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Abstract
In biomedical applications, micro-channels are one of the important features and are often fabricated by laser ablation process.
However, laser-processed micro-channels exhibit crucial issues of heat-affected zone (HAZ), dimensional errors, and poor
surface quality. This paper investigates the influence of key laser process parameters on the dimensional accuracy and the surface
quality of the micro-channels fabricated on zirconia dental material. A full factorial based on design of experiment (DOE)
methodology was adopted for carrying out experiments in a pulsed Nd:YAG laser micro-milling. The process parameters
considered during machining were laser scanning speed, pulse frequency, and pulse intensity with four levels for each parameters
resulting into 64 individual experiments. Channel dimensional accuracy (depth error, top width error and taper angle), surface
roughness (Ra), and HAZ were considered as the performance criteria for the present study. The experimental results show that
the scanning speed and the pulse intensity and their interaction have the most influential effects on the depth error and HAZ.
Moreover, it was found that the pulse intensity controls Ra, and the top width error is mainly affected by the scanning speed. The
pulse frequency has the main effect on the channel taper angle, while its effects on other responses are negligible. The multi-
objective genetic algorithm (MOGA-II) was employed to determine the optimal parametric conditions for minimizing the ablated
depth errors and HAZ while putting the constraints on the minimum acceptable levels of the surface roughness, top width error,
and taper angle. The optimized solutions were obtained at the moderate levels of scanning speed and pulse intensities and low
levels of pulse frequencies.
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Adj MS Adjusted mean squares
Adj SS Adjusted sum of squares
ANOVA Analysis of variance
DE Depth error
DOE Design of experiments
F Pulse frequency
HAZ Heat affected zone
I Pulse intensity
LBMMP Laser beam micro-machining process
MOGA Multi-objective genetic algorithm
MRR Material removal rate
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1 Introduction

Nowadays, there is a continuously growing interest in the
process of micro-machining in developing of micro-features,
for example, micro-channels and micro-holes in various ad-
vanced ceramic materials such as alumina and zirconia. This is
due to the increasing demand for highly accurate miniaturized
and lightweight components for various applications such as
medical, aerospace, MEMS, and automotive. Among several
machined micro-features, the micro-channels are the typical
features that have several applications in microfluidic and
micro-technology systems and form the basis of the new bio-
medical devices. Zirconia dental material is very popular in
medical ceramics that has superior properties such as high
hardness, high strength at elevated temperatures, low density,
and high resistance to creep and wear, and chemical degrada-
tion. Owing to its excellent properties, zirconia dental has
acquired great importance in several medical applications
such as micro-fluidics, lab-on-chip, and a dental restoration
that relies on precision-machined micro-features [1, 2].
Despite its remarkable properties, zirconia dental material is
considered as a difficult-to-cut material by conventional ma-
chining processes such as turning, milling, and grinding due to
high brittleness and low fracture toughness. Moreover, prop-
erties of resistance to chemical degradation and poor electrical
conductivity act as an impediment in machining of zirconia
materials via chemical machining and electric discharge ma-
chining processes [3]. Ultrasonic machining was considered
as an alternative process for machining zirconia materials, but
it has its limitations such as high machining cost and low
material removal rate (MRR) [4–6].

Laser beam micro-machining process (LBMMP) provides
a new method of producing micro-features in a variety of
materials (including zirconia) regardless of their hardness,
thermal, and electrical properties. LBMMP is a thermal non-
contact, fast, easy to control, and flexible process. It has rap-
idly become inexpensive and can machine complex shapes
without the need of costly tooling [7–9]. Moreover,
LBMMP has the capability of producing micro-features (such
as micro-channels and micro-holes) on bio-ceramic materials
that have large applications in medical field such as micro-
fluidic, lab on a chip, and microbiology [9, 10]. Despite nu-
merous advantages, laser machining has some drawbacks
such as poor surface finish and accuracy, and heat-affected
zone (HAZ) is produced. Research must be conducted to over-
come these limitations of the laser machining to increase its
employability for micro-machining applications; for instance,
the HAZ adversely affects the bonding process in microfluidic
devices [11]. Several studies have been reported to study the
effects of laser micro-machining (includingmicro-milling, mi-
cro-drilling, and micro-turning) process parameters on the
quality of the resultant surfaces or geometrical micro-
features ablated on various ceramics materials. For example, Ta
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fabrication of micro-channels and micro-pits on ceramic
(Al2O3) surface was reported in [12], wherein Nd:YAG-laser
was applied to reduce the coefficient of friction of the ma-
chined substrates. In the study documented in [13], femtosec-
ond pulsed laser was applied for drilling blind and through
holes in titanium carbide ceramic. The results revealed that
laser intensity and the repetition rate have more effect on the
material removal rate and the quality of the machined micro-
holes. Chen et al. [14] developed a prediction model to inves-
tigate the effects of material properties and laser parameters on
the ablation depth and squared crater diameter per pulse of
micro-holes drilled on Al2O3 ceramics. The authors in [15]

used nanosecond laser to fabricate precise micro-feature on
yttria-tetragonal zirconia polycrystal ceramic. Different laser
parameters were investigated to achieve high-quality micro-
sized step (500 μm width, 100 μm depth) and blind hole
(500 μm dia, 379 μm depth). Results revealed that the MRR
of 1.35 mm3/min and the smooth machined surface with Ra =
2.824 μm roughness could be achieved under process param-
eters at 150 mm/s and 8.9 J/cm2 of scan speed and laser
fluence, respectively. A pulsed fiber laser was used to fabri-
cate 3D micro-pattering on alumina and aluminum nitride
materials by F. Preusch et al. [16]. The authors found that by
applying high pulse overlaps (89 and 84%) and fluence of
64 J/cm2, higher MRR can be produced while minimum sur-
face roughness of 1.5 μm can be obtained at medium pulse
overlapping (42 to 56%). Fabrication of micro-grooves on
green ZrO2 ceramic surfaces using Nd:YAG laser ablation is
reported by Yayun Liu et al. [17] wherein the effects of the
laser speed, frequency, and power was evaluated on the sur-
face quality and groove dimensions. Results indicated that
better surface quality of the grooves with a width of 30–
50 μm and a depth of 15–50 μm could be obtained with a
frequency below 40 Hz, power below 6 W, and scanning
velocity above 200 mm/s. Hanon et al. [18] studied the effects
of laser parameters including peak power, pulse duration, fo-
cal position, and pulse frequency on the dimensions and mi-
crostructure of the micro-holes drilled on alumina ceramic
using Nd:YAG laser. Results showed that for a single-laser
pulse application, peak power and pulse duration could be
effectively used for controlling the crater ablated depth. A
full-factorial design and analysis of variance (ANOVA) were
applied by Leone et al. [19] to detect the effects of fiber laser
parameters on MRR and surface roughness of the pockets

Table 2 Chemical composition and mechanical, optical, and thermal
properties of zirconia dental material used for experimentation

Property Value

ZrO2 +HfO2 + Y2O3 (%) ≥ 99.0
Y2O3 (%) 4.5–5.6

HfO2 (%) 1.8–2.2

Al2O3 (%) 0.03–0.07

Other oxides (%) ≤ 0.5
Flexural strength (MPa) 1200

Vickers hardness (HV 0.5) 1250

Young’s modulus (GPa) 210

Density (g/cm3) ≥ 6.07
Fracture toughness, KIC (MPa m−1) 12

Refractive index for 3 mol% Y-TZP 2.214

Birefringence, for 3 mol% Y-TZP 0.038

Thermal expansion coefficient,WAK 20–600 °C (10–6 K−1) 10.7

melting point (°C) 2700

Fig. 1 Schematics of the laser processing setup used in experiments
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milled on Al2O3. The research documented in [20] analyzed
the effect of laser parameters on the quality of drilled micro-
holes in alumina ceramics. The authors concluded that circu-
larities of the hole at entrance and exit were substantially af-
fected by the hole diameter and laser power, whereas the heat-
affected zone and slope/taper of the side walls were influenced
by the frequency and laser power.

Regarding the optimization of laser parameters, only few
research studies were found in optimizing of laser micro-
machining parameters of advanced ceramic materials.
Kibria et al. [21, 22] employed gray relational coefficient
and response surface methodology to minimize surface
roughness and depth variation in laser micro-turning of alu-
mina. Umer et al. [23] applied multi-objective genetic algo-
rithm optimization tool for minimizing the surface roughness
and maximizing the MRR of the pockets milled on alumina
ceramic by employing Nd:YAG laser process. A gray
relational-grade technique was used in to minimize the
taperness and HAZ widths of the micro-holes drilled on alu-
mina materials [24] and zirconium ceramic materials [25] by
using a pulsed Nd:YAG laser process. Response surface
methodology was used as an optimization tool in [26] where
authors applied it to minimize the taper and depth deviations
of laser micro-grooving ablated on aluminum titanate
(Al2TiO5). Other research works in the optimization of laser
parameters in machining of metals and alloys can be found in
[27–30]. Multi-objective particle swarm was applied in the

research documented in [27] to optimize laser process param-
eters while fabricating micro-channels on AISI H13 tool
steel. Taguchi methodology along with gray relational analy-
sis method was employed to minimize the HAZ and the
redeposited materials of micro-channel fabricated on
PMMA using Nd:YAG laser process [28]. Response surface
methodology (RSM) was employed to optimize the laser pa-
rameters (scanning speed, pulse frequency, and laser intensi-
ty) in the research represented in [29]. The authors applied
RSM to minimize the micro-channel dimensional errors of
various sizes fabricated on Inconel 718 alloys. Regression
analysis was performed to minimize micro-pocket surface
quality fabricated on titanium alloy sheets using Nd:YVO4
laser [30]. Table 1 summarizes the studies which employed
various optimization techniques for optimizing the laser pa-
rameters while machining different materials.

From the above literature survey, it can be seen that very
few studies have been reported on the micro-machining of
zirconia ceramic with no research found in the open literature
on the laser micro-channeling of zirconia dental. Furthermore,
the effect of laser parameters on the heat-affected zone (HAZ)
produced in zirconia has not been investigated before. In the
present work, an experimental investigation is conducted on
pulsed Nd:YAG laser micro-channeling of zirconia dental with
the key focus on minimizing the micro-channel dimensional
errors, surface roughness (Ra), and heat-affected zone (HAZ)
by employing a multi-objective genetic algorithm (MOGA-II).
Three independently controllable input parameters, namely,
scanning speed (V), pulse frequency (F), and pulse intensity
(I) are considered during the experiments with four levels for
each parameters resulting into a total of 64 experiments.

Fig. 2 Laser micro-channels
machined on zirconia dental. a 3D
schematic of micro-channels. b
Samples of ablated micro-
channels

Fig. 3 Schematic of the track displacement, overlap, and spot size

Table 3 Range of the laser input parameters used in the final
experiments

Factors Levels

1 2 3 4

Scanning speed (V), mm/s 100 200 300 400

Pulse frequency (F), kHz 5 8 11 14

Pulse intensity (I), % 87 90 93 96

2216 Int J Adv Manuf Technol (2018) 98:2213–2230



2 Materials and methods

Zirconia dental (Yttria-stabilized zircon, ZrO2-Y2O3) was
utilized as the workpiece material from CeramTec
Germany. It is a bio-inert ceramics which combines excel-
lent strength and toughness, excellent esthetics, high resis-
tance to corrosion, and absence of allergic reaction [31]. All
the zirconia dental samples used in the experiments were of
the dimension 50 mm × 50 mm × 10 mm. The chemical
composition and mechanical, optical, and thermal proper-
ties of as-received zirconia dental material are provided in
Table 2.

Lasertec-40 fromDMGMori Sieki was used for machining
of the micro-channels. This machine has the capability of
producing continuous pulsed waves with a wavelength of
1064 nm, pulse width of 10 μm, and average power of
30W. The laser setup mainly comprises a Nd:YAG rod which
serves as the lasing medium, flashing lamp as a pumping
source, and a Q-switch for pulsing. The schematic of the laser
setup is illustrated in Fig. 1.

The micro-channel dimensions selected in this study were
6 mm× 0.4 mm× 0.7 mm along X, Y, and Z directions respec-
tively as shown in Fig. 1 which refer to commonly used micro-
channel dimensions in micro-fluidics application [32–35]. The
micro-channels were machined on the samples such that each
adjacent channel was machined at a distance of 1.5 mm from
the edge of the previously machined channel as shown in
Fig. 2a. The distance of 1.5 mm was selected based on the
results of the trial experiments where no overlap of the HAZ
was found in the consecutive channels when observed under
the scanning electron microscope (SEM). Moreover, a gap of
1.5 mm was also used in a previous study during laser fabri-
cation of micro-channels of similar dimensions in ceramic-
based material [36]. This arrangement allows studying the dis-
tinct effects of the process parameters without any interference
of the thermal effects from the surrounding channels. The 3D
schematic of the machined micro-channels and the samples of
the micro-channels are presented in Fig. 2a, b respectively.

The experiments were conducted based on full-factorial
design, and the analysis of variance (ANOVA) was performed

Fig. 4. a 3D profilometer
(DektakXT Stylus Profiler) used
in this study. b Typical sample of
2D profile of ablated micro-
channel labeled with all
geometrical characteristics
analyzed in this study. c Sample
of channel top view shows HAZ

Int J Adv Manuf Technol (2018) 98:2213–2230 2217



using the Minitab software V17. The primary objective of
factorial design and ANOVA tests were to detect the leading
effects as well as the interaction of the selected input param-
eters on the output responses. Three main laser input param-
eters, namely, scanning speed, pulse intensity, and pulse fre-
quency, were used as the input parameters with four levels
each. The scanning speed is defined as the rate of travel of
the laser beam on the workpiece, the laser intensity governs
the quantity of the heat energy penetrating in the target sur-
face, and the laser pulse frequency controls the number of
laser pulses per second. Other laser input parameters were
kept constant at appropriate levels. These parameters include
the depth of the material removed in one scan (layer thick-
ness = 2 μm), the laser track displacement (10 μm) the offset
between the laser spots of the two adjacent scan lines (see
Fig. 3), and the diameter of the laser spot size (30 μm).
Also, the laser scanning pattern was fixed as random scanning
direction [23]. The pulse overlap (see Fig. 3) can be controlled
by the spot size, the scanning speed, and the pulse frequency.

Selecting the range of the variable laser input parame-
ters is crucial before performing the actual experiments.
Firstly, the ranges of the laser process parameters were
selected based on previous studies reported on laser ma-
chining of similar bio-materials [15, 17, 19, 37]. Then,
preliminary experiments were performed (see Fig. 2b) to
decide the actual levels of the process parameters that were
later used to conduct the final experiments. It should be
noted that the results from the preliminary experiments
showed that the intensity values lower than the 87%, the
frequencies higher than 14 kHz, and the scanning speed
above 400 mm/s produce very low energy per unit area
resulting in no ablation. On the other hand, the scanning
speed lower than 100 mm/s, the pulse frequency less than
5 kHz, and the pulse intensity higher than 96% result in
uncontrollable material removal due to an excessive in-
crease in the energy per unit area and increase the dimen-
sional errors and surface roughness. The selected levels of
the laser input parameters for the final experiments are
presented in Table 3.

The ablated micro-channels’ geometries and the surface
roughness were measured by using a 3D profilometer
(DektakXT Stylus Profiler) from Bruker, USA, equipped
with an inductive gauge of 12.5 μm radius diamond stylus
(see Fig. 4a). To capture the 2D profile of the micro-channel,
ten profiles were scanned at random locations across the
length of the channel with a resolution of 0.03 μm and scan-
ning speed of 5 μm/s. Then, the average of ten scanned pro-
files was used to measure the depth (D), top width (TW),
taper angles (θ), and the surface roughness (Ra). Figure 4b
shows a typical sample of the 2D profile of machined micro-
channel labeled with all geometrical characteristics (D, TW,
and θ). Later, the depth error (DE) and the top width error
(TWE) and the taper angle (θ) were analyzed to evaluate the

channel dimensions. DE and TWE were calculated by using
Eqs. (1) and (2), respectively:

DE ¼ ⃒DD −D ⃒ ð1Þ
TWE ¼ ⃒DTW − TW ⃒ ð2Þ

whereDD is the desired depth (400 μm),D is the actual depth
measured after machining, DWT is the desired top width

Select channel’ cross-
section and size 

Medical 
application 

Optimization 
analysis

Select input 
parameters and 

their levels 
(broad range)

Previous 
studies

Optimized 
parameters 

Select 
responses

Responses 
analysis

Main 
effects 

SEM 
analysis

ANOVA 
tables

Conduct Final 
experiments

Channel geometry (DE, 
TWE, θ), Ra, and HAZ

MOGA-II

Full factorial 
design

Laser micro-channeling 
on zirconia dental 

Significance

Yes

No

Select input 
parameters and 

their levels 
(precise range)

Conduct pre-liminary 
experiments

Interaction 
effects 

Fig. 5 Research methodology
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Table 4 DOE runs for the experimental plan

Exp. no. Input parameters Responses

V (mm/s) F (kHz) I (%) DE (μm) TWE (μm) θ (0) Ra (μm) HAZ (μm)

1 200 11 87 298.5 5.0 17.23 7.16 55.45

2 400 8 87 335.0 86.4 13.7 8.23 39.17

3 400 11 90 201.3 4.7 14.3 4.21 65.14

4 200 14 87 287.9 69.7 17.36 6.15 49.21

5 100 14 96 363.8 142.1 19.45 2.13 92.7

6 300 5 87 311.6 9.9 17.4 6.56 68.84

7 300 14 87 320.2 6.5 19.25 5.96 54.8

8 400 14 93 206.6 56.4 15.05 4.07 81.26

9 200 8 96 87.9 62.4 13.85 2.7 91.7

10 200 14 96 84.4 56.5 19.32 3.67 136.7

11 200 11 90 198.8 62.9 15.78 4.33 91.51

12 400 11 87 343.7 58.0 14.15 8.56 35.21

13 400 5 96 127.7 45.8 18.25 2.65 132.2

14 100 11 90 21.5 96.5 12.25 3.32 101.82

15 100 8 90 45.1 85.6 11.35 3.95 109.42

16 100 8 87 201.1 139.8 7.52 4.85 95.31

17 400 5 87 330.9 56.4 12.45 7.87 61.32

18 300 8 93 237.0 9.4 12.35 5.2 60.65

19 100 5 93 361.0 191.6 13.7 3.01 121.25

20 100 14 93 292.1 121.3 17.65 4.32 112.21

21 400 11 96 147.7 53.2 17.5 2.86 125.94

22 300 8 96 90.4 2.4 12.54 2.96 98.74

23 200 5 90 203.5 56.3 14.25 4.84 95.21

24 400 8 90 198.5 52.1 15.25 3.95 57.1

25 400 14 87 245.3 78.5 16.55 2.95 37.21

26 300 5 96 56.8 12.5 17.56 3.25 95.94

27 200 11 96 107.9 51.9 18.25 2.92 75.85

28 300 11 93 195.6 20.5 13.6 2.45 119.6

29 400 5 93 189.4 19.5 14.21 4.51 99.9

30 400 8 96 136.8 50.1 12.53 2.78 77.65

31 100 11 96 301.7 148.0 20.1 2.42 161.17

32 400 14 96 159.7 61.9 12.15 2.44 127.95

33 200 14 93 93.5 62.2 16.25 4.12 102.2

34 200 8 93 173.5 56.9 16.05 4.67 70.9

35 100 8 93 345.2 189.9 17.85 2.39 90.7

36 100 14 87 241.1 109.8 17.32 4.85 109.9

37 200 5 93 50.2 96.2 15.77 3.45 98.5

38 300 8 90 157.5 69.5 19.65 3.69 95.32

39 300 8 87 311.2 13.5 16.25 5.54 109

40 200 5 96 77.9 85.9 17.25 2.85 102.87

41 400 5 90 184.3 12.9 17.62 3.94 67.91

42 100 11 93 321.0 161.9 25.5 3.13 100.1

43 200 5 87 208.5 41.0 11.35 5.17 69.84

44 300 5 90 130.8 20.5 15.21 3.78 59.82

45 400 14 90 220.4 53.6 15.3 2.41 59.54

46 300 5 93 218.2 18.2 11.15 6.11 109.82

47 200 8 90 192.8 21.0 9.8 3.93 124.85
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(700 μm), and TW is the actual top width measured after
machining. The taper angle (θ) was defined as the slope be-
tween the side wall of the channel and the normal to the chan-
nel bed (see Fig. 4b). Arithmetic mean surface roughness (Ra)
was evaluated directly at the bottom of each of the ten profiles
(channel bed, see Fig. 4b), and the averaged value from the ten
profiles was used for further analysis. Heat-affected zone
(HAZ) has important influence on the micro-channeling of
the zirconia dental ceramics, which can induce the forming
of micro-cracks on the surface which will poorly affect the
bonding process in micro-fluidic devices. It is formed around

the channels by the reasons of the laser with high energy
density, vapor blast ejections of melts ceramics, and rapid
condensation [11, 17]. Therefore, it is necessary to control
the production of heat-affected zone. In this study, optical
microscopic (mikroskop technik rathenow from Askania
Co.) is used to measure the average HAZ width at different
laser parameters. Figure 4c illustrates the diagram of the mea-
sure of the HAZ width which can be visualized surrounding
the micro-channels.

Scanning electron microscope (SEM) from JEOL, Japan
(Model JSM–7600F) was utilized to conduct the surface

Table 5 ANOVA table for depth error (DE) and top width error (TWE)

Source DF Depth Error (DE) Top width error (TWE)

Adj SS Adj MS F-Value P Value Adj SS Adj MS F-Value P value

Model 36 2,420,425 67,234 70.73 0.000 266,298 7397.2 5.26 0.000

Linear 9 2,006,959 222,995 234.59 0.000 225,926 25,102.9 17.83 0.000

V 3 1,231,234 410,411 431.74 0.000 212,084 70,694.8 50.22 0.000

F 3 7772 2591 2.73 0.064 2803 934.5 0.66 0.582

I 3 767,954 255,985 269.29 0.000 11,039 3679.6 2.61 0.072

Two-way interactions 27 413,466 15,314 16.11 0.000 40,372 1495.3 1.06 0.438

V × F 9 7657 851 0.90 0.543 9480 1053.4 0.75 0.663

V × I 9 397,831 44,203 46.50 0.000 21,758 2417.6 1.72 0.133

F × I 9 7978 886 0.93 0.514 9133 1014.8 0.72 0.686

Error 27 25,666 951 38,005 1407.6

Total 63 2,446,091 304,303

Table 4 (continued)

Exp. no. Input parameters Responses

V (mm/s) F (kHz) I (%) DE (μm) TWE (μm) θ (0) Ra (μm) HAZ (μm)

48 200 11 93 82.3 76.2 17.55 3.94 63.1

49 100 5 87 201.1 139.8 14.35 4.31 100.97

50 300 11 87 318.2 2.1 15.24 5.21 75.85

51 300 14 93 126.5 6.7 13.2 3.8 114.7

52 100 11 87 201.5 125.4 18.25 4.95 73.6

53 400 11 93 209.4 20.5 13.55 5.42 59.95

54 100 5 96 445.3 159.1 16.45 3.35 155.3

55 200 8 87 226.6 70.7 16.45 5.47 43.6

56 200 14 90 249.9 26.3 16.24 4.57 167.45

57 100 8 96 385.1 85.1 15.15 2.9 174.24

58 100 14 90 1.5 116.5 12.65 3.52 95.4

59 300 14 96 77.0 8.8 15.2 3.25 125.85

60 300 11 90 173.1 30.5 16.84 3.29 79.67

61 100 5 90 27.5 96.5 15.25 3.49 115.21

62 300 14 90 170.4 59.5 14.24 3.57 88.55

63 400 8 93 196.6 16.4 18.54 3.84 74.85

64 300 11 96 96.8 102.5 16.94 3.87 65.35
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morphology analysis. Methanol was used to clean the de-
bris from the ablated micro-channels before the SEM anal-
ysis. Since ceramics do not respond well to the electron
beam for forming the image in SEM, the platinum coating
was applied to the machined sample to improve their vis-
ibility during the surface morphology analysis. Figure 5
shows the research methodology followed in the current
study.

3 Results and analysis

Table 4 shows the experimental results of 64 runs obtained
from full-factorial design for the selected input parameters and
the corresponding output responses.

3.1 ANOVA and response surfaces results

The ANOVA test was performed to check the significance of
the laser input parameters (V, F, I) on the output responses
including DE, TWE, θ, Ra, and HAZ. The ANOVA results
for the selected outputs are shown in Tables 5, 6 and 7. For
each input parameter or the combination of the input parame-
ters, the ANOVA tables list (i) the degrees of freedom (DF),
(ii) the adjusted sum of squares (Adj SS), (iii) the adjusted
mean squares (Adj MS), (iv) the F-value, and (v) the p value.
During the ANOVA, the significance of the parameters or
their combinations was accessed based on the p value. The
ANOVA was conducted with a confidence interval of 95%
(α = 0.05). Therefore, an input parameter or its interaction
was regarded as significant if the p value was < 0.05. The
normality of the residuals was checked graphically to satisfy
the conditions of the ANOVA [38]. To enhance the readability
of the ANOVA tables, the p value of the significant input
parameters or their interactions has been presented in the italic
text. It should be noted that no third-order interactions of the
input parameters had any significant effect on any of the

Table 6 ANOVA table for taper angle (θ) and surface roughness (Ra)

Source DF Taper angle (θ) Ra

Adj SS Adj MS F-Value P value Adj SS Adj MS F-Value P value

Model 36 367.965 10.221 1.88 0.047 109.321 3.0367 3.86 0.000

Linear 9 83.615 9.291 1.70 0.137 82.469 9.1632 11.66 0.000

V 3 7.220 2.407 0.44 0.725 7.856 2.6188 3.33 0.034

F 3 52.791 17.597 3.23 0.038 1.995 0.6650 0.85 0.481

I 3 23.604 7.868 1.44 0.252 72.618 24.2059 30.79 0.000

Two-way interactions 27 284.350 10.531 1.93 0.046 26.852 0.9945 1.26 0.273

V × F 9 64.099 7.122 1.31 0.279 14.148 1.5720 2.00 0.079

V × I 9 141.202 15.689 2.88 0.016 8.706 0.9673 1.23 0.318

F × I 9 79.050 8.783 1.61 0.162 3.998 0.4442 0.57 0.813

Error 27 147.153 5.450 21.227 0.7862

Total 63 515.118 130.548

Table 7 ANOVA table for heat-affected zone (HAZ)

Source DF HAZ

Adj SS Adj MS F-Value P value

Model 36 50,234 1395.4 3.04 0.002

Linear 9 32,005 3556.2 7.74 0.000

V 3 11,875 3958.3 8.61 0.000

F 3 2020 673.3 1.46 0.246

I 3 18,111 6036.9 13.13 0.000

Two-way interactions 27 18,228 675.1 1.47 0.162

V × F 9 4881 542.4 1.18 0.346

V × I 9 10,305 1145.1 2.49 0.032

F × I 9 3041 337.9 0.74 0.674

Error 27 12,410 459.6

Total 63 62,644 Fig. 6 ANOVA spline relative strength of input variables and their
interactions for all responses
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outputs, and these were not considered in the analysis. The
results of ANOVA regarding the channel dimensional accura-
cy indicate that the depth error (DE) is affected by scanning

speed (V) and pulse intensity (I) and their interactions (V × I)
as shown in Table 5. This is due to the reason that when the
material is irradiated at various scanning speeds and different

Fig. 7 Response surface plots, effects of the indicated process parameters on the a depth error (DE), b width error (TWE), c taper angle (θ), d surface
roughness (Ra), e heat-affected zone (HAZ)
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pulse intensities, the available energy and temperature re-
quired to melt and vaporize the material varies. This causes
a significant variation in the ablated depths [3, 39]. On the
other hand, the top width error (TWE) is affected only by
the scanning speed (Table 5) while neither the scanning speed
nor the pulse intensity has effects on the taper angle (θ) as a

single factor. However, the interaction of the scanning speed
and pulse intensity have significant effect on θ as depicted in
Table 6. This is because when the machined depth goes deeper
at high laser intensity and low scanning speed, the laser looses
its energy and it becomes difficult to eject the fused mass
effectively, which reduces the bottom width and as a result

Fig. 8 SEM micrographs of the micro-channels ablated at a, b high and low levels of scanning speed (V), c, d high and low intensity levels of pulse
frequencies (F), and e, f high and low levels of the pulse intensity (I)
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Fig. 9 Surface roughness profile
of a Exp. no. 5, b Exp. no. 6, c
Exp. no. 24, and d Exp. no. 57
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increases the taper angle [36]. Moreover, pulse frequency has
significant effect on taper angle (θ) (Table 6). The results of
ANOVA concerning the surface roughness (Ra) and HAZ
specify that V and I have a significant influence on both Ra
and HAZ (Tables 6 and 7). The low laser energy caused more
unmoltenmaterials accumulated at the bottom andwalls of the
ablated channel which makes the channel surface rougher.
Moreover, at higher pulse intensity (I) and lower scanning
speed (V), the HAZ width increases due to increase in the
surface temperature of the substrate. Furthermore, the HAZ
was found to be affected by the interaction (V × I) as shown in
Table 7.

The ANOVA tables are valuable tools for identifying the
statistical importance of the selected input parameters and
their interactions. Nevertheless, the ANOVA does not contrib-
ute towards quantifying the relative effect of input parameters
on the output responses. These aspects can be analyzed by
using the ANOVA spline relative strength (Fig. 6) and re-
sponse surfaces (Fig. 7). Figure 6 shows the relative strength
of the significant input parameters and their interactions as
computed by using the means of smoothing spline ANOVA
in Mode Frontier® software for DE, TWE, θ, Ra, and HAZ.
Figure 7 demonstrates the response surfaces using radial basis
functions which show how the most significant input param-
eters affect all responses.

As can be seen in Fig. 6, the pulse intensity (I), the scanning
speed (V), and their interaction (V × I) are the most dominant
factors affecting the depth error (DE) as their relative strength
values are higher compared to other input parameters. It is
evident that the minimum depth of error can be found at mod-
erate levels of scanning speed (200–300 mm/s) and low levels
of pulse intensity (89–90%) as shown in Fig. 7a. The worst
value of DE (> 90 μm) is obtained at higher levels of I and V
(Fig. 7a). The 3D views of SEM images (Fig. 8a, b) show that
there are sound changes in the ablated depth of the micro-
channels machined at high and levels of scanning speed when
other input parameters are kept constant. This is because high
scanning speed leads to the reduction in the target material
surface temperature which leads to obtaining undersized
depth. In contrast, low scanning speed leads to an increase
in laser efficiency which results in ablating oversized depth
[15]. Among all input parameters, the scanning speed was
found to be the most significant factor affecting the top width
error (TWE), whereas other input parameters show the negli-
gible effect on TWE as elaborated in Fig. 6. The TWE is at
minimum at moderate scanning speed as displayed in Fig. 7b.
The taper angle (θ) of the machinedmicro-channels is affected
by all input parameters (V, I, and F) and their interactions. The
effect of pulse frequency (F) is considerably higher in com-
parison with the pulse intensity and scanning speed. Figure 7c
shows that taper angle increases with increasing pulse fre-
quency. This is attributed to the fact that as the pulse frequency
increases, the pulse overlap decreases and this leads to

decrease in laser energy which results in less bottom depth
to be ablated and consequently obtaining high taper angle
(see Fig. 8c, d). Figure 6 shows that the pulse intensity mostly
controls the surface roughness (Ra). Ra increases with de-
creasing of pulse intensity as shown in Fig. 7d. This is due
to the reason that at lower pulse intensity, the mean tempera-
ture of the ablated channels decreases and hence the molten
material decrease, which leads to a rougher channel surface
[40], as shown in Fig. 8. In contrast, at high pulse intensity, the
higher temperature achieved on the target surface, the higher
the molten materials are which results in smooth surfaces
(Fig. 8f). Overall, the optimal area of Ra (minimum Ra) cor-
responds to high pulse intensity and low scanning speed [37].
The surface roughness profile of the micro-channels ablated at
different parametric combinations is shown in Fig. 9a–d. It is
obvious that the roughness profiles vary with the variation of
the laser input parameters. For instance, the value of Ra in-
creases from 2.06 μm at high pulse intensity (I) of 96% (see

Fig. 10 Optimization process-flow using MOGA-II

Table 8 Optimization model used for the study

Objective functions 1. Minimize depth error (DE)
2. Minimize heat affected zone (HAZ)

Constraints 1. Top width error (TWE) < 12.0 μm
2. Taper angle (θ) < 16.0°
3. Surface roughness (Ra) < 6.0 μm
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Fig. 9a) to reach 6.56 μm at low I of 88% as shown in Fig. 9b.
On the other hand, the value of Ra decreases from 3.95 to
2.9 μm when the scanning speed decreases from 400 to
100 mm/s as presented in Fig. 9c, d. Finally, the heat-
affected zone (HAZ), as expected, is highly dependent on
pulse intensity and scanning speed and their interaction (V ×
I) (see Fig. 6). As shown in the Fig. 6, the effect of pulse
intensity is higher as compared to the scanning speed. The
maximum value of HAZ can be found at a higher intensity
and lower scanning speed (Fig. 7e). It is also pronounced that
the HAZ width is significantly high and clearly visible at a

higher intensity (Fig. 8e) compared to at low intensity (Fig. 8f)
in which the HAZ is very difficult to be observed. The is
because the high pulse intensity generates high thermal ener-
gy, which produces higher HAZ width [24].

3.2 Optimization results

The optimization problem is expressed to minimize the depth
error (DE) and heat-affected zone (HAZ) width of the ablated
micro-channels at a time. The optimization algorithm utilized
the response surfaces based on radial basis functions to predict

Fig. 12 A 4D bubble chart
showing the design points
obtained with variables of DE,
HAZ, Ra, and taper angle

Fig. 11 A 3D bubble chart
showing the design points
obtained with the output variable
of TWE (A, B, C, D are some of
the selected optimal points)
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responses for a particular design point. The upper limits are set
for the remaining output parameters as constraints. Top width
error greater than 12 μm, taper angle more than 16°, and
surface roughness (Ra) greater than 6 μm are regarded as an
unfeasible solution in the optimization. The Ra value of 6 μm
was selected based on the requirement of the femoral heads
and cups made from zirconia and is considered to be sufficient
to ensure long-term stability of the implants [41, 42]. The
other constraint values were taken such that the overall opti-
mization problem should be completed with the proposed
methodology in a reasonable amount of time. If more tight
values of the constraints were selected, most of the runs would
be found unfeasible, and the problem would be computation-
ally costly. On the other hand, the too relaxed constraint would
make the choice of the optimal solution more difficult. The
optimization model (i.e., objective functions and the con-
straints) is represented in Table 8. The process flow for the
optimization problem is developed using Mode Frontier®
program as depicted in Fig. 10.

MOGA-II (Multi-objective genetic algorithm-II) is select-
ed for the optimization problem. It is based on a new multi-
search elitism method that improves its efficiency. This new
search method can preserve some better solutions and avoid
premature convergence to local optima.Most of theMOGA-II
parameters are internally set by the optimization program, and

the user has to put few basic parameters. The total number of
design points are equal to the product of no. of generations and
number of design points in the DOE table. More information
regarding MOGA-II can be found in [43].

A total of 700 generations has been processed using
MOGA-II. The design points obtained are shown in Figs. 11
and 12 using bubble charts. The real design points correspond
to the experimental runs, and the response surfaces predict the
virtual runs.

Figure 11 shows the total design points expressed relative
to the two objective functions, i.e., depth error (DE) and heat-
affected zone (HAZ). The top width error (TWE) is signified
by the size of the bubbles. It is clearly evident that high DE
and higher HAZ corresponds to higher TWE obtained and
vice versa. The design points with the lowest DE have mod-
erate intensities, low scanning speed, and higher frequencies.
Similarly, lower HAZ is obtained with low-intensity values,
higher scanning speeds, and moderate to high frequencies.
The top right area with high DE and HAZ is characterized
by higher intensities, low to moderate frequencies, and lower
scanning speeds. Since the aim of the optimization study is to
minimize the DE and the HAZ, the design points correspond-
ing to the lower left area of the bubble chart will be chosen for
the optimal solutions. A Pareto-front can be marked in Fig. 11
connecting the optimal design points from A to D.

Fig. 13 A parallel coordinate
chart for the analysis of laser
micro-milling parameters

Table 9 Optimum design points

ID Scanning speed
(mm/s)

Pulse intensity
(%)

Pulse frequency
(kHz)

Depth error
(μm)

Top width
error (μm)

Taper angle (θ) Ra (μm) HAZ (μm)

A 250 96 6 8.60 5.02 15.55 3.06 94.60

B 300 90 5 32.70 2.93 15.21 3.78 59.82

C 400 90 8 49.62 7.44 15.25 3.95 57.10

D 400 87 13 68.85 9.33 15.83 4.63 37.17
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Figure 12 shows four variables at a time using a 4D bubble
chart. Here, the diameter of the bubbles represents taper angle
(θ) whereas the colors represent the surface roughness (Ra).
The effect of Ra on DE is clearly demonstrated in the 4D chart
as the high Ra area corresponds to higher DE. These design
points are characterized by low intensities, high scanning
speed, and moderate frequencies. Similarly, low HAZ corre-
sponds to higher Ra and low to moderate taper angle. The top
right area of Fig. 12 contains design points with low Ra and
moderate taper angle. They are associated with high intensi-
ties, low scanning speed, and moderate frequencies. In gener-
al, taper angle variation is not high, and most of the values lie
in between 13 and 18°. This can be visualized by variation in
the size of the bubbles in Fig. 12.

The relationships between all input and output variables can
be visualized using a parallel coordinate chart as shown in
Fig. 13. Most of the unfeasible design points are linked to ex-
treme intensities, low scanning speed, and high pulse frequency
leading to high HAZ and high depth error. Optimum results are
found with moderate intensities and scanning speed and low
frequencies. Some of the optimal design points are listed in
Table 9. Out of the four optimal design points, the design points
B and C are real and correspond to the original DOE matrix.

It can be concluded from the above discussions that the
laser intensity mostly controls the channel’s depth dimension-
al accuracy and heat-affected zone, followed by scanning
speed and pulse frequency. This observation is matched with
the results obtained by ANOVA (see Fig. 6). To get good
dimensional accuracy and low HAZ for deeper channels,
low to moderate intensity could be selected with a higher
number of laser scan. Higher scanning speeds result in poor
surface finish but give low HAZ values. The effect of frequen-
cy is not straightforward but for the designed micro-channels,
low to moderate frequencies are recommended.

4 Conclusions

In the present paper, an experimental study based on design of
experiments (DoE) was carried out for fabricating micro-
channels in zirconia dental by using Nd:YAG pulsed laser.
ANOVA tables, response surfaces, and SEM micrographs
were used to analyze the effects of key input laser parameters
on the dimensional accuracy and the surface quality of the
ablated micro-channels. Moreover, multi-objective genetic al-
gorithm (MOGA-II) optimization was applied to minimize the
ablated depth error (DE) and the heat-affected zone (HAZ) of
the micro-channels. Based on the overall analysis, the follow-
ing conclusions can be drawn:

& The channel dimensional error (DE and TWE) are mostly
influenced by laser beam scanning speed, pulse intensity,
and the interaction between them.

& The effect of pulse frequency is significant on the taper
angle, and its effects are negligible on DE and TWE.
However, the effect of pulse frequency is minimal as com-
pared to the scanning speed and pulse intensity.

& The surface roughness (Ra) is mainly controlled by laser
scanning speed and laser pulse intensity. Ra is directly
proportional to scanning speed and inversely proportional
to pulse intensity.

& The heat-affected zone (HAZ) width increases with in-
creasing of substrate temperature that is at higher pulse
intensity and lower scanning speed.

& Multi-objective optimization is successfully carried out by
the MOGA-II algorithms, and the optimized solutions are
consistent with the ANOVA results. However, laser
micro-milling is a complicated process, and it is not easy
to find the proper combination of process parameters to
achieve different quality outputs.

& Optimal solutions are characterized by moderate intensity
values. For good dimensional accuracy and low Ra, low
scanning speeds and pulse frequencies are recommended.
In contrast, lower HAZ values are obtained with higher
scanning speeds and frequencies.

& The current study provides the optimized sets of laser
parameters that can be employed for the fabrication of
the micro-channels with high dimensional accuracy, min-
imum heat-affected zone, and acceptable surface finish for
several biomedical applications.
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