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Abstract Fuzzy-based Taguchi methods were used to opti-
mise the parameters for the CO2 laser machining of timber. An
orthogonal array, the signal-to-noise (S/N) ratio, and the anal-
ysis of variance (ANOVA) are employed with reference to
process factors. Combining the Taguchi method and fuzzy
logic, using the multiple performance characteristics index
(MPCI), allowed determining the optimal combination of fac-
tors for cutting the timber. The confirmatory test was per-
formed to verify the estimated response.
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1 Introduction

Lasers are often used to carve, cut drill and weld; because of
their broad applicability [1], their small thermal diffusivity and
its graphics can be processed by computer software design.
Therefore, laser processing is worthy of being a reference
method. Timber has been traditionally cut using a disc sander,
jigsaw or other mechanical processes; however, these tech-
niques are unable to cut complex shapes and are prone to tool
abrasion. By contrast, using lasers to cut timber produces sat-
isfactory results and avoids tool abrasion, but is prone to
scorching. Therefore, this study applied the Taguchi method

to determine the optimal cutting width and depth to process
timber using a laser, aiming to reduce scorching and other
undesirable phenomena.

Juan Carlos et al. [2] determined that the moisture content
affected the laser cutting of timber, and the timber tracheids
determined the cutting direction. Panznera et al. [3] deter-
mined that when timber was cut in a conventional manner,
its surface became a thin extruded layer; thus, using an
Nd:YAG laser or a TEA-CO2 laser could improve this pro-
cess. Lau et al. [4] provided a systematic analysis of the
Nd:YAG laser and electric discharge machining process for
processing composite materials, aiming to improve the pro-
cessing efficiency. Samant and Dahotre [5] used a laser-
heating alloy (Ti6Al4V) to determine the cutting depth and
width of the timber that was affected by the heat, and used the
finite element method to perform a simulation, observing an
agreement between the data of the experiment and that of the
simulation. Dubey and Yadava [6] determined that laser pro-
cessing was applicable to various materials, and the current
CO2 and Nd:YAG lasers were the most stable. Hsieh et al. [7]
proposed a regression analysis of the Taguchi method to im-
prove the multiple response of the system. Lumley [8, 9] used
laser machining to cut brittle, flaky material. Tsai and Chen
[10, 11] proposed the control burst theory, in which the ab-
sorption of laser energy by the material being processed pro-
duces heat stress, which, if the temperature is below the melt-
ing point of the material, results in a temperature gradient that
converts the compressive stress into tensile stress, generating
cracks and, subsequently, the sliver effect.

Therefore, applying traditional optimisation methods using
CO2 laser to process timber is time-consuming and expensive.
By contrast, Taguchi methods require few experiments,
followed by signal-to-noise (S/N) ratio and ANOVA analyses,
to identify the optimal combination of factors quickly and
cheaply. Therefore, this study used the Taguchi method
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combined with fuzzy logic to determine the optimal parame-
ters for processing timber, using a CO2 laser.

2 Laboratory equipment

2.1 Specimen preparation

In this study, the timber specimen belonged to Pseudotsuga
menziesii; it had a density of 540 kg/m3, a specific gravity of
0.48, a modulus of elasticity of 13,400 MPa and a modulus of
rupture of 85,000 MPa. The specimen was characterised by a
structural force equivalent to that of the strongest commercial
cork; it was easy to dry and difficult to crack; therefore, it was
appropriate for mechanical cutting. The specimen was rectan-
gular and had dimensions of 0.4m long × 0.3mwide × 0.25m
high, and a flat belt machine was used to polish its surface to
allow the easy observation of the cutting process.

2.2 Research equipment

The CO2 laser equipment used in this study exhibited a max-
imum output power of 80 W, model type LG1200 (Lin Ciang
Technology Co., Ltd., Taiwan), a maximum processing speed
of 400 mm/s and a maximum processing range of
1200 mm × 900 mm. This machine can be coupled to a
computer to register the two-dimensional X-Y direction
movement of the laser; together with the focus-adjustable
Z-axis position, a three-dimensional structure can be gen-
erated. The optical microscope, produced by UltraZoom
included zoom lens and overlap software, was used to mea-
sure the upper cutting width and cutting depth characteris-
tics with microscale resolution.

3 Research methods

3.1 Orthogonal array experiment

To select the most favourable combination of control factors,
numerous experiments are required when many control fac-
tors and parameters are involved. However, using the L9 or-
thogonal array (Table 1) of the Taguchi method requires only
nine experiments to determine the most favourable experi-
mental design parameters. Table 2 lists the control factors
and levels used in each experiment to test machining profile
(Fig. 1); the feasible space for the control factors was defined
by varying the laser power in the range 25.6 ~ 28.8 W; the
auxiliary gas was no auxiliary, air gas and nitrogen gas; the
processing speed in the range 3 ~ 5 mm/s and the number of
cuts in the range 1 ~ 3 times; three levels of the each control
factors were selected.

3.2 Signal-to-noise ratio

Using S/N ratios may reflect differences in the quality of the
experiment. When the upper cutting width of the laser de-
creases, the cutting quality increases. Therefore, using “small-
er-the-better” characteristic, the S/N ratio (η value) was de-
fined as follows [12]:

η ¼ −10� log
1

r

Xr

i¼1

y2i

 !
ð1Þ

where r and yi are the measurement number and value
of the upper cutting width on the timber specimen.
When the cutting depth of the laser increases, the cut-
ting quality increases. Therefore, using “bigger-the-bet-
ter” characteristic, the S/N ratio (η value) was defined
as follows [12]:

η ¼ −10� log
1

r

Xr

i¼1

1

y2i

 !
ð2Þ

where r and yi are the measurement number and value of
the cutting depth on the timber specimen. Tables 3 and 4
list the measured values and S/N ratios; the measured
values (yi) corresponding to the upper cutting width and
cutting depth were calculated S/N ratios using Eq. (1) and

Table 1 L9 orthogonal
array Experiment no. Control factor

A B C D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

Table 2 Control factors and levels

Symbol Control factor Level 1 Level 2 Level 3

A Laser power (W) 25.6 27.2 28.8a

B Auxiliary gas No Air Nitrogena

C Processing speed (mm/s) 3a 4 5

D Number of cuts (times) 1a 2 3

a Original processing
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Eq. (2), respectively. Table 3 exhibits the upper cutting
width values and S/N ratios; experiment 5 exhibited the
lowest average value and maximum noise ratio, whereas
experiment 8 exhibited the highest average value and
minimum noise ratio. Table 4 exhibits the cutting depth
measured values and S/N ratios; experiment 4 exhibited
the highest average value and maximum noise ratio,
whereas experiment 9 exhibited the lowest average value
and minimum noise ratio.

In addition, each control factor had three levels; the
difference between the highest S/N ratio and the minimum

noise level was called the level effect. The most critical
factor of the level effect was calculated as follows:

Level kp ¼
X

ηpk
3

ð3Þ

Level effect
���p ¼ level kp

� �
max

− level kp
� �

min
ð4Þ

where level kp is the effect of level k (k = 1, 2 and 3) of factor p
(p =A, B, C and D), and ηpk is the η value of level k of factor p.
A greater level effect indicates a greater influence of the

Table 3 Upper cutting width
measured values and S/N ratios Experiment no. Measured value (mm) Average (mm) Standard deviation (mm) S/N (dB)

1 0.84 0.82 0.83 0.81 0.83 0.01 1.67

2 0.69 0.70 0.64 0.65 0.67 0.03 3.47

3 0.62 0.62 0.62 0.61 0.62 0.01 4.19

4 0.62 0.63 0.62 0.62 0.62 0.01 4.12

5 0.56 0.58 0.57 0.57 0.57 0.01 4.88

6 0.74 0.75 0.76 0.74 0.75 0.01 2.53

7 0.72 0.73 0.72 0.71 0.72 0.01 2.85

8 0.88 0.86 0.83 0.86 0.86 0.02 1.33

9 0.72 0.71 0.73 0.72 0.72 0.01 2.84

Fig. 1 Machining profile

Table 4 Cutting depth measured
values and S/N ratios Experiment no. Measured value (mm) Average (mm) Standard deviation (mm) S/N (dB)

1 3.10 3.09 3.03 3.07 3.07 0.03 9.75

2 4.44 4.40 4.10 4.30 4.31 0.15 12.68

3 4.50 4.50 4.70 4.60 4.58 0.10 13.20

4 6.30 6.20 6.20 6.00 6.18 0.13 15.81

5 2.27 2.34 2.29 2.26 2.29 0.04 7.19

6 5.00 4.90 5.20 5.30 5.10 0.18 14.14

7 5.60 5.10 5.40 5.30 5.35 0.21 14.55

8 6.20 6.10 6.30 5.90 6.13 0.17 15.73

9 1.91 1.92 1.88 1.93 1.91 0.02 5.62
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control factors. Table 5 and Fig. 2 display the level effect
and response graph of the S/N ratios of the upper cutting
width. The most influential factors were processing speed
(factor C), followed by laser power (factor A), auxiliary
gas (factor B) and number of cuts (factor D). Because this
study used “smaller-the-better” characteristic to determine
the upper cutting width, the maximum S/N ratios were
considered, resulting in the optimal control factor level
combination being A2B2C3D3. Table 6 and Fig. 3 display
the level effect and response graph of the S/N ratios of the
cutting depth. The most influential factors were number of
cuts (factor D), followed by auxiliary gas (factor B), pro-
cessing speed (factor C) and laser power (factor A).
Because this study used “bigger-the-better” characteristic
to determine the cutting depth, the maximum S/N ratios
were considered, resulting in the optimal combination of
control factors and levels being A2B1C1D3.

3.3 ANOVA

The main purpose of the analysis of variance (ANOVA) is to
identify the control factors affecting the quality characteristics.
The formulae are as follows [13, 14]:

SST ¼
X

ηi
2−

X
ηi

� �2
9

ð5Þ

SSp ¼
X

ηpk
2

3
−

X
ηi

� �2
9

ð6Þ

SSE ¼ SST−SSp ð7Þ

VP ¼ SSp
DOFP

ð8Þ

Fp ¼ Vp

V e
ð9Þ

Qp ¼
SSp−DOFp � V e

SST
ð10Þ

where SST is the total sum of squares, SSP is the sum of
squares of factor P (P = A, B, C and D), ηi is the S/N ratio
(i = 1 to 9) of each experiment, ηpk is the S/N ratio of level k
(k = 1, 2 and 3) of factor P, Vp is the mean square of factor P,
DOFP are the freedom degrees of factor P, Fp is the F value of
factor P, Ve is the mean square of pooled error and Qp is the
quality contribution of factor P.

The S/N ratios were calculated using Eqs. (1) to (4)
(Tables 3 to 6), and the ANOVA of the upper cutting width
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Fig. 2 Response graph of the S/N ratios of the upper cutting width

Table 5 Level effect of upper cutting width

A B C D

Level 1 3.11 2.88 1.84 3.13

Level 2 3.84 3.23 3.48 2.95

Level 3 2.34 3.19 3.97 3.21

Level effect 1.50 0.35 2.13 0.26

Order 2 3 1 4

Significance Yes Yes Yes No
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Fig. 3 Response graph of the S/N ratios of the cutting depth

Table 6 Level effect of cutting depth

A B C D

Level 1 11.88 13.37 13.21 7.52

Level 2 12.38 11.87 11.37 13.79

Level 3 11.97 10.99 11.65 14.92

Level effect 0.50 2.38 1.84 7.40

Order 4 2 3 1

Significance No Yes Yes Yes
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and cutting depth was performed using Eqs. (5) to (10), as
displayed in Tables 7 and 8. The ANOVA of the upper cutting
width is summarised in Table 7; factor C was the most contri-
bution factor (65.09 %), followed by factor A (30.18 %) and
factor B (1.22 %). The ANOVA of the cutting depth is
summarised in Table 8; factor D was the most contribution
(85.97 %), followed by factor B (7.50 %) and factor C
(4.94 %).

3.4 Optimal processing conditions

By calculating the S/N ratios and constructing the factor re-
sponse tables, the most favourable combination of factor and
levels for the upper cutting width was A2B2C3D3, whereas
that for the cutting depth was A2B1C1D3. Table 9 lists the
optimal control factor settings. The S/N ratio and quality pre-
diction of the optimal machining conditions can be calculated
as follows:

Upper cutting width:

ηcal ¼ T̅ þ A2
̅−T̅

� �
þ B2

̅−T̅
� �

þ C3
̅−T̅

� �
þ D3

̅−T̅
� �

¼ A2
̅ þ B2

̅ þ C3
̅ þ D3

̅−3T̅

ð11Þ

wcal ¼ 10
−ηcal

.
20 ð12Þ

Cutting depth:

ηcal ¼ T̅ þ A2
̅−T̅

� �
þ B1

̅−T̅
� �

þ C1
̅−T̅

� �
þ D3

̅−T̅
� �

¼ A2
̅ þ B1

̅ þ C1
̅ þ D3

̅−3T̅

ð13Þ

Dcal ¼ 10
ηcal

.
20 ð14Þ

where ηcal is the S/N ratio of the optimal machining con-

ditions, T̅ is the average S/N ratio of all control factors, A2
̅

is the average S/N ratio of factor A at level 2, B1
̅ and B2

̅

are the average S/N ratios of factor B at levels 1 and 2, C1
̅

and C3
̅ are the average S/N ratios of factor C at levels 1

and 3, D3
̅ is the average S/N ratio of factor D at level 3,

wcal is the predictive value of the upper cutting width
under optimal machining conditions and Dcal is the pre-
dictive value of the cutting depth under optimal machin-
ing conditions. Equations (11) to (14) were used to obtain
the S/N ratios and the quality prediction of the optimal
machining conditions (Table 10). The S/N ratio of the
optimal upper cutting width was 5.01 dB, and the most
favourable predictive value was 0.56 mm. The S/N ratio

Table 7 The ANOVA of upper
cutting width Factor (P) Degrees of freedom

(DOFP)
Sum of squares
(SSP)

Mean square
(VP)

F value
(FP)

Contribution (QP)
(%)

A 2 3.55 1.77 35.40 30.18

B 2 0.24 0.12 24.00 1.22

C 2 7.54 3.77 75.40 65.09

D 2 0.10a

Pooled
error

(2) (0.10) (0.05) (3.51)

Total 8 11.43 100

a The sum of squares added together to estimate the pooled error sum of squares in parentheses

Table 8 The ANOVA of cutting
depth Factor (P) Degrees of freedom

(DOFP)
Sum of squares
(SSP)

Mean square
(VP)

F value
(FP)

Contribution (QP)
(%)

A 2 0.43a

B 2 8.71 4.35 19.77 7.50

C 2 5.89 2.95 13.41 4.94

D 2 95.24 47.62 216.45 85.97

Pooled
error

(2) (0.43) (0.22) (1.59)

Total 8 110.27 100

a The sum of squares added together to estimate the pooled error sum of squares in parentheses
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of the optimal cutting depth was 16.66 dB, and the most
favourable predictive value was 6.81 mm.

3.5 Fuzzy logic system

Themultiple performance characteristics index (MPCI, Fig. 4)
is used to identify the fuzzy inference process, which is a two-
input-one-output of the fuzzy logic system. The S/N ratios of
the upper cutting width (T1) and cutting depth (T2) were used
as input variables in a fuzzy logic system and output variables
for the MPCI (Y1), using the triangle membership function to
perform the semantic fuzzy segmentation of these input

variables (Figs. 5 and 6). The two input variables were equally
divided into three fuzzy sets: S (small), M (medium) and L
(large), comprising three levels. A fuzzy rule base is a type of
the if-then combination of fuzzy rules, often used to express
the system input and output relationship between inference
and semantic rules, using Mamdani fuzzy rules [15]. The out-
put variables used a triangular membership function to per-
form semantic fuzzy cutting (Fig. 7). The output variables in

the five fuzzy sets were divided into five categories: VS (very
small), S (small), M (medium), L (large) and VL (very large).
Two inputs with consistent quality characteristics were used;
thus, nine fuzzy rules were developed (Table 11).

A fuzzy inference engine is a fuzzy system core; it can
simulate the human decision-making to solve problems. This
study used theMamdani max-min fuzzy inference method. T1
and T2 were the input values in the fuzzy logic system; the
fuzzy inference output of the membership function was
expressed as follows:

μC0 yð Þ ¼ μA1 T 1ð Þ∧μB1 T 2ð Þ∧μC1 yð Þð Þ∨ μAn T1ð Þ∧μBn T 2ð Þ∧μCn yð Þð Þ
ð15Þ

where ∨ is the max fuzzy, and ∧ is the min fuzzy. Finally, the
centre of gravity method was used to solve the defuzzifierion;
thus, the fuzzy inference output of the converter μC0

corresponded approximately to the output value Y1.

Fig. 4 Fuzzy logic system architecture

Table 10 Optimal prediction and
confirmation experiment results Upper cutting Width Experiment No. avg (mm) η (dB) wcal (mm) ηcal (dB) |η− ηcal| (dB)

1 0.57 4.87 0.56 5.01 0.14

2 0.58 4.78 0.23

Cutting depth Experiment No. avg (mm) η (dB) Dcal (mm) ηcal (dB) |η− ηcal| (dB)
1 6.72 16.55 6.81 16.66 0.11

2 6.80 16.65 0.01

Table 9 Optimal control factor settings

Upper cutting width Symbol A2 B2 C3 D3

Data 27.2(W) Air 5(mm/s) 3(times)

Cutting depth Symbol A2 B1 C1 D3

Data 27.2(W) No 3(mm/s) 3(times)

MPCI Symbol A2 B1 C3 D3

Data 27.2(W) No 5(mm/s) 3( times)

1.33 3.11 4.88

S/N ratios
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1

0
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Fig. 5 Membership functions of upper cutting width
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Y1 ¼

Xk
i¼1

yiμC0 yið Þ

Xk
i¼1

μC0 yið Þ
ð16Þ

where μC0(yi) represents the yi (attribution values) of the
fuzzy Ci sets, namely the MPCI values. The inference
results are listed in Table 12. Using the MPCI values in
Table 12, each parameter from the level of the upper cut-
ting width and cutting depth was calculated to determine
the overall MPCI response (Table 13). High MPCI values
are desirable. The optimal laser cutting parameters were
as follows: laser power of 27.2 W, no auxiliary gas added,
processing speed of 5 mm/s and number of cuts of three

times. The optimal level combination (A2B1C3D3) is
shown in Table 9.

4 Confirmation experiment

4.1 Confidence interval

To verify the results, the optimal control factor settings listed
in Table 9 were used in two replicate experiments, confirming
the outcome shown in Table 10. When the optimal combina-
tion of factors of the upper cutting width was A2B2C3D3, the
averages were 0.57 and 0.58mm, and the S/N ratios were 4.87
and 4.78 dB. When the optimal combination of factors of the
cutting depth was A2B1C1D3, the averages were 6.72 and
6.80 mm, and the S/N ratios were 16.55 and 16.65 dB.

Confidence intervals (CI) of 5 % confidence band with the
confirmatory number were calculated as follows [12]:

CI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F0:05;2;ve � V e � 1

neff
þ 1

nver

� �s
ð17Þ

neff ¼ n
1þ v

ð18Þ

where F0:05;2;ve represents an F value for 95 % confidence
[13], ve is the degrees of freedom for pooled error, Ve is the
mean square of pooled error, nver is the number of repetitions
in the confirmation experiment, n is the total number of ex-
periments and v is the total main factor degrees of freedom.

Using Eqs. (17) and (18), the CI of the upper cutting
width, obtained by processing timber with a CO2 laser,
was 1.10 dB, and the CI of the cutting depth was
2.31 dB. The CI of the upper cutting width in the range

0.00 0.25 0.50 0.75 1.00

MPCI
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A
tt

ri
bu

ti
on

 t
ab

le

VS S M L VL

Fig. 7 Membership function of MPCI
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Fig. 6 Membership function of cutting depth

Table 11 Fuzzy rules

MPCI S/N of upper cutting width

S M L

S/N of cutting depth S VS S M

M S M L

L M L VL

Table 12 Results of MPCI

No. 1 2 3 4 5 6 7 8 9

MPCI 0.30 0.61 0.67 0.79 0.59 0.56 0.62 0.49 0.25

Table 13 Responses of MPCI

A B C D

Level 1 0.53 0.57 0.45 0.38

Level2 0.65 0.56 0.55 0.60

Level 3 0.45 0.49 0.63 0.65

Level effect 0.2 0.08 0.18 0.27

Order 2 4 3 1

Significance Yes No Yes Yes
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|η− ηcal| was 0.14 and 0.23 dB (Table 10), being less
than 1.10 dB, and the CI of the cutting depths in the
range |η− ηcal| was 0.11 and 0.01 dB (Table 10), being
less than 2.31 dB. Therefore, this study determined and
verified the optimal combination of control factors.

4.2 Verification of multiple quality characteristics

To verify the most favourable MPCI, the optimal control fac-
tors and original control factors were individually tested, and
the results are displayed in Table 14. Using the optimal pro-
cessing, the upper cutting width was 0.57 mm, and the cutting
depth was 4.46 mm, whereas using the original processing,
the upper cutting width was 0.64 mm, and the cutting depth
was 3.13 mm. This indicates that the upper cutting width of
the gain was reduced by 0.07 mm, and the cutting depth was
increased by 1.33 mm. Therefore, using the MPCI enhanced
the quality of the cut timber.

5 Results and discussion

Regarding the upper cutting width, the processing speed
(factor C) was the most crucial factor, and its optimal
value was 5 mm/s, because when the speed is too slow,
excessive heat energy is absorbed per unit surface area,
causing the upper cutting width to increase, which may
result in scorching. The laser power had an optimal value
of 27.2 W, because if the power is too low, timber cannot
be cut, but if the power is too high, timber may be
scorched. Auxiliary gases include nitrogen and air.
When nitrogen was used as an auxiliary gas, combustion
was retarded because oxygen molecules were replaced
with nitrogen molecules, making it difficult to cut the
timber; however, when air was used, combustion was
quickened, and the timber absorbed little heat and did
not scorch. Finally, the number of cuts (factor D) did
not exhibit considerable effects on the upper cutting
width, but it was the most critical factor for the cutting
depth, with repeated cuts resulting in a deeper cut.
Regarding the cutting depth, the second most influential
factor was the auxiliary gas, with the most favourable
condition being not using any gas, because adding nitro-
gen resulted in difficulties during cutting as a result of the

lack of oxygen for the combustion, whereas adding air
resulted in a shallow cut. The processing speed was the
third most influential factor for the cutting depth, with the
optimal value being 3 mm/s, because slower speeds re-
sulted in increased heat per unit area, increasing the cut-
ting depth. Finally, the level changes of laser power did
not substantially affect the cutting depth.

Regarding the MPCI, the most crucial factor was the
number of cuts (factor D), because when timber was cut
three times, the cutting depth increased. Nevertheless, this
factor exhibited a negligible effect on the upper cutting
width. The second most influential factor was the laser
power, which had an optimal value of 27.2 W, because
if the laser power is too low, the timber cannot be cut, but
if the power is too high, the timber may burn. The pro-
cessing speed was the third most influential factor and had
an optimal value of 5 mm/s, because if the speed is too
low, the timber absorbs heat, and the upper cutting width
increases, which may result in scorching; however, if the
speed is too high, the resulting cut may be shallow.
Nevertheless, the processing speed was more influential
for the upper cutting width than for the cutting depth.
Finally, the level changes of auxiliary gas did not substan-
tially affect the cutting quality obtained with the MPCI.

6 Conclusion

The cutting width and depth in laser machining was analysed
by fuzzy-based Taguchi methods. The hierarchy of process
variables affecting cutting width and depth was established
and allowed identifying the most favourable combination of
factors. The optimal combination of control factors was
A2B1C3D3; the significant factors are the control factors in
the order D (number of cuts), A (laser power), C (processing
speed) and B (auxiliary gas).

Verifying sufficient width and depth is especially impor-
tant in two viewpoints: the Fuzzy-based Taguchi method
provides a systematic and efficient methodology for the
laser machining of the multiple performance characteristics
index. This study contributes to research artwork of com-
plex graphics and when a small number of very expensive
timbers are being machined.

Table 14 Results of optimal
processing and original
processing

Combination of cutting conditions Upper cutting width (mm) Cutting depth (mm)

Optimal processing A2B1C3D3 0.57 4.46

Original processing A3B3C1D1 0.64 3.13

Gain −0.07 1.33
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