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Abstract Manufacturing sustainability and minimal environ-
mental impacts of machining processes could be achieved by
embracing energy demand reduction strategies. These may
include the use of more efficient machine tool components
(such as drives and pumps) and reduction in weights of mate-
rials being moved by the feed drive (machine table, vice, and
workpiece material). However, it has not been defined in lit-
erature that energy saving approaches could be identified by
studying the influence of toolpath strategies and machine tool
axis configurations on the electrical energy requirements in a
milling process. In this work, different toolpath strategies were
considered for pocket milling of AISI 1018 steel on two three-
axis computer numerical control (CNC) milling machines. It
was observed that machining on the y-axis of the conventional
CNC milling machine and the x-axis of the high-speed CNC
milling machining centre (axes carrying more weights) result-
ed in higher energy demand when compared with the lighter
axis. This study also showed that the electrical energy efficien-
cy of toolpath machining strategy varies from one CNC mill-
ing machine to another due to their structural configurations.
This work also proposes fundamental measures of selecting
the most efficient toolpath strategy for energy consumption
management in mechanical machining. This could further
raise the integrity of sustainable machining strategies for

energy efficiency in the manufacturing industries. The knowl-
edge obtained would aid in improving energy efficiency in
mechanical machining and also reduce the environmental
impacts.
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1 Introduction

In 2013, in the UK, the total electricity consumption was
374 TWh, of which 98 TWh (26%) was attributable to the
industrial sector. Additionally, 7 TWh (7.2%) of electricity
attributable to the industrial sector was consumed by the me-
chanical engineering sub-sector [1].

Mechanical machining is one of the widely used techniques
in manufacturing as it offers the best dimensional accuracy of
the produced parts with machine tools. The electrical energy
consumed by machine tools during the material removal pro-
cess is dominated by the energy required to bring the machine
tool to the ready state and for supporting the non-cutting op-
erations such as spindle rotation [2], machine tool feed axes
(i.e. x-axis, y-axis, and z-axis) [3], and auxiliary units. The
feed axes control the relative motion between the workpiece
and cutter and also determine the workpiece geometry. The
environmental impacts of CNCmachines are mainly based on
their electrical energy demand and CO2 emissions [4]. This
therefore means that machine tools would continually con-
sume energy and pollute the environment (lubricant oil)
throughout their entire use phase [5, 6]. For example, the total
life cycle analyses of a typical milling machine showed that
60–90% of CO2 equivalent emissions [7] and about 75% of
environmental impacts are attributable to electrical energy
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consumption of machine tools in their use phase [8]. This calls
for strict regulations and laws globally to reduce its energy
requirements and CO2 emissions [9, 10]. The European
Association of the Machine Tool Industries (CECIMO) Self-
Regulatory Initiative (SRI) has intensified efforts towards eco-
logical improvements and energy saving of machine tools by
producing machine tools that are energy-efficient as well as
cost-effective [8]. Energy efficiency of machine tools could be
improved by identifying strategies for reducing its non-cutting
energy demand. In view of this, the impacts of machine tool
axis configuration on the electrical energy requirements of
milling toolpaths were investigated in this study to determine
energy saving strategies at the machine tool level.

1.1 Toolpath strategies and energy demand

Toolpaths are the paths guiding the cutter through the ma-
chined region. Optimal machining toolpath selection could
improve the efficiency of a milling process [11] and enhance
sustainable machining [12, 13]. In milling operations, two
types of toolpath strategies are widely used which include
the direction-parallel toolpaths (zag, zigzag) and the contour-
parallel toolpaths (rectangular spiral and true spiral toolpaths).
Direction-parallel toolpaths involve the to and fro movement
of the cutter in a fixed direction within a boundary on a flat
workpiece. The contour-parallel toolpath consists of a series
of contours that are parallel to the boundary or geometry on
the flat workpiece [14, 15].

Few researchers investigated the optimal machining
toolpath strategies in order to identify energy saving op-
portunities in machine tools. For example, Diaz et al. [16]
investigated the energy demand of different toolpath strat-
egies by machining a pocket with roughing and finishing
tools of 20 and 10 mm each. Results show that machining
along the y-axis of the machine tool requires more energy
when compared with the x-axis due to the fact that the x-
axis is mounted on the y-axis, as well as two motors
installed on the y-axis. In addition, the authors stated that
longer toolpaths consumed more energy due to prolonged
processing time. Kong et al. [17] investigated the influence
of different toolpath strategies on the energy consumption
in milling a rectangular pocket with dimensions of
100 × 100 × 40 mm, as well as their environmental im-
pacts. Their results show that machining toolpaths in the x-
axis direction (being the axis carrying minimum weights)
resulted in minimum energy demand of the feed axis.
Moreover, Aramcharoen and Mativenga [2] assessed the
electrical energy demand of various machining toolpaths.
They showed that contour and spiral toolpath strategies
reduced energy demand by up to five times when com-
pared with the zigzag toolpath. Campatelli et al. [18] pre-
sented strategies for reducing the energy demand and en-
vironmental impact of milling processes by determining

the most efficient position and direction in machining
workpieces. Results show that machining in the y-axis di-
rection requires more power than in the x-axis direction
due to the masses carried. Vila et al. [11] investigated var-
ious toolpath strategies including zigzag in x-axis direc-
tion, one way in x-axis direction, one way in y-axis direc-
tion, zigzag in y-axis direction, contour toolpaths, and their
impacts on the specific energy demand. It was found that
machining in one-way (x-axis) direction was the most ef-
ficient with minimal specific energy demand and at re-
duced environmental impact in terms of CO2 generation.
Pavanaskar and McMains [19] considered two toolpath
strategies (contour-parallel and spiral toolpaths) for face
milling of a square block. The authors reported that the
spiral toolpath strategy resulted in 10% energy and a 7%
reduction in processing time. This makes it the most effi-
cient in terms of energy savings demand when compared
with the contour-parallel toolpath. Recently, Edem and
Mativenga [20] undertook a systematic study of work
holding device and toolpath orientations, as well as
toolpath strategies for milling operations. The authors re-
ported that machining toolpaths aligned to the lighter axis
reduced the energy demand by 29% and improved the sur-
face finish by up to 50%. They also found that the rectan-
gular contour toolpath was the most efficient in terms of
feed axis energy requirements and processing time.

The reviewed literature has provided insight into the effects
of toolpath strategies on the electrical energy demand in me-
chanical machining. However, few studies were undertaken
using one CNC milling machine tool which thereby masked
the impacts of the structural configuration of machine tools on
the electrical energy demand with respect to different toolpath
strategies. In view of this, two CNC milling machines with
different structural configurations were considered in this
study. This was necessary in order to investigate the impacts
of machine tool axis configuration on the electrical energy
requirements of milling toolpaths. The knowledge obtained
in this study would enable energy savings in machining a part
based on the selection of optimal machine tool axis and
toolpath strategy, as this is vital for improving energy efficien-
cy in the manufacturing industry.

1.2 Research aim

The aim of this research is to assess the impact of machine tool
axis configurations on the electrical energy demand of ma-
chining toolpaths. The idea is to undertake pocket milling at
constant material removal rates (MRR) in the x- and y-axis
directions on two different CNC milling machines (i.e.
Takisawa Mac-V3 milling machine and Mikron HSM 400
high-speed milling machining centre) while recording the
electric current demand. This was necessary in order to
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identify the most efficient toolpath strategy in relation to en-
ergy demand and processing time.

2 Experimental details

2.1 Research method

The research is based on analysing the electrical energy re-
quirement of Takisawa Mac-V3 milling machine and the
Mikron HSM 400 milling machine centre with respect to the
specified toolpath strategies. Pocket milling was conducted on
AISI 1018 steel with different toolpaths while the current and
voltage drawn by the machine tools were simultaneously mea-
sured and recorded with a three-phase Fluke 434 power qual-
ity analyser. The power requirement was estimated based on
the current and voltage drawn by the machine using the for-
mula in Eq. 1 as presented in [21].

P ¼ I � V �
ffiffiffi

3
p

� cosφ ð1Þ

where V represents the voltage in volts, I is the current in

amperes,
ffiffiffi

3
p

is a constant that indicates the phase to phase
voltage, and cosφ is the power factor.

The energy demand was evaluated from the power and
processing time as in Eq. 2.

E ¼ P∙t ð2Þ

where E is the total energy consumed in joules, P is the total
power demand in watts, and t is the total processing time in
seconds.

The Takisawa Mac-V3 milling machine is a three-axis,
conventional-speed vertical milling machine with a direct cur-
rent (DC) servo motor model 20M and spindle model A06B-
0652-B. The operations of the milling machine tool are con-
trolled with FANUC controller. This machine is capable of
spindle speeds up to 10,000 rev/min. The machine construc-
tion has the machine table and x-axis mounted directly on the
y-axis, thereby increasing the load on the y-axis than the x-axis
as presented in Fig. 1.

The masses for the x- and y-axes are approximately 315
and 750 kg, respectively [3]. The x-, y-, and z-axes accel-
erate at 10 m/s2 with rated power requirements of
0.85 kW for the x- and y-axes, and 1.2 kW for the z-axis.
The spindle motor has a rated power of 7.5 kW. The axis
drives are powered by AC servo motors connected direct-
ly to the ball screw drive.

The Mikron HSM 400 is a high-speed milling machin-
ing centre with a Heidenhain TNC 410 NC Controller for
display and insertion of NC codes. In addition, it has a
HVC 140 - 5B - 1 0 - 1 5 / 4 2 - 3 F -HSK -E40 s p i n d l e

manufactured by STEP-TEC with a speed of up to
42,000 rev/min and feedrates of up to 40,000 mm/min for
the x-, y-, and z-axes, respectively. The machine tool con-
struction has the table moving along the x-axis direction
(horizontal), the spindle moving along the y-axis direction
(transverse), and the spindle descending or retracting along
the z-axis direction (vertical). Figure 2 presents the ma-
chine tool axis configuration for the Mikron HSM 400
milling machining centre.

The mass of the x-axis modelled from SolidWorks soft-
ware was approximately 430 kg, while the mass of the y-
and z-axes was approximately 250 kg. The x-, y-, and
z -axes accele ra te a t 10 m/s2 wi th ra ted power

Fig. 1 Takisawa Mac-V3 milling machine showing the x-axis and y-axis

Fig. 2 Mikron HSM 400 milling machining centre showing the axis
configurations
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requirements of 11 kW for the x-axis, and 14.8 kW for the
y- and z-axes. The spindle motor has a rated power of
13 kW. The axis drives are powered by the AC servo
motors with direct linear drive mechanisms. The work-
piece and the cutting parameters for this study are as
shown in Tables 1 and 2, respectively.

From Table 2, the spindle speed is kept constant at
4000 rev/min. The depth of cut was also kept constant at
0.5 mm to prevent tool vibrations during the cutting process.
These parameters were all kept constant so as to relate the
impact of feed axis weights on the power and electrical energy
requirements of the two CNC milling machines to their axis
configurations.

The zag, zigzag, and rectangular contour toolpaths were
machined along the x- and y-axes of the two CNC milling
machines. The pocket length was 122 mm while the width
was 54 mm. This means that most of the mechanical machin-
ing was done along the side of workpiece with longer
toolpath. The toolpaths were generated using the hyper mill
CAM software. The ratio of width of cut to tool diameter was
set at 0.75 in order to reduce friction at the cutting edge and to
increase tool life. The workpiece was rigidly clamped on the
vice as shown in Fig. 3.

Flood cutting was utilized to prolong the tool life, and to
reduce excessive heat and friction between the cutter and the
machined part. The milling tests were repeated three times
while the power requirement was measured and recorded. A
new cutter was used for the pocket milling of each new
toolpath in order to reduce the influence of tool wear.

3 Results and discussions

3.1 Impacts of machine tool configurations
on the electrical energy demand of toolpaths

Pocket milling with the zag, zigzag, and rectangular contour
toolpath strategies was undertaken along the x- and y-axes on
the two CNC milling machines. The weight of vice on the
Takisawa Mac-V3 milling machine was 570 N while the
weight of vice on the Mikron HSM 400 was 180 N. The
coolant pump consumed 400 and 750 W on the Takisawa
Mac-V3 milling machine and the Mikron HSM 400 milling
machining centre, respectively.

Figure 4 shows the electrical energy demand during pocket
milling of AISI 1018 steel workpiece materials with different
toolpath strategies and axis directions on Takisawa Mac-V3
milling machine.

From Fig. 4, it can be deduced that the electrical energy
demand along the y-axis of the Takisawa Mac-V3 milling
machine was higher than that of the x-axis by 3, 2, and 4%
for the zag, zigzag, and rectangular contour toolpaths, respec-
tively. This is due to the weights carried by the y-axis of the
machine tool. Additionally, the rectangular contour is the most
efficient toolpath strategy in terms of electrical energy demand
and processing time.

Figure 5 shows the electrical energy demand during pocket
milling of AISI 1018 steel workpiece materials with different
toolpath strategies and axis directions on the Mikron HSM
400 milling machining centre.

Table 1 Workpiece parameters
Material of the workpiece AISI 1018 steel (low-carbon steel)

Hardness, Vickers (HV) 191, 236, 226, 224, 236, 287

Average = 233.3

Mass of workpiece (kg) 3

Chemical composition of the workpiece 0.17% C, 0.27% Si, 0.80% Mn, 0.050% S max, 0.050% P max

Table 2 Cutting parameters
Machine tool Takisawa Mac-V3

milling machine
Mikron HSM 400
milling machining centre

Cutting tool type SWT-161-5008A 8-mm
short carbide end mill

SWT-161-5008A 8-mm
short carbide end mill

Number of teeth/flutes, z 4 4

Feedrate vf (mm/min) 500 500

Spindle speed N (rev/min) 4000 4000

Cutting tool diameter D (mm) 8 8

Depth of cut ap (mm) 0.5 0.5

Width of cut (mm) 0.75D 0.75D

Cutting speed Vc (m/min) 100 100

Cutting fluid Ultra-cut 370 Plus Blasocut BC25-MD
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From Fig. 5, the x-axis consumes higher energy demand
than the y-axis by 2, 1, and 2% for the zag, zigzag, and rect-
angular contour toolpath strategies, respectively. This is true
because the structural configuration of the machine tool is
such that the x-axis, on which the machine vice and workpiece
are mounted, carries more weights than the y-axis, resulting in
higher electrical energy consumption. Subsequently, more
moving weights on the feed axis increase the inertia and fric-
tion properties of the feed drive, resulting in the increase of the
electrical energy demand. Figure 5 also shows that the zigzag
toolpath strategy is the most efficient toolpath in terms of the
electrical energy demand while the rectangular contour

toolpath is the most efficient in terms of cycle (processing)
time. The zag toolpath strategy is the least efficient for cycle
time and electrical energy demand for both CNC milling ma-
chines due to the time required for tool retractions.

From these analyses, it could be deduced that the most
energy-efficient toolpath obtained on one CNC milling ma-
chine differs from that which is obtained on another CNC
machine due to factors such as the feed axis configuration,
the type of feed motors actuating the drives, as well as the
feed drive type (i.e. feed drive driven by linear motors or ball
screws connected to AC motors). Hence, this further confirms
that the electrical energy efficiency of toolpath strategies is
machine tool dependant.

3.2 Influence of pocket geometry on the efficiency
of toolpaths

The pocket or input geometry could influence the selection of
the most efficient toolpath for a machining process. To ascer-
tain this, a stock of AISI 1018 steel billet was cut into two equal
sizes with dimensions of 150 × 100 × 20 mm. Two toolpath
strategies which include the rectangular contour and the true
spiral (with tool retracts) were considered for milling a
122 × 54 mm pocket on the Takisawa Mac-V3 milling ma-
chine. The cutting parameters were maintained and conducted
under a dry cutting environment. Details of the cutter were
previously presented in Table 2. A new cutter was used for
the pocket milling of each new toolpath. Machining was un-
dertaken along the x- and y-axes of the machine tool. The
current drawnwasmeasured using the Fluke 434 power quality
analyser. Each reading was performed three times. A schematic
diagram of the considered toolpaths is presented in Fig. 6.

Figure 7 shows the result obtained for the electrical energy
demand when machining the pocket with the rectangular con-
tour and true spiral (with tool retracts) toolpaths.

Fig. 3 Workpiece and tool setup for the toolpath test

Fig. 4 Energy demand for different toolpath strategies along the x- and y-
axes of Takisawa Mac-V3 milling machine

Fig. 5 Energy demand for different toolpath strategies along the x- and y-
axes of Mikron HSM 400 milling machining centre
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From Fig. 7, it can be seen that machining along the y-axis
of the Takisawa Mac-V3 milling machine resulted in higher
electrical energy demand when compared with the x-axis by
34 and 5% for the rectangular contour toolpath and true spiral
toolpath (with tool retracts), respectively. It is also observed
that energy demand for the rectangular contour toolpath is
129 kJ while it is 269 kJ for the true spiral (with tool retracts)
toolpath. This means that the energy demand for the true spiral
(with tool retracts) toolpath is higher by 108% than that of the
rectangular contour toolpath. This is due to the number of
times required by the tool to plunge into the material and

retract after cutting, making it an inefficient toolpath strategy
for machining a rectangular pocket. Therefore, it is proposed
that for manufacturing sustainability, the rectangular contour
toolpath orientation should be adopted in order to optimize
energy demand and reduce the machining carbon footprint.

4 Conclusions

In this study, impact of toolpath strategies and machine tool
axis configurations on the electrical energy demand in a mill-
ing process was investigated and the conclusions obtained are
as follows:

1. The energy-efficient toolpath obtained on the Takisawa
Mac-V3milling machine was different from that obtained
whenmilling the pockets on theMikronHSM 400milling
machining centre due to their feed axis configurations.
This further confirms that the energy efficiency of
toolpath strategies is machine tool dependant.

2. It is recommended for machine tool operators to select
toolpath strategies that are appropriate for the input or
pocket geometry when generating NC codes for the cut-
ting process.

3. The sustainability of machining toolpath depends on the
number of tool retracts present in a toolpath strategy.
These tool retractions increase the processing time and
hence the electrical energy required for the machining
process. It is therefore recommended that toolpath strate-
gy with minimal tool retracts should be selected for im-
proved electrical energy efficiency.

Fig. 6 Schematic diagram of the
rectangular contour and true spiral
toolpaths (with tool retractions)

Fig. 7 Energy demand for rectangular contour and true spiral toolpath
(with tool retract) strategies along the x- and y-axes of Takisawa Mac-V3
milling machine
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4. Minimum electrical energy demand in mechanical ma-
chining could be achieved by selecting toolpath strategies
with less number of elements (i.e. toolpaths with less short
path segments and arcs) and longer path segment lengths.

5. Process planners while generating NC codes from CAM
software should identify the directions of axis with mini-
mumweights for mounting the workpiece (i.e. x-axis or y-
axis) as well as machining the longer path segments along
this axis for minimum electrical energy demand and ma-
chining sustainability.
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