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Abstract: This paper focuses on optimizing the laser engraving of acrylic plastics to reduce energy
consumption and CO2 gas emissions, without hindering the production and material removal rates.
In this context, the role of laser engraving parameters on energy consumption, CO2 gas emissions,
production rate, and material removal rate was first experimentally investigated. Grey–Taguchi
approach was then used to identify an optimal set of process parameters meeting the goal. The scan
gap was the most significant factor affecting energy consumption, CO2 gas emissions, and production
rate, whereas, compared to other factors, its impact on material removal rate (MRR) was relatively
lower. Moreover, the defocal length had a negligible impact on the response variables taken into
consideration. With this laser-process-material combination, to achieve the desired goal, the laser
must be focused on the surface, and laser power, scanning speed, and scan gap must be set at 44 W,
300 mm/s, and 0.065 mm, respectively.

Keywords: laser engraving; polymethylmethacrylate; optimization; energy consumption; CO2

emissions

1. Introduction

Manufacturing plays a crucial role in the modern global economy, characterized as
the main engine of fast growth over half a century ago [1]. As manufacturing industries are
continually facing economic challenges due to rising global competition, improving produc-
tivity is critical for their survival. Hence, with the pace of market demand, manufacturing
activities are increasing, which correspondingly creates a severe impact on world energy
consumption (EC). The manufacturing industry consumes one-third of global energy and
is responsible for 36% of CO2 emissions [2]. The exigency of energy for the manufacturing
industry is far higher than other sectors, such as building and transportation. There is
an estimation that, by the year 2040, the energy need of this sector will increase by about
33% [3]. Electrical energy is the form of energy commonly used in the product manu-
facturing process as it is associated with different types of machine tools. This electrical
power consumption is the most significant source of greenhouse gas (GHG) emission. More
particularly, CO2, accounting for almost 60% of the greenhouse effect [4], is at the top of
the global agenda. Electricity generation mainly instigates this environmental impact from
burning carbon-rich fuel [5]. Thus, electrical energy consumption in manufacturing leaves
a carbon emission signature and has attracted worldwide attention to enhance environmen-
tal sustainability. Moreover, the increased energy prices with resource scarcity and global
council pressures are driving the industry towards an environmentally conscious trade
strategy [6]. It is, therefore, essential for manufacturing organizations to create sustainable
manufacturing solutions to protect the environment, intensify energy security, and raise
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the economy. Understanding and illustrating the energy consumption in manufacturing
can be critical in promoting the industrial sector and resolving environmental problems [7].

As the machine tool is an essential tool for product manufacturing, energy consump-
tion in manufacturing is substantial and should be analyzed and reduced to lessen the car-
bon footprint. However, this EC reduction effort should not compromise the productivity
of the manufacturing processes involved in the production. In this context, manufacturers
have always been concerned with finding optimal solutions for their manufacturing pro-
cesses. Many researchers, therefore, have carried out their studies to optimize the machin-
ing parameters addressing the EC reduction. Wang [8] optimized the process parameters
for energy consumption based on the Numerical Control (NC) code. For the same purpose
in [9], Hanafi et al. optimized cutting speed, feed, and depth of cut for dry machining.
Chen et al. [10] presented a cutting parameter optimization technique for milling operations
to maximize energy utilization. Parameter optimization for energy consumption reduction
of the machining chain process was also found to be fruitful [11,12]. Furthermore, several
studies have been done on energy consumption for machining [13], metal forming [14],
injection molding [15] and additive printing process [16]. Moreover, several researchers
have studied energy breakdown analysis in some laser-based manufacturing [17–19]. Pri-
marily for machining, some EC model and estimation procedures and energy-efficiency
increasing methods have also been presented in [20–23]. Warsi et al. [24] studied specific
energy consumption for high-speed machining by providing an energy plan for produc-
tion efficiency improvement. Other than these, the influence of tool wear [25], feed rate
and speed [26], and product quality [27] on EC was carried out. Some researchers also
focused on comparing different technologies, considering energy, environmental, and cost
issues. Lunetto et al. [28] introduced a comparative life-cycle assessment (LCA) method to
choose the best technology for manufacturing a product comparing conventional milling
with an additive manufacturing technology such as electron beam melting (EBM), and its
subsequent finish machining. Their study considered CO2 emission, cumulative energy
demand, and cost matrices for comparison purposes. Furthermore, Tagliaferri et al. [29]
illustrated that additive manufacturing technologies differed substantially in production
cost and eco-compatibility of each manufacturing technology. Finally, Anderson et al. [30]
performed an economic analysis for laser-assisted machining of Inconel 718 and found
its significant benefit over conventional ones with ceramic and carbide inserts. However,
extremely few studies were found using multi-objective optimization. For instance, with
the goal of energy consumption reduction, cutting force minimization in face milling [31]
and tool life enhancement for turning [32] were considered.

Taguchi method is widely applied either individually or in combination with different
meta-heuristic techniques such as ANN [30,33], GA, CSA to optimize different machining
processes. This method requires no mathematical model and is generally famous for the
design of experiments and multi-objective optimization. Additionally, the Grey relation
theory can handle both incomplete information and unclear problems extremely precisely.
Sharma et al. [34] conducted experiments based on the Taguchi concept for parameter
optimization of Nd:YAG laser cutting. Kasman [35] investigated laser micro-milling on
the AISI H13 tool steel. The most influencing factor was found to be scan speed for both
surface roughness and milling depth. Chen et al. [36] also adopted the Taguchi method
for optimizing such micro-engraving parameters as beam expansion ratio, focal length,
laser power, pulse repetition rate, and engraving speed. The experiment was conducted by
the Nd:YAG laser on the coated glass. Argade and Arakerimath [37] applied the Taguchi
method combined with Grey relational grade analysis to optimize the process parame-
ters (cutting speed, laser power, and gas pressure) for CO2 laser cutting of stainless steel.
Moreover, an analysis of variance (ANOVA) was used to study the effect of reference pa-
rameters on responses (kerf width and surface roughness). Campanelli et al. [38] employed
Taguchi optimization for Nd:YAG laser ablation process parameters such as laser speed,
focus, power, and the number of removed layers intending to obtain the desired workpiece
surface roughness. Çaydaş and Hasçalık [39] studied the effect of laser power and cutting
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speed on surface roughness, kerf width, and width of the heat-affected zone using Grey
relational analysis. Francesco et al. [40] employed an artificial neural network approach to
determine an optimal set of the laser bending parameters, e.g., scan speed, laser power,
and number of scans, to produce the desired bend angle and minimize the processing time.

The literature shows that the manufacturing sector consumes a third of global energy,
contributing substantially to environmental pollution, mainly through CO2 gas emissions.
Hence, reducing energy consumption in manufacturing is crucial to enhancing environ-
mental sustainability. Optimizing the process parameters is an effective way to minimize
energy consumption and CO2 gas emissions and simultaneously maximize the process
performance characteristics. However, extremely few studies try to optimize the process pa-
rameters to reduce energy consumption and simultaneously improve process performance
using multi-objective optimization techniques. The combined Grey–Taguchi approach can
potentially optimize various manufacturing processes. Moreover, many studies have been
found to report on theoretical and experimental aspects of CO2 laser-based micromachin-
ing of Polymethylmethacrylate (PMMA) [41–46], which is a widely adopted technique
for industrial marking. However, no systematic studies concurrently examine the effect
of laser engraving parameters on energy consumption, CO2 gas emissions, production
rate, and material removal rate, and optimize the process parameters to minimize energy
consumption and CO2 gas emissions and maximize the production and material removal
rates. Therefore, this study uses the Grey–Taguchi approach to optimize laser engraving
of Polymethylmethacrylate (PMMA) to reduce energy consumption and CO2 gas emis-
sions, and simultaneously increase the production and material removal rates. This study
focuses on:

• examining the effect of laser engraving process parameters, e.g., laser power, scanning
speed, scan gap, and defocus distance on the response variables such as energy con-
sumption, CO2 gas emissions, production rate, and material removal rate (MRR); and

• identifying the optimal set of laser engraving process parameters using the Grey–
Taguchi approach that would minimize energy consumption and CO2 gas emissions
and maximize the production and material removal rates.

2. Materials and Methods
2.1. Material

PMMA, an amorphous polymer that combines exceptionally high optical properties
(transparency, protection from UV radiation, etc.) and good machinability (shaped in
foils or extruded in bars), is frequently used in industrial environments. Moreover, laser
marking is frequently practiced on PMMA to engrave logos, or for esthetical reasons, and
to provide tailored functionalities to the material, e.g., hydrophobicity, antifog, variation of
the optical coefficient, etc. Moreover, laser marking accounts for more than 75% of the laser
sources market, representing a remarkable industrial scenario for laser-based manufactur-
ing. Hence, in this experimental study, an acrylic sheet made of polymethylmethacrylate
(PMMA) with a transmittance of 92%, a tensile strength of 75 MPa, and a thermal expansion
coefficient of 70 × 10−6/K was used for engraving purposes.

Unlike laser cutting-through or drilling, CO2 laser engraving has the scope to remove
only a few microns from the bulk material, the thickness of the foil does not have a
remarkable effect on the laser engraving, and hence, this process can be applied to any size
and thickness. In this study, the sample selected had a dimension of 95 mm × 90 mm ×
2 mm. Workpieces of PMMA were engraved on the laser engraving machine according to
a specially designed geometry under different process parameters.

2.2. Experimental Details

PMMA, being a low-cost polymer, offers a high absorption of nearly 95% for the
far-infrared frequencies (10.64 µm) and its interaction with CO2 radiation has the capability
to obtain high quality machined surfaces as their interaction immediately leads to the
development of volatile monomers (MMA) without any chemical degradation. Hence, this



J. Manuf. Mater. Process. 2021, 5, 78 4 of 14

study performed engraving tests using a commercially designed CNC CO2 laser machine
(BODOR BCL 1006, Jinan, China). The machine works with a fundamental wavelength
of 10.6 µm and runs with a maximum power of 80 W in CW mode. The schematic of the
laser-assisted engraving setup is shown in Figure 1. This setup used a beam expander
to enlarge the laser beam diameter and the mirror set to reflect the expanded beam into
the laser head. Moreover, the focal lens in the head was used to focus the beam onto the
PMMA surface. Compressed air flow was used to protect the laser head lens from excessive
heat-up and prevent vapor igniting. PMMA sheet was placed on the Z platform. The beam
was focused perpendicularly onto the upper sheet surface by 8 mm focal distance lens into
a minimum spot diameter of 55 µm. The choice of the focal length of 8 mm was driven
by the need to find a trade-off point between the concurrent needs of having a small spot
diameter, with a consequent higher energy density, and having better beam quality with
lower divergence. Furthermore, an 8 mm focal length from the workpiece reduced the risk
of contaminating the optics by vapors or melt drops evolving from the working area. The
laser head position was controlled by a linear motor along the X-Y axis, and the laser head
manually adjusts the amount of defocus length in the Z-direction.

Figure 1. Schematic diagram of the laser engraving system.

The laser engraving was controlled using a computer-engaging laser engraving cutting
software RD Works V8.0, where the designed shape was generated. The engraving process
was then started by connecting the laser system to the computer and then importing the
designed image (Figure 2) from the rdl file into the software, where the image converts
into grayscale. After that, the laser speed, power, and scan gap were configured, and
the print design was sent to the laser system for engraving. The engraved 3D object
depicted in Figure 2 was used as a target objective to engrave onto the polymer and has
a maximum length, width, and depth of 90 mm, 85 mm, and 1.45 mm, respectively. It
is worth mentioning that these are the officially recognized standard dimensions of the
university logo engraved while making souvenirs. Hence, the dimensions selected are not
linked with the limitation of laser engraving machining.

Figure 2. Designed image with the engraved 3D object.



J. Manuf. Mater. Process. 2021, 5, 78 5 of 14

2.3. Experimental Design

During experimentation, laser power, scanning speed, scan gap, and defocal length
were considered as control factors taking energy consumption, machining time, and ma-
terial removal rate as response variables. Control factors were selected based on the
industrially recommended laser engraving parameters used in various industries. In order
to determine the operating range of each of the input parameters, initial trial runs were con-
ducted based on a one-at-a-time approach, i.e., one of the process parameters was varied,
keeping others constant. A roughness value lower than or equal to 1.5 µm of the surface
thus produced was considered as a surface quality criterion to select the operating range
of each of the input parameters. To design the experimental plan, Taguchi L9 orthogonal
array was used. Therefore, nine unique sets of combinations were generated, and laser
engraving trials were carried out in a random order to avoid systematic error.

The parameters, along with the levels, are summarized in Table 1. The laser power
level was set to 25%, 40%, and 55% of maximum power 80 W resulting in its designed level
of 20 W, 32 W, and 44 W. The planned laser power, scanning speed (300 mm/s, 350 mm/s,
400 mm/s), and scan gap (0.035 mm, 0.050 mm, and 0.065 mm) were synchronized in
software for the designated machining trials. It is worth noting that the scan gap, the
distance between adjacent hatches on the PMMA substrate, directly influences the surface
roughness, imposing the distance between adjacent crests and valleys. The higher is
the value; the higher is the resulting roughness compared to the lower processing times.
However, if two adjacent passes are even partially superimposed, the energy delivered to
the bulk material may degrade the polymer. Thus, the range of the scan gap variation was
intentionally selected to avoid this significant drawback.

Table 1. Laser Engraving Parameters.

Parameters Notation
Levels

1 2 3

Laser power (W) P 20 32 44
Scanning speed (mm/s) S 300 350 400

Scan gap (mm) G 0.035 0.05 0.065
Defocus distance (mm) D −2.65 0 +2.65

In this study, to adjust the defocus distance, a calibrator of 8 mm height was first
placed on the workpiece to obtain the focal point where the defocus distance equals zero
(0). The nozzle position was then moved to 2.65 mm up and below the focal point to obtain
the defocus distance of +2.65 mm and −2.65 mm, respectively. It is worth mentioning that
according to laser propagation theory, defocusing is limited to a distance called Rayleigh
length (zR), for which the area of the beam cross-section is doubled. For the experimental
setup used, the boundaries of the Rayleigh length corresponded to ±2.65 mm from the
focal point.

In this study, the quantity of electrical energy consumption by the different parts of
laser engraving machine such as light, air pump, exhaust fan, water chiller, stepper motor
and drive, laser device, etc., was measured using the smart 80 A single-phase energy meter
(Model: UEM80-2D M, Class 1 according to EN 62053-21) and summed to calculate the
total energy required to make a piece of product. The amount of CO2 emission corresponds
to the total electric energy consumption for each experiment was estimated using the
latest Grid Emission Factor of Bangladesh, which is about 0.67 ton CO2/MWh. The laser
interaction with PMMA was not considered in this study as source of CO2 emission for
the following reasons: as stated in paragraph 2.2, CO2 radiation emitting at 10.64 µm
generated an almost pure vaporization process on PMMA (polymer chains broken into
volatile monomers with no degradation or local combustion); the CO2 footprint of the
laser/matter interaction is negligible with respect to that generated to produce the electrical
energy to be used by the laser setup. The hourly production rate was calculated from
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the counted machining time that elapsed to complete the sample’s engraving process
following the particular design. For each experiment, the mass of samples was measured
before and after the engraving. Each sample was weighed three times using a precision
weighing machine (Model: i2000) with an accuracy of 0.01 g, and the mean value of mass
(m) removed was divided by the density (ρ) of PMMA (1.19 g/cm3) to calculate the volume
of material removed, as shown in Equation (1). Finally, MRR (mm3/s) was calculated based
on the resulted volume and machining time. During experimentation, the 3D object was
engraved in a single pass. Each set of experiments was carried out three times to ensure
repeatability and traceability of the results. Finally, the mean value of each measured
response was calculated and used in the analysis. The designed set of experiments and
measured response variables are shown in Table 2.

V = m/ρ (1)

Table 2. Design matrix with input factors and measured responses.

Exp. No.

Control Parameters Measured Responses

Laser
Power

(W)

Scanning
Speed
(mm/s)

Scan Gap
(mm)

Defocus
Distance

(mm)

Energy
Consumption,

kJ (±SD)

CO2
Emission,
kg/piece
(±SD)

Production
Rate,

Hourly
(±SD)

Material
Removal

Rate
mm3/s
(±SD)

1. 20 300 0.035 2.65 1822.31 (±23.8) 0.31 (±0.004) 3.88 (±0.052) 1.87 (±0.024)
2. 20 350 0.05 0 1443.92 (±18.9) 0.24 (±0.003) 5.62 (±0.078) 1.74 (±0.022)
3. 20 400 0.065 −2.65 944.46 (±12.3) 0.16 (±0.002) 7.23 (±0.094) 1.47 (±0.019)
4. 32 300 0.05 −2.65 1255.74 (±16.4) 0.21 (±0.002) 5.55 (±0.062) 2.98 (±0.039)
5. 32 350 0.065 2.65 1230.60 (±16.1) 0.21 (±0.002) 7.29 (±0.086) 2.57 (±0.033)
6. 32 400 0.035 0 1624.13 (±21.2) 0.27 (±0.003) 3.89 (±0.051) 2.10 (±0.027)
7. 44 300 0.065 0 951.60 (±12.4) 0.16 (±0.002) 7.47 (±0.091) 5.32 (±0.069)
8. 44 350 0.035 −2.65 2084.56 (±27.3) 0.35 (±0.004) 3.93 (±0.051) 2.83 (±0.037)
9. 44 400 0.05 2.65 1679.74 (±22.0) 0.28 (±0.003) 5.56 (±0.069) 2.49 (±0.032)

2.4. Optimization Procedure: Grey Relational Analysis

Grey relational analysis (GRA) is one of the most widely used Grey system theory
models pioneered by Deng (1986). The main advantage of GRA is its suitability for solving
problems with incomplete and insufficient information. Nonetheless, the GRA method is
capable of handling multiple quality characteristics of multiple input parameters. Opti-
mization of the multiple responses can be performed using this technique by determining
the optimum level of responses. The sequence of the GRA calculation is detailed below.

2.4.1. Data Normalizing

In the Grey–Taguchi method, the measured value of responses is initially converted
into the same scale within the range of 0 to 1. This conversion is called data normalizing
or Grey relational generation, which is done to avoid adopting different units and thus
reducing the variability. This approach of normalizing is employed by two different
equations depending on the desired quality characteristics.

If the expectancy is the smaller, the better, then it is expressed by Equation (2).

xi(k) =
max yi(k)− yi(k)

max yi(k)−min yi(k)
(2)

If the expectancy is the larger, the better, then it is expressed by Equation (3)

xi(k) =
yi(k)−min yi(k)

max yi(k)−min yi(k)
(3)



J. Manuf. Mater. Process. 2021, 5, 78 7 of 14

where i = 1, 2, . . . , m, k = 1, 2, . . . , n, m is the number of the experimental run, n is the num-
ber of response variables, xi(k) denotes the sequence of any response after data normalizing
for the ith experimental run, yi(k) represents the initial sequence of the respective response.

2.4.2. Computation of Grey Relational Co-Efficient (GRC)

The normalized data are then utilized to compute the sequence of deviation of the
normalized sequence using Equation (4).

∆0i(k) = |x0(k)− xi(k)| (4)

Here, ∆0i is the absolute deviation between the reference sequence x0(k) and com-
parability sequence xi(k). The GRC value is then determined using Equation (5). GRC
value establishes a relation between the original experimental value and the corresponding
normalized value:

ξi(k) =
∆min + ζ∆max

∆0i(k) + ζ∆max
(5)

where ξi(k) indicates the GRC of a specific response. Thus, GRC is calculated as a function
of ∆min , ∆max, and ∆0i. ∆min and ∆max are the lowest and the highest deviation of each
response factor indicated in Equations (6) and (7), respectively. ζ is the distinguishing
coefficient which is assigned in the range ζ ∈ [0, 1]. Usually, ζ value is set at 0.5 to give
identical weights and stability to each variable.

∆min = min︸︷︷︸
∀i

.min︸︷︷︸
∀k

.∆0i(k) (6)

∆max = max︸︷︷︸
∀i

.max︸︷︷︸
∀k

.∆0i(k) (7)

2.4.3. Grey Relational Grade (GRG) Analysis

The GRG value reveals the level of correlation between the reference sequence and the
comparability sequence. Therefore, it states the relational order of experimental runs. The
higher value of GRG indicates a better combination of multi-performance characteristics
by the respective run and vice-versa. GRG is computed by averaging the GRC values, as
shown in Equation (8)

γi =
1
n

n

∑
i=1

ξi(k) (8)

where γi signifies the GRG value for the ith experiment.

3. Results and Discussion
3.1. Measurement of Arithmetic Average Surface Roughness

Firstly, surface roughness was considered as a measure of surface quality. Nine
samples were cut by the same laser, each of which was 10 mm × 10 mm in dimension
and made of acrylic plastic. Samples were then laser engraved to remove a layer of
material from the whole surface for each combination of the control parameters shown in
Table 2. The measurements of arithmetic surface roughness on a line profile were done
accordingly to ISO 4287:1997 (Geometrical Product Specifications (GPS)—Surface texture:
Profile method—Terms, definitions, and surface texture parameters). Considering a cut-off
distance of 0.8 mm, which is expected to detect all the required surface asperities (ISO
4287:1997) at a level of surface finishing, the total measured length used was 8 mm (5
cut-off lengths plus 4 mm extra overtravel distance). A Surtronic 25 (Roughness Checker,
Taylor Hobson, UK) with a resolution of 0.01 µm was used to measure the roughness of
the laser-engraved surface. For each sample, the arithmetic average roughness Ra was
measured five times in the direction of the beam scanning trajectory and another five times
in its perpendicular direction. As shown in Table 3, the roughness data obtained from each
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sample were averaged and used to characterize the machined surface quality: Ra is directly
influenced by laser power and inversely by the scan speed.

Table 3. Design matrix with Input factors and surface roughness as quality measure.

Expt. No. Laser Power
(W)

Scanning
Speed
(mm/s)

Scan Gap
(mm)

Defocus
Length (mm)

Surface
Roughness Ra

(µm) (±SD)

1 20 300 0.035 2.65 1.19 (±0.014)
2 20 350 0.05 0 0.69 (±0.008)
3 20 400 0.065 −2.65 0.88 (±0.011)
4 32 300 0.05 −2.65 0.53 (±0.006)
5 32 350 0.065 2.65 0.63 (±0.007)
6 32 400 0.035 0 1.36 (±0.016)
7 44 300 0.065 0 1.07 (±0.012)
8 44 350 0.035 −2.65 0.60 (±0.007)
9 44 400 0.05 2.65 0.92 (±0.011)

Negative values of defocus generate smoother surfaces, while positive defocus (with
the laser spot placed inside the thickness of the specimen) worsens the quality. As for the
scan gap, its influence must be normalized to the spot diameter of 0.055 mm; flanking of
grooves produces lower roughness while superimposing them has the opposite behavior.
As a result, the combination of all these effects can hardly be defined by theoretical models
using an a priori approach. Therefore, taking into account that the preliminary tests have
overall shown values of Ra lower than 1.5 µm, the parameters range adopted in this study
was deemed to be adequate for a good surface finish of the laser engraving of the logo
depicted in Figure 2. Moreover, this Ra value corresponds to the average value in the range
of a generic surface finishing roughness for chip removal processes according to [47]. For
obtaining Ra values lower than 1 µm, multiple superimposed passes at lower power would
be needed. Then, the total energy consumption, depending on the switch-on time of the
laser, should be calculated by multiplying the energy consumption for a single pass for
the number of needed passes to obtain the removal. This strategy would result in a less
effective vaporization process as the energy loss to overcome the material threshold would
be higher due to reflective phenomena; the subsequent passes do not find a perpendicular
smooth surface as it happens at the first pass, and a not negligible amount of energy is not
absorbed and is then not useful for the vaporization process [48].

3.2. Comparative Parametric Effects on Response Variables

Figure 3a–d depicts the perturbation plots to compare all input factors’ effects on an
individual response variable at the center point in the design space. The figures show
that the scan gap has the most significant negative impact on energy consumption and
CO2 emission, whereas the opposite phenomenon is observed on the production rate and
material removal rate (MRR). Figure 3a–c illustrates that laser power, scanning speed, and
defocus distance have minor effects on energy consumption and CO2 emission. Though
the laser power is the prominent parameter ruling the removal process during the marking
operation, the energy release to the material may be mitigated by increasing the scan speed
(lower incident time), the defocusing distance (lower energy density), and the scan hatch
distance (scan gap). Hence, this result might be due to the combined effect of multiple
concurrent parameters used to determine the laser marking of adequate quality at lower
processing times and reduced CO2 emission. However, from Figure 3d, it is evident that
laser power and scanning speed have the most significant positive and negative impacts
on MRR, as similarly evidenced in the laser engraving of metals [49].
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Figure 3. Perturbation plot (a) Energy consumption (b) CO2 emission (c) Production rate (d) MRR.

As stated previously, the results confirmed that all the process variables contributed
in the definition of the surface roughness so that, as also observed in [50], the concurrent
effects are difficult to be discerned. Concerning the achieved roughness values ranging
around the reference of 1.5 µm, they are aligned to those obtainable with similar texturing
strategies based on the flanking of parallel grooves [48].

The energy consumption is significantly influenced by the scan gap since lower values
need a higher number of scanned lines. Overall, the energy consumption for removing 1 kg
of PMMA by CO2 laser marking varies in the range of 105–106 J/kg which is comparable
to other laser-based processing of polymers, as reported in [51].

3.3. Laser Engraving Parameter Optimization

The optimization problem for this study can be conventionally presented as:

Minimize energy consumption, CO2 emission
Maximize production rate, MRR
Subjected to 20 ≤ P ≤ 44

300 ≤ S ≤ 400
0.035 ≤ G ≤ 0.065
−2.65 ≤ L ≤ 2.65

In this study, Grey rational analysis (GRA) is employed to solve this optimization
problem. The original response data were transformed (or normalized) using the smaller,
better criteria expressed by Equation (2) for energy consumption and GHG emission. For
production rate and MRR, on the other hand, a higher value is desired. Hence, Equation (3)
is applied to normalize the production rate and MRR data. After normalizing, the responses’
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reference sequence was between 0 to 1, as presented in Table 4. The deviation sequences
were computed by using Equation (4) and included in Table 5. The Grey rational coefficient
(GRC) for each value of the responses was then determined by Equation (5). Lastly, the
mean of the GRCs was calculated to figure out the value of Grey rational grade (GRG)
for each run. These GRG values were used to establish run orders. Calculated values of
GRC of each response and GRG of each experimental run along with its respective order
are given in Table 6. From this table, it is noticeable that the highest (0.99) and the lowest
(0.36) GRG values are found for experiment numbers 7 and 8, respectively. Accordingly,
experiment numbers 7 and 8 have been ranked as order 1 and 9, respectively, indicating
that experiment number 7 is the optimum result for the studied engraving process. It
means that the laser engraving process carried out at laser power of 44 W, scanning speed
of 300 mm/s, scan gap of 0.065 mm, and defocal length of 0 mm would minimize energy
consumption and GHG emission and maximize production rate and MRR.

Table 4. Normalizing sequence of the responses.

Exp. No. Energy Consumption CO2 Emission Production Rate MRR

1. 0.23 0.23 0.00 0.10
2. 0.56 0.56 0.48 0.07
3. 1.00 1.00 0.93 0.00
4. 0.73 0.73 0.46 0.39
5. 0.75 0.75 0.95 0.29
6. 0.40 0.40 0.00 0.16
7. 0.99 0.99 1.00 1.00
8. 0.00 0.00 0.01 0.35
9. 0.36 0.36 0.47 0.27

Table 5. Deviation sequence of the response.

Exp. No. Energy Consumption CO2 Emission Production Rate MRR

1. 0.77 0.77 1.00 0.90
2. 0.44 0.44 0.52 0.93
3. 0.00 0.00 0.07 1.00
4. 0.27 0.27 0.54 0.61
5. 0.25 0.25 0.05 0.71
6. 0.60 0.60 1.00 0.84
7. 0.01 0.01 0.00 0.00
8. 1.00 1.00 0.99 0.65
9. 0.64 0.64 0.53 0.73

Table 6. Grey relational co-efficient and Grey relational grade.

Exp. No.

Grey Relational Coefficient Grey Relational Grade

Energy
Consumption

CO2
Emission

Production
Rate MRR Magnitude Order

1. 0.39 0.39 0.33 0.36 0.37 8
2. 0.53 0.53 0.49 0.35 0.48 5
3. 1.00 1.00 0.88 0.33 0.80 2
4. 0.65 0.65 0.48 0.45 0.56 4
5. 0.67 0.67 0.91 0.41 0.66 3
6. 0.46 0.46 0.33 0.37 0.41 7
7. 0.99 0.99 1.00 1.00 0.99 1
8. 0.33 0.33 0.34 0.44 0.36 9
9. 0.44 0.44 0.48 0.41 0.44 6

Once the order was ascertained, the average GRG was computed by summing all
GRG values for a particular input factor level and dividing it by the number of experiments
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counted. All the average GRG values were thus calculated and shown in Table 7. The
difference between the highest and the lowest average GRG values was also calculated
and given in the same table under ‘Delta’. This delta value serves as a correlation measure
between the reference sequence and comparability sequence. It provides the relative impor-
tance of each factor on a response, i.e., a higher value of average GRG indicates a stronger
correlation between a specific input factor and response variables under consideration.
Thus, the input factors were ranked in ascending order of average GRG values. From
Table 7, it is apparent that the scan gap, an input factor ranked as 1, shows the highest level
of significance on the GRG, i.e., combinedly, this factor has the most significant effect on
all the response variables. Similarly, scanning speed and defocus distance length are the
second and third critical process input parameters that significantly affect the responses.
The laser power, holding rank 4, has the lowest impact on the responses.

Table 7. Response table of average GRG.

Parameters Level 1 Level 2 Level 3 Delta Rank

Laser power 0.55 0.54 0.60 0.06 4
Scanning speed 0.64 0.50 0.55 0.14 2

Scan gap 0.38 0.49 0.82 0.44 1
Defocus length 0.49 0.63 0.57 0.13 3

Furthermore, the Grey–Taguchi approach was integrated to obtain the optimum level
of process input factors. According to this integrated approach, the highest level of each
factor shown in Table 7 is considered optimal. As can be seen from the table, the maximum
average Grey relational grades exist at level 3 of laser power (44 W), level 1 of scanning
speed (300 mm/s), level 3 of scan gap (0.065 mm), and level 2 of defocus distance (0 mm).
Hence, this is considered the optimum combination of the laser engraving input parameters
to minimize the energy consumption and machining time and maximize the MRR.

4. Conclusions

For the laser system, machining process used, and limits of the laser engraving process
parameters considered in this study, the conclusions that can be drawn are as follows:

• Scan gap is the most significant factor affecting energy consumption, CO2 gas emis-
sions, and production rate, whereas other factors, e.g., laser power, scanning speed,
and defocal length, have little impact on them.

• With the increase in scan gap, energy consumption and the consequent emissions
of CO2 gas to engrave an image on the acrylic polymer noticeably decrease, and its
production rate, on the other hand, increases significantly.

• Laser scanning speed and laser power are the most significant factors affecting the
material removal rate, whereas the scan gap’s impact is relatively lower.

• The material removal rate substantially increases and decreases with laser power and
scanning speed, respectively.

• As compared to the other factors considered in this study, the defocal length has the
most negligible impact on energy consumption, CO2 gas emission, production rate,
and MRR.

• The Grey–Taguchi approach has the potential for determining the optimal set of the
laser engraving process parameters. With this laser-process-material combination,
process parameters such as laser power, scanning speed, and scan gap must be 44 W,
300 mm/s, and 0.065 mm, respectively, to ensure the lowest energy consumption and
CO2 gas emissions, and the highest production and material removal rates provided
that the laser must be focused on the surface.

• The technique employed in this study can be used to make any manufacturing pro-
cess more energy and environment sustainable, as process optimization is found to
reduce its energy consumption with a consequent decrease in CO2 emission to the
environment without hindering its production rate.
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• This study used bitmap image to engrave a logo onto the PMMA substrate where
the laser beam burns the pixels row by row in the bitmap. However, for marking or
scoring the material surface better, surface, a vector engraving technique where the
laser beam follows the path of vector strokes without cutting all the way through can
be used in future.
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