scribing lines were 32.4 um,
34.4 um and 40.5 um for PSs 1, 2 and 3 on the two samples, respectively. Therefore, it can be
stated that the accuracy in executing the beam movements along the programmed beam vectors
was better than 40.5 um. However, the repeatability and reproducibility were less than 3.5 pum
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and 7 um based on the average measurements from samples 1 and 2, respectively. It is evident
from these results that the deviations were mainly due to systematic errors and therefore they
can be compensated. Conversely, the deviations of d> between the scribing lines were much
smaller as shown in Fig. 12b. Thus, it can be judged that the accuracy achievable between two
consecutive beam vectors was better than 2.9 um, whilst the repeatability and reproducibility
were 1.4 um and 2.6 um, respectively. At the same time, Fig. 12c presents the geometrical
accuracy of the scribing lines, i.e. their g in regard to the reference ones, in PSs 1, 2 and 3 on
the two samples. These results show that the deviation of the scribing lines from their g was
less than 0.49°, whereas the respective geometrical repeatability and reproducibility were better
than 0.28° and 0.39°, respectively. Finally, the processing uncertainties associated with the
conducted LPT were calculated in the same way as the measurement uncertainties using
Equation 1. Based on these calculations, it can be stated that the overall processing uncertainty,
U, in producing the patterns in LPT 1 was &+ 3.7 um and £+ 1.5 um with regard to the scribing

lines’ di and da, respectively, while regarding their g, it was = 0.35°.

Thereafter, the same test was performed at a higher scanning speed of 100 mm/s to assess the
dynamic performance of the system and the measurement results are presented in Fig. 12d-f.
As expected, the dimensional accuracy of the scribing lines worsened as the processing speed
increased. More specifically, the accuracy of di1 and d» dropped down to 69.7 pm and 5.4 um,
respectively, while their deviation from g was less than 0.66° based on the results from the
three Pattern Sets. Again, the relatively large deviations of the scribing lines’ d1 were mostly
due to systematic errors as the repeatability and reproducibility achieved in executing them was
found to be 13.3 um and 17.7 um, respectively. This was true for their dz, too, because the
repeatability achieved between two consecutive lines was better than 2.5 um, while the
reproducibility was 3.6 um. On the contrary, it was evident in Fig. 12f that the repeatability
and reproducibility in regard to the scribing lines’ geometrical accuracy worsened, as the
maximum absolute errors obtained when comparing the measured values with the average ones
from either one or two samples was 0.62°. Such relatively high geometrical deviations during
the machining were mainly ascribed to random errors that would be difficult to
compensate/reduce without increasing the overall processing performance of the LMM system.
Thus, it can be stated that the processing uncertainty, U, regarding the scribing lines’ d1 and d>
were = 10 um and £ 3.1 pm, respectively, while regarding their g, it was + 0.63°. Considering
the results presented in Fig. 12, it can be concluded that there is an obvious difference between

the dimensional accuracy achieved on the sample 1 and sample 2 for both, quasi-static and
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dynamic, conditions during this LPT. In contrast, this was not the case regarding the

geometrical accuracy (see Figs. 12c and f), as the results obtained from the three Pattern Sets

on the two samples were quite similar. This difference can mainly be explained with the use of

a reconfigurable work-holding device and/or the precision of mechanical stages employed to

position the sample at the centre of the lens’s FOV prior to the LMM operations.
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Fig. 12. The effects of multi-axis laser processing errors on di, d2 and g of the scribing lines

produced in LPT 1 under quasi-static (a-c) and dynamic (e-f) conditions, respectively.

4.5.2 Laser processing test 2

The aim of this LPT was to assess the processing ARR achievable when 5-axis, i.e. 3

mechanical and 2 optical axes, are utilised simultaneously to execute a given LMM strategy.

Initially, the systems’ performance was tested at a relatively low scanning speed of 10 mm/s,
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especially at quasi-static LMM conditions, and the measurement results are provided in Fig.
13a-c. As can be seen in Fig. 13a, the largest deviation of the scribing lines’ di from the
programmed beam vectors was less than 40.3 um based on the measurements of the three
Pattern Sets on the two samples. Despite that, the corresponding repeatability and
reproducibility achieved was better than 3.4 um and 6.3 um based on their average d; calculated
from the patterns processed on one and two samples, respectively. Once again, the observed
deviations from the d; of the programmed beam vectors were mostly attributed to systematic
errors and hence the processing accuracy can be improved substantially by compensating them.
At the same time, it can be noted that there were no significant discrepancies between the LPTs
1 and 2 regarding the scribing lines’ d:. Even though different combinations of mechanical and
optical axes were used to execute the beam vectors in these tests, both LMM strategies led to
almost equal cumulative errors regarding scribing lines’ di. Therefore, the dimensional
accuracy achieved regarding d: might be explained with the cumulative tracking error of the
galvo scanner. Nevertheless, this was not the case regarding the d, between any two
consecutive scribing lines where the errors were higher in comparison to those in LPT 1.
Especially, the deviations identified in their d, were in the range of 0.4 to 4.9 pum for the three
Pattern Sets on the two samples. Thus, the ARR capabilities of the system to execute
consecutive beam vectors in producing the three patterns were better than 4.9 um, 1.6 um and
2.3 um, respectively. Moreover, a thorough analysis of the scribing lines’ geometrical accuracy
revealed that their deviations from g were ranging from 0.1° to 0.5° on the three Pattern Sets.
Therefore, the machining ARR achieved regarding the geometry of the three patterns were
better than 0.52°, 0.48° and 0.48°, respectively. Finally, it is worth noting that the overall
processing uncertainty, U, regarding the scribing lines’ di, d> and g in the LPT 2 was + 3.7 um,

+ 1.9 um and + 0.44°, respectively.

Next, the whole experimental procedure was repeated to assess the influence of dynamic effects
on LMM patterns. Figs. 13d-f show the processing errors about the scribing lines’ di, d2 and g
when the scanning speed was set at 100 mm/s. Generally, the ARR capabilities of the system
have worsened significantly under these dynamic conditions. For instance, the dimensional
accuracy regarding the scribing lines’ di, d> and g declined to 79.9 um, 8.7 um and 0.9°,
respectively. At the same time, the negative dynamic effects due to the higher processing speed
led to a lower machining repeatability and reproducibility, too. Especially, the repeatability and
reproducibility regarding the scribing lines’ di, d2 and g under these dynamic conditions were

found to be better than 15.3 um, 4.3 pm and 0.89°, and 28.3 um, 5.6 pum and 0.85°, respectively.
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Thus, it can be stated that the processing uncertainty, U, in regard to their di, d> and g under

these dynamic conditions were + 15.9 um, =+ 3.1 um and + 0.69°, respectively.
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Fig. 13. The effects of multi-axis processing errors on d1, d> and g of the scribing lines produced

in LPT 2 under quasi-static (a-c) and dynamic (e-f) conditions, respectively.
4.5.3 Laser processing test 3 and 4

These LPTs aimed to assess the processing ARR achievable when simultaneous 6-axis
movements are required to execute a given LMM strategy. Fig. 14 presents the measurement
results obtained from the scribing lines processed at a quasi-static conditions, especially at a
lower scanning speed of 10 mm/s. Fig. 14a-c displays the deviation of actual measurements
from the programmed values for the lines scribed using the diagonal 45° scanning strategy.

The analysis of the three Pattern Sets showed that the maximum deviation of d; was 62.3 pm.
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At the same time, the maximum absolute error with regard to do, i.e. the relative distances
achieved with two consecutive beam vectors, was 5.0 um, whilst their deviation from g was
0.52°. On the other hand, the dimensional accuracy of the three patterns produced with the
diagonal -45° scanning strategy in LPT 4 was better as it is shown in Fig. 14d-f. It can be seen
in Fig. 14d-f that the dimensional accuracy with regard to the scribing lines’ di had improved
and was better than 45.8 um. The same applied to the scribing lines’ d2 and g, as the deviations
from the programmed values were smaller than those in LPT 3. More specifically, the error
regarding d2 was less than 2.9 um, whilst their deviation from g was less than 0.38° on the two
samples. Therefore, it can be stated that the processing accuracy achieved with regard to the
scribing lines’ dy, d> and g was better than 62.3 um, 5.0 um and 0.52°, respectively, with both
6-axis LMM strategies in LPTs 3 and 4. Additionally, the repeatability achieved in these two
LPTs was 19.5 um, 1.2 um and 0.48°, and 14.0 um, 1.4 um and 0.40° with regard to the
dimensional and geometrical accuracy of PS 1 and PS 2, respectively. Thus, it can be stated
that the repeatability achieved in the LPTs 3 and 4 was better than 19.5 pm, 1.4 um and 0.48°
about the scribing lines’ di, d> and g, respectively. At the same time, the respective
reproducibility achieved in these two tests was better than 19.6 pm, 3.3 um and 0.48° with
regard to the same dimensional and geometrical characteristics of the three Pattern Sets,
respectively. Thus, it can be stated that the overall processing uncertainty, U, in producing the
three patterns with the simultaneous 6-axis LMM strategies in LPTs 3 and 4 was + 10.1 um, +

1.7 um and + 0.42° about the scribing lines’ d1, d2 and g, respectively.

By comparing the results of LPTs 1 and 2 in Figs. 12 and 13 with those in LPTs 3 and 4, it can
be seen that a lower machining ARR was attained regarding the scribing lines’ di. The
relatively lower ARR can be attributed to the varying d; of the beam vectors in LPTs 3 and 4.
It can be clearly seen in Fig. 14a and d that accuracy gradually decreases with the increase of
vectors’ di and therefore if the processing errors are normalised, it will be very similar across
all vectors’ di. For instance, after normalising the data obtained from the scribing lines in these

two tests, it can be stated that the largest deviation in their d; was less than 0.8%.
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Fig. 14. The effects of multi-axis processing errors on di, d2 and g of the scribing lines produced

in LPTs 3 (a-c) and 4 (e-f) under quasi-static conditions, respectively.

The LPTs 3 and 4 were repeated at a higher scanning speed of 100 mm/s to assess, again, the
dynamic performance when a simultaneous 6-axis LMM strategy is used, and the results are
provided in Fig. 15. Especially, Fig. 15a-c presents the deviations of the actual measured values
from the programmed ones when the diagonal 45° LMM strategy was used in LPT 3. As
expected, again, the processing errors increased and the dimensional and geometrical
accuracies were better than 64.1 pm, 4.9 um and 0.91° in regard to the scribing lines’ d1, d» and
g on both samples, respectively. On the contrary, as it was the case with LPT 4 under the quasi-
static conditions, the dynamic machining performance was better, again (see Fig. 15d-f). The
analysis of the scribing lines of the three Pattern Sets revealed that the processing error

regarding the lines’ d1 was less than 58.4 um, whilst their deviation from g was less than 0.66°.
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At the same time, the machining error in regard to do, i.e. the relative distances between two

consecutive lines, was less than 2.3 um.

Considering the results obtained in both tests, it can be stated that the processing accuracy was
better than 64.1 pm, 4.9 um and 0.91° in regard to the scribing lines’ di, d2 and g, respectively,
when the two 6-axis LMM strategies were used. Apart from g, it can be concluded that both
LMM strategies achieved a higher accuracy under dynamic conditions compared to the results
obtained in LPTs 1 and 2. The superior performance of these 6-axis LMM strategies might
partly be attributed to the acceleration/deceleration effects of mechanical axes when executing
the programmed beam vectors. For example, the mechanical axes had to adjust their velocity,
i.e. accelerate or decelerate, to maintain the scanning speed and compensate for the different
distances covered by the optical axes. Additionally, it should be stressed that the effects of
multiple geometric errors together with the motion errors of each individual axis were
combined and led to the processing errors in both 6-axis LMM tests. As such, some of the
factors affecting the machining performance in these two tests might have cancelled each other.
Therefore, it can be stated that the proposed method can be used to assess the overall ARR of
multi-axis LMM systems but cannot determine the individual contributions of the different
axes employed in the tests.

As with the other two tests, the machining repeatability achieved with these two multi-axis
LMM strategies was assessed, too. Especially, the repeatability achievable with LPTs 3 and 4
was less than 20.8 um, 2.2 um and 0.48° and 17.7 pm, 2.04 um and 0.81° in regard to the
scribing lines’ d1, d> and g based on the PSs 1 and 2 results, respectively. Overall, it can be
stated that the two simultaneous 6-axis LMM strategies could execute complex beam paths
with a repeatability better than 20.8 um and 2.2 um regarding the d; and d> of the scribing lines,
respectively, and with a geometrical accuracy better than 0.81°. Additionally, the
reproducibility achieved in these two LPTs was 23.2 um, 2.8 um and 0.90°, and 18.5 um, 2.5
um and 0.86° in regard to the scribing lines’ di, d2 and g based on the average results from PSs
1, 2 and 3 on the two samples, respectively. Thus, it can be stated that the two simultaneous 6-
axis LMM strategies could execute complex beam paths with a reproducibility better than 23.2
um and 2.8 um regarding the d; and d of the scribing lines, respectively, while regarding their
geometrical accuracy it was better than 0.86°. Overall, the processing uncertainty, U, regarding
the dy and d of the scribing lines produced with these complex multi-axis LMM strategies was
+ 11.1 pm and = 2.02 um, respectively, and + 0.72° regarding their geometrical accuracy.
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Fig. 15. The effects of multi-axis processing errors on d1, d> and g of the scribing lines produced

in LPTs 3 (a-c) and 4 (e-f) under dynamic conditions, respectively.

5. Conclusions

A novel method for assessing the capabilities of multi-axis LMM systems is presented in this

paper, especially when executing complex laser processing strategies. The method requires a

series of LPTs to be performed on spherical samples when both optical and mechanical axes

are used simultaneously. These tests are then employed to investigate and compare the

achievable ARR capabilities of such processing strategies under both quasi-static and dynamic

conditions. Especially, the tests include strategies requiring the simultaneous use of all possible

combinations of optical and mechanical axes available in a given LMM system. By employing

this method, the influence of multiple error sources on achievable dimensional and geometrical

ARR can be determined when executing any simultaneous multi-axis LMM strategy feasible



on a given LMM system. However, some preliminary trials have to be conducted to implement
efficiently the proposed test procedure for a given multi-axis LMM system. Especially, they
are important for determining the effective processing window of the integrated laser source,
compensating the negative dynamic effects of optical axes and also minimising the

measurement uncertainty in quantifying their processing capabilities.

The pilot implementation of the proposed method demonstrates what ARR data could be
obtained about any multi-axis LMM strategies when executing processing strategies employing
the simultaneous use of up to 6 optical and mechanical axes. In addition, the systematic analysis
of the obtained results made possible some generic conclusions to be made about the
capabilities of multi-axis LMM systems. Especially, the experimental results revealed that
systematic errors were mostly responsible for the relatively low dimensional accuracy in
executing multi-axis processing strategies. Therefore, it could be stated in general that the
overall system performance of such LMM systems can be improved, substantially, by
compensating them. In contrast, it could be stated that the geometrical accuracy achievable
with different simultaneous multi-axis LMM strategies could be very similar. However, the
respective repeatability and reproducibility achieved could be lower when compared with the
dimensional one. In general, the increase of processing speed could lead to an increase of
negative dynamic effects on the machining performance of the multi-axis LMM system. When
assessing their ARR capabilities, it should be noted that combined processing errors due to the
use of different optical and mechanical axes simultaneously are coming into play and they are
due to a range of systematic and stochastic factors. Thus, it can be stated that the proposed
method can be a valuable tool for assessing the combined effects of multiple geometric errors
together with the motion errors of individual axis. Therefore, as such, some of the factors
affecting the multi-axis processing performance might cancel each other and these effects could
be more pronounced in 6-axis LMM tests. So, it should be stressed that the proposed method
can assess, mostly, the overall ARR of multi-axis LMM systems and not the individual
contributions of employed optical and mechanical axis. Accordingly, it is reasonable to
conclude that this method is more suitable for assessing the overall ARR achievable with such
systems. Especially, the proposed methodology can be used after the installation of a given
multi-axis LMM system on-site and then after any changes of its multi-axis configuration or
after specific time periods to make sure that its overall performance is still within acceptable

limits.

32



Further research should be conducted to evaluate other factors affecting ARR of LMM systems.
For instance, the machining accuracy achievable over larger surface areas exceeding the
focusing lenses’ FOV will be affected by the stitching errors between the processing fields,
especially when processing freeform surfaces. Therefore, such stitching errors should be
investigated, and ways to minimise them when executing multi-axis LMM strategies have to
be proposed. Also, the machining capabilities of LMM systems should be assessed in
simultaneous multi-axis strategies that require sharp changes in the motion trajectory of rotary
axes and thus to better account for their dynamic performance.
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