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Abstract: Enhancing energy efficiency is the key to realizing green manufacturing. One major area of
interest in this regard is the improvement of energy efficiency of machine tools during the production
of building materials. This project focuses on energy efficiency during the spiral milling of wood
plastic composites. To this end, a response surface method was adopted to develop a model and
establish the relationship between energy efficiency and milling conditions. Analysis of variance
based on individual factors as well as two-factor interactions was performed to gauge their effects
on energy efficiency. It was found that milling depth was positively correlated to power efficiency,
while spiral angle and feed per tooth displayed non-monotonic behavior. An attempt was made to
predict milling conditions that will yield the greatest material removal rate and power efficiency.
For wood plastic composites subjected to up-milling, it was determined that a feed per tooth of
0.1 mm, milling depth of 1.5 mm, and spiral angle of 70◦ were ideal. Considering the potential
improvements in energy efficiency and surface quality that these process parameters will bring, it is
strongly recommended for use in the industrial machining of wood plastic composites.

Keywords: green manufacturing; energy efficiency; spiral up-milling; wood-based material; optimization

1. Introduction

The manufacturing industry has advanced at a rapid pace and with it, high-performance
manufacturing techniques h become critical to attain sustainable development [1], improve
power [2] and processing efficiency [3], and increase machining quality [4]. The two main
factors that influence machining tool energy consumption and product surface quality are
cutting parameters and tool geometries [5].

Therefore, it is not surprising that many research efforts over the years have investi-
gated the optimization of cutting parameters during machining, such as cutting force, tool
wear, power, and quality [6,7]. Dong et al. [8] studied the effects of tool wear on cutting
power and found that not only did cutting power increase with tool wear, but changes in
the tool’s cutting power indicated wear conditions in real time. Cao et al. [9] adopted an
orthogonal design to optimize parameters and reduce energy consumption and surface
roughness of milled glass magnesium boards. Subsequently, Camposeco-Negrete [10] took
the analysis of variance (ANOVA) approach to minimize cutting energy for the turning
of alloy AISI 6061 T6. Recently, Zhu et al. [11,12] also adopted a response surface method
(RSM) to minimize cutting force, reduce surface roughness, and maximize removed volume
in the milling of a stone-plastic composite. Despite the differences in approach, these
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optimized cutting conditions have led to significant reductions in energy consumption
while simultaneously improving surface quality.

Wood-plastic composite (WPC), as the name suggests, is composed of wood fibers and
plastics, and prepared through a hot-pressing procedure [13,14]. Owing to its origins from
waste resources combined with its inherent waterproof characteristics and dimensional
stability, WPC is widely regarded as a novel green material that is poised to revolutionize
the global flooring and packaging industries [15–17]. Statistics from the China Forestry
Industry Association indicate that WPC flooring sales reached almost 74 million m2 in 2020,
with a growth rate of 5.71% [18]. To meet this unprecedented market demand, WPC needs
to be dimensionally processed using cutters to achieve the specific dimensions and surface
smoothness levels of the final product.

A review of literature covering WPC machining revealed that most recent research
efforts focused on specific aspects of machining, such as cutting force, temperature, and chip
deformation [19–22]. To the best of our knowledge, there is no study investigating energy
efficiency and surface appearance when it comes to WPC machining. These are key factors
that can bring about significant benefits for large-scale production of WPC and material quality
control. As such, this research aims to optimize milling conditions to facilitate energy efficient
WPC machining without compromising surface appearance. In particular, the impact of
different spiral cutters on energy efficiency is assessed through response surface methodology
(RSM) and modeled to predict high-performance milling conditions.

2. Materials and Methods
2.1. Cutters and Workpieces

Polycrystalline diamond (PCD) cutter with six teeth and a diameter of 140 mm was the
cutting tool of choice for this project (Figure 1a). The PCD was made from diamond powder
and cobalt/nickel-based binders sintered at temperatures of 1000–2000 °C and pressures of
5000–10000 MPa, followed by welding onto the cutter body with carbide cement. The tool
angles used and its material properties are listed in Table 1. The WPC used in this study
was made from a mixture of wood fiber and polyethylene at a ratio of 2:3 (Figure 1b).
Dimensions of the WPC workpieces were set to 500 mm length × 100 mm width × 5 mm
thickness, and its material properties are listed in Table 2.
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Figure 1. Experiment setup for WPC milling. (a) Photograph of PCD, (b) photograph of WPC
workpiece, (c) schematic illustration of up-milling, (d) photograph showing milling section linked
with CNC, and (e) closer view of the power measurement setup.
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Table 1. Tool settings and material properties of Diamond Spiral Cutters.

No.

Tool Angles Material Properties

Spiral
Angle

Rake
Angle Wedge Angle Coefficient of Thermal Expansion Thermal

Conductivity Hardness

1 54◦ 10◦ 72◦

1.18 × 10−6 560 W·m−1·K−1 8000 HV2 62◦ 10◦ 72◦

3 70◦ 10◦ 72◦

Table 2. Material Properties of WPC.

Workpiece Density Bending Strength Tensile Strength Modulus of Elasticity

WPC 1.45 g/cm3 4.69 MPa 26.21 MPa 4270 MPa

2.2. Experimental Setup

A CNC machine (MGK01, Nanxing Machinery Co., Ltd., Dongguan, China) with an
8.1 kW machine engine, maximum feed rate of 50 m/min, and spindle speed of 24,000 rpm
in dry conditions was used to perform up-milling on the WPC workpieces (Figure 1c).
Workpieces were fixed on the working plane of the machine using vacuum adsorption.
Dynamic spindle power signal was acquired during machining using a three-phase power
analyzer (AN87300, Ainuo Co., Ltd., Jinan, China) with a sampling frequency of 50 KHz.

2.3. Experimental Methods

Response surface methodology (RSM), a mathematical and statistical method for
modeling and analyzing relationships between explanatory variables and response vari-
ables, was adopted in this work [23–25]. Specifically, Box-Behnken and Central-Composite
experimental design techniques were used to develop mathematical models to predict
power efficiency of the WPC milling process. Table 3 shows the experimental factor levels
chosen based on industrial WPC manufacturing processes parameters, namely feed per
tooth fz, milling depth ap, and spiral angle ω. The feed per tooth value was obtained from
Equation (1) as follows [26]:

fz =
1000Vf

n · z
(1)

where Vf represents a feed rate of 10 m/min, z stands for the tooth number (6), and n
denotes the spindle speeds (11,111, 13,333, and 16,666 r/min).

Table 3. Experimental Factor Levels.

Factor Level f z ap ω

1 0.10 mm 0.5 mm 54◦

2 0.125 mm 1.0 mm 62◦

3 0.15 mm 1.5 mm 70◦

The Box–Behnken experimental design for RSM yielded 17 combinations of feed per
tooth fz, milling depth ap, and spiral angle ω as listed in Table 4. Subsequently, each of
these cutting combinations were repeated five times, maintaining a constant cutting width
of 5 mm. The tool’s response function was expressed as Equation (2) [27]:

R = α0 +
k

∑
i=1

αiβi+
k

∑
ij

αijβiβ j+
k

∑
i=1

αiiβ
2
i (2)
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where R stands for the response result, namely, the power efficiency η, α0 is a fixed term,
αi is the coefficient of the linear term, αij and αii denote the coefficients of the linear and
quadratic terms, respectively, and βi represents the response variables.

Table 4. Box–Behnken Experimental Design.

No. f z (mm) ap (mm) ω (◦) η (%)

1 0.10 1.0 54 32.7
2 0.10 0.5 62 25.5
3 0.10 1.0 70 45
4 0.10 1.5 62 58.2
5 0.125 1.5 70 62.4
6 0.125 0.5 54 20.3
7 0.125 1.5 54 46.9
8 0.125 0.5 70 25.4
9 0.125 1.0 62 39.2
10 0.125 1.0 62 40.1
11 0.125 1.0 62 38.9
12 0.125 1.0 62 39.2
13 0.125 1.0 62 39.8
14 0.15 1.5 62 53.6
15 0.15 1.0 54 39.6
16 0.15 1.0 70 37.6
17 0.15 0.5 62 23.0

3. Results and Discussion

To maximize the economic benefits of industrial machining of WPC, manufacturers are
prioritizing processing and energy efficiency without compromising product quality [28,29].
Among the various factors that are important in this regard, the material removal rate is
one of the most crucial evaluation indexes for processing efficiency. As such, the ideal WPC
milling process must facilitate the highest material removal rate using the least energy
possible, while ensuring an excellent surface finish. This section looks into the tool factors
that contribute most towards cutting power, the dynamic power data acquisition process,
and modeling to predict ideal milling conditions for WPC.

3.1. Dynamic Characteristics of Cutting Power

When it comes to machining, cutting power generates two effects: (i) tool rotation
and (ii) resistance during removal of material by the tool [30–32]. Understanding how
cutting power fluctuates in real time can lead to optimized cutting processes that minimize
energy loss and prolong tool life. The dynamic changes in cutting power during the WPC
milling process performed in this study are shown in Figure 2. The specific states being
monitored were the start and standby states of the machine tool, start state of the spindle
motor, the unloading state of the machine tool, and lastly, the cutting state. It is worth
noting that for tool clamping, power consumption was between the start and standby state
levels (0–50 W). The sharp rise in dynamic power corresponding to the start state of the
spindle motor is attributed to the increase in kinetic energy of the cutter when accelerating
to a set speed from standby levels. The unloading state, which occurs around 26 s into
the milling process, results in stable dynamic power, provided the cutter rotation speed is
kept constant. When the cutter contacts the WPC workpiece, frictional resistance caused by
removal of unwanted material from the workpiece by the cutter tool results in an increase
in dynamic power. Once the cutting process is complete, dynamic power values reduce
gradually and eventually drop down to standby levels.
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According to prior research on cutting power carried out by Barcík et al. [29] and
Mandic et al. [32], the levels of cutting power are determined from cutting volume and
workpiece properties, amongst others. Importantly, power efficiency stood out as one of
the most representative indexes for energy consumption and machining in the industrial
machining of materials. Therefore, the power efficiency for WPC workpieces subjected to
milling in this study was investigated further using Equations (3) and (4):

Pc = Pt − Pa (3)

η =
Ec

Et
=

∫ t2
t1

Pcdt∫ t2
t1

Ptdt
=

Pc

Pt
(4)

where Pc denotes cutting power, Pt is the total spindle power, Pa is the unloading cutting
power, Ec represents the cutting energy consumption, Et is the total energy consumption,
and η is the power efficiency.

3.2. Developed Mathematical Model of Power Efficiency

Power efficiency results derived from Table 3, which lists the feed per tooth (fz), milling
depth (ap), and spiral angle (ω) was used to build the quadratic model of power efficiency
expressed as Equation (5).

η = −173.30 + 992.25 fz − 5.97ap + 4.04ω − 42.00 fz · ap
−17.88 fz · ω + 0.70ap · ω + 488.00 fz

2 + 1.32ap
2 − 0.02ω2 (5)

A plot between the experimentally obtained values of power efficiency η and the
predicted values based on this model is shown in Figure 3. Importantly, the R2 and Adj-R2

values were found to be 99.1% and 98%, respectively, which confirms that the predicted
values of η were remarkably close to the actual values verified experimentally. The low
coefficient of variation (C.V.) value of 4.3% further confirms the excellent model fit and lack
of skew in the data. Thus, it is reasonable to expect this model to predict power efficiency
accurately towards optimizing WPC milling.
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3.3. Analysis of Variance for Power Efficiency

The analysis of variance (ANOVA) is a means to predict the statistical significance
of each factor in a study. As such, it provides a straightforward route to estimate the
significance of milling depth (ap), spiral angle (ω), feed per tooth (f z), and combinations
thereof on the power efficiency (η) of the cutting tool. With an F-value of 87.84 and a
corresponding p-value less than 0.05, it was confirmed that the developed power efficiency
model is statistically fit for the data at hand. Typically, a p-value less than 0.05 can be seen as
significant; otherwise, it is considered insignificant [23,26]. The ANOVA results pertaining
to power efficiency listed in Table 5 suggests that the milling depth (ap), spiral angle (ω),
interaction terms of feed per tooth and spiral angle (f z × ω) and milling depth and spiral
angle (ap × ω) make statistically significant contributions (p < 0.05) to power efficiency. Of
these, milling depth delivered the greatest impact on power efficiency with a contribution
of 89.72%. ω, f z × ω, and ap × ω contributed significantly less with values of 5.32%, 2.28%,
and 1.21%, respectively. All the remaining factors considered were deemed statistically
insignificant, and thus, are not expected to influence power efficiency of the cutting tool.

Table 5. ANOVA Results of Power Efficiency.

Source Sum of Squares % Cont. DF Mean Square F-Value p-Value Remark

η 2223.79 / 9 7.22 87.84 <0.0001 Significant
f z 7.22 0.32 1 2012.95 2.57 0.1532 Insignificant
ap 2012.95 89.72 1 119.35 715.64 <0.0001 Significant
ω 119.35 5.32 1 1.10 42.43 0.0003 Significant

f z × ap 1.10 0.05 1 51.12 0.39 0.5511 Insignificant
f z × ω 51.12 2.28 1 27.04 18.18 0.0037 Significant
ap × ω 27.04 1.21 1 0.39 9.61 0.0173 Significant

f z
2 0.39 0.02 1 0.46 0.14 0.7200 Insignificant

ap
2 0.46 0.02 1 4.38 0.16 0.6984 Insignificant

ω2 4.38 0.20 1 7.22 1.56 0.2521 Insignificant
Residual 19.69 0.88 7 2.81 - - -

Total 2243.48 100 16 - - - -
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3.4. Effects of Milling Variables on Power Efficiency

Correlation, which is the extent to which two variables are linearly related, is a
powerful tool to assess how different milling conditions influence power efficiency. As
can be seen in Figure 4, power efficiency is positively related to milling depth, while both
feed per tooth and spiral angle exhibit non-monotonic behavior. In fact, an increased
milling depth and decreased feed per tooth enhance the power efficiency when WPC is
machined with cutters at a 62◦ spiral angle. While power efficiency shows a moderate
increase at 70◦ spiral angle when the feed per tooth is decreased, the same cannot be
said for WPC machined at a 54◦ spiral angle and a milling depth of 1.0 mm (Figure 4b).
These contrasting trends suggest that optimal milling conditions for WPC are low feed
per tooth, high milling depth, and large spiral angle or, high feed per tooth, high milling
depth, and small spiral angle.
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3.5. Optimization and Verification for High-Performance Machining

As shown in Figure 5, spiral up-milling is an intermittent cutting process where the
cutting edges of the blades cut into and out of the workpiece in sequence. Due to the
inclination angle of each cutting edge, namely, the spiral angle when the cutting edge cuts
into the workpiece, the chip width gradually increases from zero to the maximum. As the
cutting process continues, the chip width decreases to zero until the rake face removes all of
the unwanted material. These dynamic changes in chip width during the spiral up-milling
process are expressed mathematically as follows:

db =
D
2 dϕ

sin ω
=

D
2 sin ω

dϕ (6)

b =
∫ ϕ1

ϕ2

D
2 sin ω

dϕ =
D(ϕ1 − ϕ2)

2 sin ω
=

D · ϕx

2 sin ω
(7)

where b describes the chip width in mm, D denotes the tool diameter (140 mm), and ϕ is
the rotating angle in degrees (◦).
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As mentioned earlier, the machining method chosen for this research was up-milling.
This technique involves the cutting edge biting into the workpiece, causing the cutting
thickness to increase from zero to maximum until the chip is removed from the workpiece.
Thus, the cross-sectional area of the removed chip can be calculated via integration as:

dA = a · db =
D · fz

2 sin ω
· sin ϕx · dϕx (8)

A =
∫ ϕ1

ϕ2

D · fz

2 sin ω
· sin ϕx · dϕx =

D · fz

2 sin ω
(cos ϕ2 − cos ϕ1) (9)

where A is the cross-sectional area of the chip and a denotes the cutting thickness. Further,
the volume of chip removed per tooth and the material removal rate are calculated from
Equations (10)–(12) [8]:

V = A ·
∫ ϕ

0

D
2
· dϕ =

D2 · ap

4 sin ω
· ϕ(1 − cos ϕ) (10)

cos ϕ = 1 −
2ap

D
(11)

MRR =
V · f

fz
=

D2 · f
4 sin ω

· ϕ(1 − cos ϕ) =
D · f · ap

2 sin ω
· arccos

(
1 −

2ap

D

)
(12)

where V represents the removed volume of chip per tooth in mm3, and MRR stands for the
material removal rate in mm3/s.

According to Equations (8)–(12), the material removal rate is primarily determined
from the feed rate, tool diameter, spiral angle, and milling width during the up-milling
process. In this project, the tool diameter and feed rate were set as quantitative measures,
while the material removal rate was a function of the milling parameters represented in
Figure 6. It is worth noting that the material removal rate increases with an increase in the
milling depth and a decrease in the spiral angle. To confirm versatility of the developed
model, optimal milling conditions were obtained for multiple objects to achieve the highest
processing and energy efficiency, while ensuring the best possible surface quality.
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Figure 6. Material removal rate as a function of milling parameters.

The results from the multi-optimization RSM process to determine the highest material
removal rate and power efficiency for WPC machining are shown in Table 6. It was evident
that both the material removal rate and power efficiency were distinctly higher for milling
condition I as opposed to II. Moreover, the surface quality was also significantly better for
the former. Nevertheless, for both milling conditions, the measured power efficiency was
close to the predicted value, confirming that the proposed model from this study can guide
the optimization of cutting processes for power efficiency. Within the experimental limits
of this study, the optimized milling conditions for WPC were determined to be a feed per
tooth of 0.1 mm, milling depth of 1.5 mm, and spiral angle of 70◦. Use of these specific
milling conditions for industrial machining of WPC can maximize power efficiency, ensure
good surface quality, and yield significant economic benefits.

Table 6. Optimization and Verification Results.

No. f z (mm) ap (mm) ω (◦) MRR (mm2/s) Ra (µm) Actual-η Predicted-η Error

I 0.1 1.5 70 3862.3 1.9 63.0% 66.4% −5.1%

II 0.15 1.5 62 4110.5 2.1 58.2% 54.5% 6.8%

4. Conclusions

Enhancing energy efficiency is the key to realizing green manufacturing. This study
demonstrates the improvement in energy efficiency of machine tools during the produc-
tion of building materials based on WPC. RSM was employed for optimizing the power
efficiency of up-milling WPC using rotating cutters. A mathematical model was also devel-
oped to predict the power efficiency of the milling process and was subsequently verified
to determine optimal milling conditions. The main conclusions are as follows:

(1) Power efficiency is positively correlated with milling depth, while changes in
power efficiency exhibited non-monotonic trends for different feed per tooth values and
spiral angles.

(2) Only the factors of milling depth, spiral angle, and interaction terms of fz × ω and
ap × ω had a statistically significant influence on the power efficiency. In particular, milling
depth contributed most towards power efficiency (89.72%), followed by feed per tooth
(2.28%) and spiral angle (1.21%). Therefore, optimizing milling depth is crucial to improve
energy efficiency.

(3) Within the experimental limits of this work, the optimal milling conditions for
WPC in terms of processing ease, energy efficiency, and surface finish were determined to
be as follows: feed per tooth of 0.1 mm, milling depth of 1.5 mm, and spiral angle of 70◦. It
is strongly recommended that these process parameters be applied towards the machining
of WPC in industry to maximize power efficiency, surface quality, and economic benefits.
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