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2 6

a b s t r a c t

27Component technologies of laser micro machining systems are the key factors affecting
28their overall performance. The effects of these technologies on accuracy, repeatability
29and reproducibility (ARR) in different implementations of such systems have to be inves-
30tigated to quantify their contributions to the overall processing uncertainty, especially
31those with the highest impact on beam delivery sub-systems. The aim of this research
32was to evaluate the capabilities of state-of-the-art machining platforms that were specially
33designed and implemented for laser micro structuring and texturing. An empirical compar-
34ative study was conducted to quantify the effects of key component technologies on ARR of
35four state-of-the-art systems. In particular, the capabilities of the optical and mechanical
36axes were investigated when they were utilised separately or in combination for precision
37laser machining. Conclusions are made about the positional accuracy of the mechanical
38and optical axes and the importance of their proper calibration on the systems’ overall per-
39formance is discussed. It is shown that the laser machining platforms can achieve repeata-
40bility and reproducibility better than 2 lm and 6 lm, respectively.
41� 2016 Published by Elsevier Ltd.
42

43

44

45 1. Introduction

46 Laser surface structuring and texturing of mechanical
47 parts attracted a lot of interest from the tribological com-
48 munity recently [1] as it offers a great potential to improve
49 significantly the frictional characteristics of mechanical
50 components [2] and also to lead to more energy efficient
51 mechanical systems [3]. The technology was further
52 applied successfully for producing micro structures and
53 surface textures on miniaturised parts [4], particularly in
54 the fields of biomedicine, microelectronics, telecommuni-
55 cation, aerospace, automotive and micro-injection mould-
56 ing [5,6]. Laser surface texturing, mainly with dimples and
57 micro-pits on different substrate materials, was reported

58bymany research groups, e.g. on silicon and TiO2 with exci-
59mer lasers [6], and 100Cr6 steel [7], T8 steel [8], stainless
60steel [9] and Ti–6Al–4V [10] with Nd:YAG lasers.
61Although laser structuring and texturing have attracted
62the attention of research communities and industry as
63emerging viable processes for surface functionalisation
64and micro-manufacturing, their implementation in prac-
65tice requires high precision machining platforms. The
66beam delivery sub-systems of such laser micromachining
67platforms, especially their key component technologies,
68determine their ARR capabilities to a great extent and
69therefore have to be investigated systematically in order
70to quantify their contributions and effects on the overall
71process uncertainty. Such a research has to be conducted
72by utilising appropriate metrology methods with the nec-
73essary capabilities for inspecting features/structures at
74sub-micron scale. One of the methods that can offer a solu-
75tion to such complex characterisation tasks is the Focus
76Variation (FV) technology [11]. In particular, FV systems
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77 were used successfully in a wide range of measurements
78 and surface characterisation tasks, e.g. for inspecting cast
79 surfaces [12], cutting tool geometry [13], quality of holes
80 in drilling operations [14] and also for quantitative micro
81 morphological analyses of cut marks in bones [15].
82 Although there were a few publications where the capa-
83 bility of different laser machining platforms were investi-
84 gated [5], a systematic comparative study of key
85 component technologies of their beam delivery systems
86 were not conducted despite the fact that the accuracy
87 and repeatability of the beam–workpiece relative move-
88 ments are determined by them. Therefore, the aim of this
89 research was to evaluate the capabilities of state-of-the-
90 art laser processing systems that were specially designed
91 and implemented for laser micro structuring and texturing.
92 A comparative study was conducted to investigate the ARR
93 capabilities of such laser processing setups and thus to
94 quantify the contributions of their key component tech-
95 nologies towards the systems’ overall performance. In par-
96 ticular, the component technologies of their beam delivery
97 systems were investigated by conducting an empirical
98 study to quantify and compare ARR of their optical (3D
99 scan heads) and mechanical axes (linear stages) when they

100 were used separately or in different combinations for pre-
101 cision laser surface structuring/texturing.

102 2. Comparative study design

103 2.1. Test plan and machine specifications

104 A sequence of six tests, described in Table 1, was
105 planned in order to assess ARR of optical and mechanical

106axes of laser machining platforms. The tests were designed
107to minimise the effects of laser-material interactions on
108the ARR. In particular, only the relative distances between
109the trenches were measured while their widths and depth
110as well as the resulting surface quality were not consid-
111ered. Four laser micromachining systems were investi-
112gated, hereafter denoted as Systems A, B, C and D. A
113schematic diagram depicting the component technologies
114is shown in Fig. 1 together with their specifications pro-
115vided in Table 2. The specimens produced together with
116their corresponding test numbers are given in Table 3.

Table 1

Test plan for the conducted comparative study.

Test no. Test description Component technologies

1. Machining of 30 � 30 mm fields with perpendicular intersecting trenches to

structure silicon (Si) wafers or stainless steel (SS304) plates. The nominal width and

depth of the trenches are 100 and 10 lm respectively while they are 1 mm apart

along the X and Y axes. The test quantifies the positional accuracy of X–Y scan heads

(1) X and Y beam deflectors

(2) Focusing lens system

2. The same perpendicular intersecting trenches as in Test 1 are produced on Si wafers

or SS304 plates with a stationary beam and moving mechanical axes. The test

assesses the accuracy of the X–Y mechanical stages

(1) X and Y mechanical stages

(2) Focusing lens system

3. Four 30 � 30 mm fields with perpendicularly intersecting trenches are machined on

a 70 � 70 mm area of Si wafers or SS304 plates. The nominal width and depth of the

trenches are 200 and 20 lm respectively while they are 1 mm apart from each other

in the X and Y directions. The structuring is carried out using the optical axes only,

whereas the repositioning between the fields is carried out using the mechanical

axes only. The test is intended to quantify the accuracy of both XY scan heads and XY

mechanical stages

(1) X and Y beam deflectors

(2) X and Y stages

(3) Focusing lens system

4. Test 1 is repeated after adjusting the beam spot diameter at the focal plane using a

beam expander and then calibrating the scan head. The test quantified the

effectiveness of the calibration routines after conditioning the beam diameters

(1) X and Y deflectors

(2) Beam expander

(3) Calibration routine

(4) Focusing lens system

5. Machining of 30 � 30 mm fields with perpendicular intersecting trenches is

performed with different scanning speeds (100, 500 and 1500 mm/s) on stainless

steel SS304 plates tilted at 9� along either X or Y axes. The test is carried out using the

optical axes and the Z module of the scan heads. The test quantifies the dynamic

capabilities of Z modules when laser processing 3D surfaces

(1) X and Y deflectors

(2) Z-module

(3) Focusing lens system

6. Producing arrays of dimples on SS304 plates that are normal and tilted (at 0�, 5�, 10�,

15� and 20� along Y-axis) in regards to the beam. Each dimple is produced with a

sequence of 20 pulses on the ‘‘fly” (20 passes of the bean) with five scanning speed

settings (100, 500, 1000, 1500 and 2000 mm/s) and thus to quantify the combined

effect of optical axes and Z-module on ARR

(1) X and Y beam deflectors

(2) Z-module

(3) Focusing lens system

Workpiece

(2) Y beam 

deflector

(2) X beam 

deflector

(3) Focusing lens: 

Z module

(1) Laser source
(5) XYZ stage

(4) F-theta scan 

lens (telecentric)

(6) Beam expander

Fig. 1. Schematic diagram showing the component technologies of a laser

micromachining system.
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117 The laser processing settings on the four systems were
118 selected by their operators to make the best use of their
119 capabilities and also to achieve the nominal dimensions
120 required in the six tests as stated in Table 1. The optical
121 axes of the four systems were calibrated before carrying
122 out the tests and thus to perform within their technical
123 specifications. In addition, the mechanical stages of the
124 four systems had an interferometer calibration and error
125 mapping of individual axes where micron level linear
126 errors were analysed and the resulting calibration informa-
127 tion was included as a look-up table to perform move-
128 ments with high accuracy and repeatability [16]. It is
129 important to note that the four investigated systems inte-
130 grate similar and in some cases even identical state-of-the-
131 art representative component technologies, that are
132 equipped with the latest integration tools. Furthermore,
133 the systems were implemented by different integrators in
134 order to assess objectively the effects of key component
135 technologies on laser systems’ performance rather than
136 judging about the integration capabilities of any particular
137 integrator.

138 2.2. Measurement procedure

139 The measurements on laser structured/textured sur-
140 faces were carried out using the FV technology, in particu-
141 lar an Alicona G4 InfiniteFocus microscope. Some
142 preliminary measurements of the machined fields were
143 conducted using four different objectives, in particular
144 5�, 10�, 20� and 50�. The aim of these measurements
145 was to assess the measurement uncertainties associated
146 with these four objective lenses in context of the planned
147 six tests (see Table 1). A Test 1 structure, as shown in

148Fig. 2, produced with System A was used to carry out this
149uncertainty assessment. The area enclosed between 1st
150and 6th trenches was scanned and the corresponding dis-
151tances between the trenches was measured. To minimise
152the effect of laser-material interactions on the trench
153width, the measurements were taken from the edge of
1541st trench to the corresponding edge of 6th trench. The
155‘2D measurement’ tool provided by the Alicona data anal-
156ysis software with capabilities for detecting edges auto-
157matically was used and the corresponding uncertainties
158associated with the measurements were calculated [17].
159Three measurements along the edges of 1st and 6th
160trenches were performed as shown in Fig. 3 by employing
161the four objective lenses considered in this preliminary
162study with their respective sets of vertical and horizontal
163resolutions. The sets of resolutions used for the four objec-
164tives were different due to the scanning time associated
165with the higher magnification lenses, in particular two
166and one with the 20� and 50� objectives, respectively
167while five and four for the 5� and 10� objectives. The cal-
168culated average values are plotted in Fig. 4. The measure-
169ment uncertainty (Type A) was calculated according to
170Eqs. (1)–(3).
171

s2 ¼

Pn
i¼1ðyi � �yÞ2

n� 1
ð1Þ

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1ðyi � �yÞ2

n� 1

s

ð2Þ

u ¼ s ð3Þ 173173

174where
175176s2 – the sample variance;
177s – the sample standard deviation;

Table 2

Technical specifications of component technologies (as provided be vendors).

Systems A B C D

Beam delivery system

XY scanning head

Max scanner speed (XY) 25 rad/s 25 rad/s 2 m/s with 160 mm focusing lens system –

Pos. resolution (l rad) <12 <12 10 <8

Thermal drift (l rad) <±12 <±12 <25 <20

Tracking error (ls) 110 110 110 <20

Focusing lens system

Focal length (mm) 100 160 100 160 160 100 163

Focusing field (mm) 35 � 35 60 � 60 35 � 35 80 � 80 100 � 100 35 � 35 80 � 80

Beam spot size (lm) 30 60 20–56 20–90 40 20–56 40–90

Z-module

Focusing range (mm) 6 10 6 10 – 10

Mechanical axes

XY axes/stage

Travel (mm) 300 300 � 300 160 600 � 450

Max.travel speed (mm/s) 500 500 300 500

Resolution (lm) 0.25 0.25 0.01 1.0

Accuracy per axis (lm) ±2 ±2 ±0.75 ±0.5

XY Accuracy (2D) (lm) ±4 ±4 – ±1.0

Z axis/stage

Travel (mm) 300 300 300 200

Max.travel speed (mm/s) 50 50 10 220

Resolution (lm) 0.5 0.5 0.1 1.0

Accuracy per axis (lm) ±1 ±1 ±0.75 ±1.0

XY Accuracy (complete 2D travel) (lm) ±10 ±10 – ±10
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178 n – the number of measurements;
179 �y – the average of n measurements;

180 �y ¼

Pn

i¼1
yi

n

181 u – standard uncertainty for Type A evaluation.
182

183 As expected, uncertainty decreased from 1.54 lm to
184 0.15 lm as the magnification increased from 5� to 50�.
185 Although these values were within 10% of the accuracy of
186 the beam delivery system, i.e. ±10 lm, aimed in this
187 research, the edge detection on the 3D scanned images
188 required the use of 20� and 50� objectives. Especially,
189 the higher magnifications were used to minimise the
190 effects of different edge definitions obtained by applying
191 different laser processing settings and laser sources on
192 the four investigated systems. A 50� magnification was
193 used only for inspecting the Tests 2 and 3 specimens due
194 to the high ARR aimed at with the use of mechanical
195 stages, i.e. ±2 lm; whereas a 20� magnification was uti-
196 lised for the Tests 1, 4 and 5 where scan heads were
197 employed with an objective to achieve an accuracy of
198 ±10 lm. The vertical resolution of the 20� was doubled
199 from 0.205 lm (used in the preliminary study, see Fig. 3)
200 to 0.41 lm in order to reduce the measurement time while
201 the lateral resolution was kept unchanged at 1.76 lm. For
202 the 50� objective, a slightly lower vertical resolution of
203 0.30 lm (instead of 0.205 lm in Fig. 3) was utilised but a
204 higher lateral resolution (0.80 lm) was employed to obtain
205 better edge detection.
206 For Tests 1, 2, 4 and 5, the measurements were carried
207 out at the two diagonally opposite corners of the struc-
208 tured fields as the lowest accuracy of the beam deflectors
209 were expected there while the highest in the centre of

210the scan fields. In particular, the 20� magnification was
211used to scan the areas between the 1st and 11th trenches
212in Tests 1, 4 and 5 and also to measure the distances
213between 1st and 3rd, 1st and 5th, 1st and 7th, 1st and
2149th and 1st and 11th trenches along both horizontal (X-
215axis) and vertical directions (Y-axis). A similar measure-
216ment procedure was applied in Test 2, however only the
217distances from 1st to 2nd, 3rd, 4th and 5th trenches were
218measured due to the large size of the scan data generated
219with the 50� objective. The schematic diagrams of the
220measured regions in Tests 1, 2, 4 and 5 are depicted in
221Fig. 5(a) and (b). The positional accuracies of the beam
222deflectors and the stages of the four laser micromachining
223systems analysed in this comparative study were then
224determined by comparing the nominal values with the
225measurement results.
226A representative 3D image of a scanned region on a Test
2271 specimen is shown in Fig. 6(a) while the top view is
228shown in Fig. 6(b). The point data from the scans were
229analysed using the ‘Profile form measurement’ tool avail-
230able in the Alicona software. The data were treated with
231‘form’ removal operation prior to measuring the distances
232between trenches. The edge of the 1st trench in Tests 1, 4
233and 5 was used as a datum for measuring the distances
234to the corresponding edges of the 3rd and similarly 5th,
2357th, 9th and 11th trenches using the software tool. Ten lat-
236eral measurements were taken for each scanned area as
237illustrated in Fig. 6 and the average values were calculated.
238The measurements in Test 3 were carried out along the
239horizontal (X) and vertical (Y) axes at the stitching junction
240of the laser scanned fields as it is schematically shown in
241Fig. 7(a). The procedure is detailed in Fig. 7(b) that
242included measuring the distances from 1st to 2nd, 3rd,
2434th and 5th trenches. The D1 and D2 measurements pro-
244vide information about the accuracy of the beam deflectors
245when structuring Field 1 while D4–D3 renders equivalent
246information about Field 2. At the same time, D3–D2 pro-
247vides information about the accuracy of the stage as the
248mechanical axes were used to reposition the laser pro-
249cessed areas from Field 1 to Field 2.
250Furthermore, D2–D1 and D4–D3 measurements provide
251information about the pseudo-repeatability of laser struc-
252turing operation carried out only with the beam deflectors,

Table 3

Samples produced on the four different laser systems.

Laser systems Test no.

1 2 3 4 5 6

A � � � � �

B � � �

C � � �

D � � � �

100x10µm 

trenches

3
0
 

30 

x 

x 
(a)

1 mm 
100 µm 

x 

(b) 

Fig. 2. (a) The 30 � 30 mm field machined with System A, and (b) nominal distance between two consecutive trenches.
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253 while D2 and the distance from the 1st to 3rd trenches in
254 Test 1 exhibit reproducibility of structuring operations,
255 i.e. the machining precision obtained with the beam
256 deflectors [5].
257 Test 6 involved measuring the depths and diameters of
258 the dimples produced at various scanning speeds using the
259 ‘Profile form measurement tool’. A representative scanned
260 area of the dimples together with the measured depth and
261 diameter is shown in Fig. 8.

262 3. Results and discussion

263 3.1. Tests 1 and 4

264 The results obtained in Test 1, i.e. by using the X-axis
265 beam deflectors, are shown in Fig. 9. The positional accu-
266 racy typically decreased with the increase of the distance
267 from the 1st trench. System A achieved the best accuracy
268 amongst the four systems with values between 0.76 and

26912.74 lm while the majority of data was within the tech-
270nical specification for the optical axes, i.e. ±10 lm, whereas
271positional errors of the other three micromachining set-
272ups was much higher. System C exhibited the worst
273results, i.e. deviations up to �300 lm, followed by the Sys-
274tem B and System D. The positional accuracy between the
275corners 1 and 2 of Systems B and D was in the range from 2
276to 40 lm.
277The graph in Fig. 10 shows that the accuracy of System
278A along the Y-axis was again the best amongst all four sys-
279tems, however with a marginally higher deviation, up to
28015.65 lm, in comparison to that along the X-axis. Con-
281versely, System B exhibited greater deviation in X, up to
282120 lm, compared to that in Y axis, up to �65 lm. The
283results obtained with System C were the worst among all
284set-ups with values gradually increasing from the 1st to
28511th trenches and this can be attributed to a systematic
286error in carrying out laser machining operations. The accu-
287racy of System D’s optical axes was similar along both axes.

1

2

3

Fig. 3. Three measurements of the distance between the 1st and 6th trenches.

5.4950

5.4975

5.5000

5.5025

5.5050

5.5075

5.5100

0.151.101.471.54Measurement uncertainty (µm)

1.761.762.94

0.2050.2050.205

1.762.945.8711.74

1.64 1.64 1.64 1.64 

3.493.497.014.023.48

0.821.64 1.64 1.64 1.64 
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 Objective 50X

Fig. 4. Plot of the average values measured with four objective lenses.
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288The positional accuracy of the beam delivery systems
289improved typically when the systems were calibrated after
290using the beam expanders. Positional accuracy of System D
291improved by �75–93%, with values from 1.22 to 11.25 lm
292along X (Fig. 11), and �35–45% in Y (Fig. 12). Thus, regular
293calibrations of the beam delivery systems are very impor-
294tant, especially if precision laser machining operations
295have to be performed. Typically, a positive systematic error
296was noted for System D in X as opposed to a negative along
297Y. Systems B and C however did not show any significant
298improvements, possibly due to the calibration errors asso-
299ciated with both machines, although the accuracy in X was
300marginally better for System C.

3013.2. Test 2

302As expected, the accuracy of the mechanical stages was
303much better, typically in the range of ±2–4 lm, than their
304optical counterpart. This is due partly to the much lower
305processing speed, typically less than 100 mm/s, compared
306to the optical axes, which operate at speeds higher than
3071 m/s when texturing/structuring operations are per-
308formed. The deviation from the nominal value generally
309increased with the distance from the 1st trench as shown
310in Fig. 13. Systems A and B performed better in X than in
311Y; while for System D the accuracy was comparable in both
312directions as depicted in Fig. 14.

3133.3. Test 3

314The position accuracy of the System A’s beam deflector
315along the X-axis varied from 2.84 to �5.81 lm as shown in
316Table 4 while that of mechanical axes was within �1.02 to
317�1.91 lm; however, both were within the system’s techni-
318cal specifications of ±10 and ±4 lm, respectively. Con-

100x10µm 

trenches3
0

 

30 
x

Corner 1

Corner 2

(a)

100x10µm 

trenches3
0
 

30 
x 

Corner 1

Corner 2

(b)

Fig. 5. Scanned regions for (a) Tests 1, 4 and 5, and (b) Test 2.

1

2

10

..
.

(a) 

Datum Position of the trench

(b) 

Fig. 6. (a) Ten measurements on laser scanned area, and (b) measurement of distances between the trenches using ‘Profile form measurement’ tool.
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200x20 µm 

trenches

7
0
 

3
0

 
1

0
 

70 

30 10 

Corner 1 
Corner 2 

(a)

Laser structured field 1 Laser structured field 2

Trench1st 2nd 3rd 4th 5th

D1

D2

D3

D4

Datum for D1, D2, D3 and D4(b) 

Fig. 7. (a) Schematic diagram of the four structured fields in Test 3, and (b) measurement procedure in Test 3.

v = 100 mm/s

Depth: 30.45 µm

Diameter: 50.57 µm

Fig. 8. A scanned area containing several dimples created at various scanning speeds together with the measured depth and diameter of one of them.
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319 versely, the deviations of the scanners were much higher
320 for Systems C and D. As it was already mentioned, this
321 was possibly due to calibration issues for both set-ups.
322 Although the accuracy of the mechanical axes of both
323 systems at Corner 1 was 2.72 and �2.02 lm respectively,
324 that at Corner 2 was much lower, �15.08 and 14.70 lm
325 for Systems C and D. The deviations of the mechanical

326stages were still typically lower than that of the scanners,
327which can be explained with the scanners’ much higher
328processing speeds.
329The stitching accuracy of the machined fields along the
330Y-axis was measured only for System A due to the time
331constraints. Better stitching accuracy was observed at
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Fig. 9. Positional accuracy of beam deflectors along the X-axis in Test 1.
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Fig. 11. Positional accuracy of beam deflectors along the X-axis in Test 4.
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Fig. 12. Positional accuracy of beam deflectors along the Y-axis in Test 4.
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Fig. 13. Positional accuracy of mechanical axes along the X-axis in Test 2.
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Fig. 14. Positional accuracy of mechanical axes along the Y-axis in Test 2.
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332 Corner 1 compared to that at Corner 2 with values ranging
333 from 0.70 to 2.64 and �6.46 to �11 lm, respectively as
334 shown in Table 5.

335 3.4. Test 5

336 The positional accuracies of System A’s scan head when
337 structuring inclined surfaces either along X or Y-axis are
338 shown in Figs. 15–18. The deviation from the nominal val-
339 ues in X-axis greatly increased from 14 to 108 lm when
340 the surface was inclined along the same axis, whereas
341 positional accuracy along the Y varied only from �5 to
342 32 lm. Similar results were also observed when the plate
343 was inclined along Y-axis. In this case, the accuracy along
344 the X-axis was within 1.5–10 lm while that along Y varied
345 from �30 to 190 lm. It was further noticed that the accu-
346 racy of X-axis was typically better compared to that of Y.
347 This was in line with the observation from Test 1 on Sys-
348 tem A’s scan head accuracy.

349The accuracy deterioration in Test 5 can be attributed to
3503D calibration errors. For example, greater errors were
351observed in Figs. 15 and 16 along the inclined X-axis,

Table 4

Positional accuracies of the scan heads and mechanical stages along X in

Test 3.

Systems Corner Field 1 Field 2 Mechanical

axes

(D2–D1)

(lm)

(D4–D3)

(lm)

(D3–D2) (lm)

A 1 �4.74 3.17 �1.91

2 �5.81 2.84 �1.02

C 1 63.74 69.92 2.72

2 58.62 71.96 �15.08

D 1 12.46 54.06 �2.20

2 11.78 51.74 14.70

Table 5

Stitching accuracy along the Y-axis in Test 3.

System A Stitching accuracy (lm)

1st

trench

2nd

trench

3rd

trench

4th

trench

5th

trench

Corner 1 0.70 3.52 2.42 2.64 2.64

Corner 2 �6.46 �8.12 �8.32 �8.94 �11.0

20

40

60

80

100

120

Trench number

11th9th7th5th3rd

P
o
si

ti
o
n
al

 a
cc

u
ra

cy
 (

m
) 

in
 X

-a
x

is

 v=100 mm/s - corner 1

 v=100 mm/s - corner 2

 v=500 mm/s - corner 1

 v=500 mm/s - corner 2

 v=1500 mm/s - corner 1

 v=1500 mm/s - corner 2
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352 where each of the trenches was produced with a constant
353 Z-module focusing settings. This is illustrated in Fig. 19,
354 where no programmedmovements occurred in the Z direc-
355 tion; thus the dynamic capabilities of the Z-module should
356 not affect the trenches’ positional accuracy. Similarly, big-
357 ger positional errors were observed in Figs. 17 and 18 along
358 the inclined Y-axis, where trenches were again produced
359 without anymovements along the Z-axis. Although Figs. 16
360 and 18 exhibit that the accuracy slightly deteriorated with
361 the increase of laser scanning speed for the trenches
362 requiring programmed movements along the Z-axis, this
363 does not provide any conclusive evidences regarding the
364 Z-module’s performance in comparison to the X and Y

365 beam deflectors.

366 3.5. Test 6

367 The depths and diameters of the dimples produced on
368 surfaces normal and inclined to the incident beam are
369 shown in Figs. 20 and 21, respectively. With the increase
370 of the scanning speed, dimple depths remained typically
371 consistent within the range of 27–29 lm on the sample
372 normal to the incident beam. Similar results were also
373 obtained on the sample when inclined at 5� and 10�. How-
374 ever with the increase of the inclination angle (greater
375 than 10�), the dimple depths decreased gradually with
376 the increase of the scanning speed. This could be attributed
377 to the lower Z-module dynamics that led to a lag in execut-

378ing the programmed focusing movements along the Z-axis
379and consequently affected the machining results. The neg-
380ative effects were more pronounced at the higher inclina-
381tion angles, i.e. 15� and 20� where the depth of the focus
382(approximately 2.45 mmwith the used beam delivery con-
383figuration) could not compensate the inferior dynamics of
384the Z-module compared with that of the X and Y beam
385deflectors. In particular, these negative effects on the dim-
386ple depths are clearly observed at scanning speeds higher
387than 1 m/s when the samples were inclined at 15� and
38820� (see Fig. 20). For example, the dimple depths at a scan-
389ning speed of 2 m/s have been reduced to 25.5 lm and
39019.5 lm at the inclination angles of 15� and 20�, respec-
391tively. This statement regarding the Z-module’s perfor-
392mance is supported by the carried out Analysis of
393Variance (ANOVA) in Table 6. In particular, ANOVA shows
394that the inclination angle (h) had the highest contribution
395of 56.97% on the dimple depth, followed by an interaction
396of scanning speed (v) and h and the sole of effect of v, i.e.
39730.53% and 12.50% respectively.
398The diameters of the dimples, as shown in Fig. 21, grad-
399ually increased with the increase of scanning speed at all
400investigated inclination angles. Conversely, dimple diame-
401ters decreased with the increase of the angle at the lower
402processing speeds, i.e. 100 mm/s and 500 mm/s, however
403such a trend was not apparent at the higher scanning
404speeds, i.e. 1 m/s and 1.5 m/s. The increase of dimple diam-
405eter with the increase of processing speed is also clearly
406depicted in Figs. 22 and 23. This can be explained with
407the deterioration of dimples’ positional accuracy due to
408the lower Z-module dynamics compared with the X and
409Y beam deflectors. Especially, this results in shifting of
410pulses’ incident positions that leads to an increase of the
411dimple diameters. This is supported by the Analysis of
412Variance (ANOVA) for dimple diameters in Table 7. In par-
413ticular, the ANOVA results show that scanning speed was
414the significant influencing factor for the diameter increase
415with a PCR of 85.35% while inclination angle and the inter-
416action of v and h had PCRs of 6.58% and 8.07%, respectively.
417Based on the results for dimple diameters and depths in
418Test 6, it can be stated that the depth of focus could not

Fig. 19. Graphical representation of trenches produced along the inclined

X-axis. Note: when producing the trenches normal to the X-axis, the Z-

module is fixed at a certain Z setting throughout the machining of the

trenchs, while the Y beam deflector executes the machining movements.

In contrast, when producing the trenches normal to the Y-axis both the X

beam deflector and the Z-module simultaneously execute the machining

movements.
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Fig. 20. The plot of dimple depth produced on normal and inclined

surfaces to the incident beams at various scanning speeds in Test 6.
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419compensate completely the inferior Z-module dynamic at
420higher inclination angles and scanning speeds. Thus, it is
421necessary to investigate the Z-modules’ dynamic perfor-
422mance and its potential negative impact on 3D laser
423machining results. An experimental technique to conduct
424such investigation is reported in another study [18].

4253.6. Repeatability and reproducibility

426Pseudo-repeatability data of Systems A, C and D are pre-
427sented in Table 8. It compares the distance between 1st
428and 2nd trenches within the laser structured Fields 1 and
4292 in Test 3. Systems A and C exhibited a pseudo-
430repeatability in the range of 6.18–13.34 lm at the two cor-
431ners of the machined fields. However, pseudo-repeatability
432of the System D was much worse (in the range of 39.96–

Angle: 0°, Speed: 100 mm/s

(a) Avg. Dia.: 52.93 µm 100 µm

Angle: 0°, Speed: 1000 mm/s

(b) Avg. Dia.: 56.47 µm

Angle: 0°, Speed: 2000 mm/s

(c) Avg. Dia.: 55.04 µm

Fig. 22. Scanned images of dimples produced on a surface normal to the incident beam at three different scanning speeds: (a) 100, (b) 500 and (c)

1500 mm/s.

Table 6

Analysis of variance for dimple depths in Test 6.

Source Degrees of freedom Sum of squares Mean squares Fcalculated Ftabulated Percentage contribution ratio (PCR)

Scanning speed (v) 4 13.22 3.31 12.50

Angle of inclination (h) 4 60.27 15.07 4.55 6.38 56.97

v � h 16 32.30 2.02 0.61 5.84 30.53

Error 0

Pooled error 4 13.22 3.31

Total 24 105.79 100.00

At 95% confidence level.
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Fig. 21. The plot of dimple diameters produced on normal and inclined

samples to the incident beam at various scanning speeds in Test 6.
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433 41.60 lm), although the results within each field (Corners
434 1 and 2) were comparable.
435 The reproducibility of the optical axes of Systems A, C
436 and D was determined by comparing the distance between

4371st and 3rd trenches in Tests 1 and 3 as shown in Table 9.
438The results obtained solely with the scan heads were
439reproducible and ranged from 1 to 6 lm with only two
440exceptions.

Angle: 5°, Speed: 100 mm/s

(a) Avg. Dia.: 49.88 µm 100 µm

Angle: 5°, Speed: 2000 mm/s

(b) Avg. Dia.: 55.53 µm

Angle: 10°, Speed: 100 mm/s

(c) Avg. Dia.: 49.13 µm

Angle: 10°, Speed: 2000 mm/s

(d) Avg. Dia.: 54.97 µm

Angle: 15°, Speed: 100 mm/s

(e) Avg. Dia.: 49.60 µm

Angle: 15°, Speed: 100 mm/s

(f) Avg. Dia.: 53.85 µm

Angle: 20°, Speed: 100 mm/s

(g) Avg. Dia.: 48.53 µm

Angle: 20°, Speed: 2000 mm/s

(h) Avg. Dia.: 55.19 µm

Fig. 23. The dimples produced with two scanning speeds on the samples inclined to the incident beam at four different angles.

Table 8

Pseudo-repeatability data of different laser systems.

Systems Regions Test 3 Repeatability (lm)

Field 1 Field 2

Accuracy (lm) Accuracy (lm)

A Corner 1 �4.74 3.17 8.44

Corner 2 �5.81 2.84 8.65

C Corner 1 63.74 69.92 6.18

Corner 2 58.62 71.96 13.34

D Corner 1 12.46 54.06 41.60

Corner 2 11.78 51.74 39.96

Table 7

Analysis of variance for dimple diameters in Test 6.

Source Degrees of freedom Sum of squares Mean squares Fcalculated Ftabulated Percentage contribution ratio (PCR)

Scanning speed (v) 4 129.66 32.42 12.97* 3.01 85.35

Angle of inclination (h) 4 9.99 2.50 0.31 3.01 6.58

v � h 16 12.27 0.77 8.07

Error 0

Pooled error 16 9.99 2.50

Total 24 151.92 100.00

At 95% confidence level.
* Statistically significant.
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441 4. Conclusions

442 The following conclusions can be made based on the
443 carried out comparative study:

444 � The accuracy of the optical axes typically decreased
445 with the increase of nominal dimensions; however, it
446 should be noted that some systematic measurement
447 errors could have contributed to these results. At the
448 same time, the tests have shown that the calibration
449 of scan heads is very important and can substantially
450 improve the positional accuracy. Frequent calibrations
451 are essential for obtaining the desired level of machin-
452 ing accuracy, especially when any modifications in the
453 optical beam delivery configurations are made. Other
454 factors affecting the calibration include environmental
455 factors such as temperature, humidity and vibration,
456 as they can influence the laser beam pointing stability
457 and deteriorate the machining accuracy.
458 � The accuracy of the mechanical axes was much better,
459 generally in the range of ±2–4 lm, compared to that
460 of the optical axes. This could be partially attributed
461 to the much lower processing speed of the mechanical
462 stages, typically less than 100 mm/s, in contrast to that
463 of the scan heads, greater than 500 mm/s.
464 � The lower dynamics of Z-module affected the positional
465 accuracies of the beam delivery system when process-
466 ing inclined surfaces at different scanning speeds. The
467 deviation from the nominal value increases with the
468 increase of scanning speeds. Only at relatively lower
469 scanning speeds, the depth of focus can compensate
470 the inferior dynamics of Z-module to some extent, in
471 comparison to X and Y beam deflectors.
472 � Although the dimple depths were consistent when pro-
473 duced on a surface normal to the incident beam, their
474 diameters increased at higher processing speeds. In
475 contrast, dimple depths decreased with the increase of
476 inclination angles. This can be attributed to the lower
477 Z-module dynamics that affected the processing
478 efficiency.
479 � Although two of the systems produced repeatable
480 results with their scan heads, this was not the case for
481 the other system analysed in this study. However, all
482 systems were typically capable of rendering repro-
483 ducible results, i.e. achieving the expected precision
484 with their scan heads.
485
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