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An energy saving approach for roughmilling tool path planning
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ABSTRACT
For a specific machine configuration, energy consumption in a rough milling process is strongly
affected by three parameters: axial depth of cut, radial depth of cut and feed rate. On the other hand,
feed rate is also physically constrained by a critical cutting force value. Based on these concerns, we
establish an energy consumption formula as a function of the three, aiming to find out the optimal
set of parameters which is the most energy-efficient. After that, two strategies, i.e. improved con-
stant Z-level strategy and optimized morphing strategy for tool path generation in terms of 3-axis
ball-end milling are thus presented based on the previous obtained parameters. Simulation show
that the optimal parameters together with the proposed tool path generationmethods can save up
to 30% of the total energy usage compared with traditional cutting parameters in rough milling.
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1. Introduction

Sustainable development has been highlighted as one of
the main target since the beginning of the 21th cen-
tury. When it comes into CNC machining, usually a
large amount of energy will be consumed or unnecessar-
ily wasted when machining molds or blades with large
scale, especially for the first stage, i.e. the rough milling
process. In the early days, researchers have dedicated
to improving machining efficiency so as to enlarge the
productivity, intuitively this might also lower the energy
consumption if we assume the total machine power to
be a fixed value. However, to think further, in order to
increase the machining efficiency, a resultant large mate-
rial removal rate (MRR) will be inevitably produced,
which in turn generate a higher cutting force and increase
the actual cutting power demand. As an initial guess,
to some extent, high machining efficiency and energy
performance might conflict with each other. Therefore,
the goal of this paper is to reveal the inner connec-
tion between these two objectives and give a convincing
solution to the energy concern.

1.1. Outcomes in energy consumptionmodeling

The energy consumption in CNCmachining is too com-
plicated to predict theoretically, previous researchers
have revealed the inner-relationship between specific
energy andmaterial removal rate (MRR) experimentally.
Kara and Li [11] proposed an empirical approach to
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calibrate the energy consumption model in terms of
process variables, according to their models of 4 types
of machine tools, a larger MRR results in a significant
energy saving, and dry cut is much more energy effi-
cient than wet cut. A similar model has been proposed
in [3], a group of cutting tests with different depth of cut
show the decreasing in processing time dominates over
the increasing power caused by a larger load. Draganescu
et al. [6] built up a statistic model of machine efficiency
and specific energy as a unary function of different work-
ing parameters, from which the specific energy can be
determined by a given set of parameters. However this
model is only valid for a specific machine configuration
and it is impossible to reach the global optimal working
parameters by unary function. Therefore, other studies
focusing on energy optimization came out with a variety
of approaches. Based on hundreds of experiments, Quin-
tana et al. [24] developed an artificial neural network
(ANN) to predict power consumption and themost effec-
tive cutting parameters, results show that a lower spindle
speed with a larger feed per tooth value are preferred
for a low power consumption. The relation between spe-
cific power and cutting width and cutting height has
been plotted in [4], however there shows no mathemati-
cal description for this relationship. Other research such
as [20] and [21] presented different production planning
ways to make an efficient process control. To sum up,
although there exist different ways to determine a plau-
sible set of energy-saving parameters, none of them have
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considered the physical limits of machine, if the optimal
parameters happen to exceed the machine tool capacity
in real machining, tool damage might occur.

1.2. Studies in terms ofmachine capacity

To get the feasible cutting parameters in terms of energy
saving, the physical capacities of machine should be con-
sidered. Two mostly concerned aspects are the cutting
mechanics and the machine kinematic limits. In respect
of kinematics, feed rate between adjacent CL points
should be smoothly assigned due to the acceleration and
jerk constraints of the machine. Most studies such as [2,
13, 25] focused on five-axis feed rate optimization. How-
ever in 3-axis roughing process, tool paths are simply
low degree curves or straight lines where the kinematic
capacity is unlikely to be exceeded, yet large chip load
turns the attention to the other side, i.e. the cutting force
constraint.

Past researchers have presented a number of cutting
force models for both end milling and flank milling [1, 7,
12, 15, 17, 22, 23], including both analytical and numeri-
cal ways to calculate cutting force. Based on thesemodels,
some feed rate scheduling techniques have been pro-
posed in CNC stage. [14] reviewed both MRR-based and
force-based feed rate scheduling strategies, the latter is
more convincing and accurate. Erdim et al.[8] regulated
feed rate under a reference cutting force constraint and
verified their results in a vertical machine center. Feng
and Su [9] proposed an integrated way to enlarge pro-
ductivity for 3-axis machining, by firstly generating the
constant scallop height tool paths and thenmaximize the
feed rate along the tool path by cutting force constraint. A
five-axis feed rate scheduling method was raised by [28],
example of an impeller blade machining show a reduc-
tion of 35% in total machining time can be reached after
rescheduling the feed rate.

1.3. Tool path strategies

Assume we have obtained the optimal cutting parame-
ters, the afterward tool path generation should be final-
ized in CAM stage. Numerous strategies have been pro-
posed to generate tool path for free-form surface fin-
ishing, such as iso-planar [5], constant scallop height
[19, 26], and iso-phote strategy [10]. One similarity of
these approaches is that only one layer of tool paths
is generated. Considering a multi-layer machining pro-
cess in rough milling, a traditional way is to apply a 2D
pocket strategy for each layer. [27] compared three path
fashions (offset, raster, single direction raster) of pocket
machining in order to achieve a high productivity, the
raster strategy is mostly preferred for a larger MRR and

longer tool life. Besides, morphing technique has been
transformed into tool path planning to eliminate the
‘stairs’ left on surface. [18] gave two reasonablemorphing
strategies: linear interpolation and Hermit interpolation
to produce roughing levels in 3-axis machining. Lauwers
and Lefebvre [16] extended this idea into 5-axis machin-
ing, gauge free tool paths can be generated in a smoother
fashion.

To sum up, a number of energy models, feed rate
scheduling techniques and tool path generation meth-
ods have been proposed by past studies. However, to
reallymake a feasible planning for energy saving, we have
to link all these aspects up to make an integrated opti-
mization. The following parts of this paper will turn this
thought into reality step by step. To start with, section 2
will introduce an enhanced energy consumption model
which takes mechanics constraints into consideration,
based on which the optimal cutting parameters can be
obtained. In phase 2, according to the optimal parame-
ters, section 3 will describe two different strategies for 3-
axis tool path planning. After that, a benchmark test will
be carried out between traditional and optimal cutting
parameters in both tool path strategies.

2. Energy consumptionmodel

Energy consumption is a very complicated mechanism
during the machining process, the power demand for
every single component varies with different machine
configuration and tool shape. Each machine will have
a unique energy consumption model (ECM), which
makes it impossible to cover all the existing machine
types and derive their own ECM repeatedly, therefore
in this section, a general form of ECM for 3-axis ball-
end milling process will be proposed so that one can
easily adapt to a specific machine tool after a careful
calibration.

Regardless of the machine type, the power demand
for any machining process can be divided into two parts:
the idle power demand and the cutting power demand.
A number of components such as servo, lighting, spindle,
etc. consume energy as long as the machine is powered
on, these energy usage can be classified into the idle
power demand, which is normally assumed fixed dur-
ing a single machining process. However in terms of the
cutting power demand, the value changes greatly due to
different cutting parameters. In the following part of this
section, a thorough derivation in terms of the cutting
power demand will be given in 2.1, and a combination of
the two power demands will be proposed in 2.2, where
a global formula for energy consumption will thus be
derived.
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2.1. Specific cutting energy

Theoretically, the specific cutting energy (SCE) is the
value of energy consumption when the tool cuts a unit
volume of material. Regardless of the machine configu-
ration, SCE only varies with tool shape, axial and radial
depth of cut (ap&ae), and feed per spindle turn (ft), which
can be formulated as the following equation:

SCE = Es(ft , ae, ap)
Vs(ft , ae, ap)

(2.1)

Where: Es and Vs are the consumed cutting energy
and the swept material volume during one spindle turn,
respectively. As a consequence, for a given tool, SCE is a
function of the three variables.

In order to derive the expression of SCE in terms of ap,
ae and ft , a cutting model for three axis ball-end milling
should be built up first. Generally, the tool moves in a
zig-zag or a contour fashion and cuts the material layer
by layer, ignore the first layer, in most of the time the
tool encounters the unfinished workpiece with its left (or
right) side and its top surface already been machined by
the previous cuts. The figure below shows a transient state
of the cutting process in a 2D fashion, where the shaded
area represents the cutter-workpiece engagement (CWE)
region, which is highly influenced by the previous cut.

Based on this assumption, we are now able to for-
mulate Es and Vs individually. Basically, Es is equal to
the total work done by cutting force per spindle turn,
therefore the cutting force model is presented in the first
place:

⎛
⎝dFt
dFr
dFa

⎞
⎠ =

⎛
⎝Ktc · T(ft ,ϕ, κ) · db + Kte · dS
Krc · T(ft ,ϕ, κ) · db + Kre · dS
Kac · T(ft ,ϕ, κ) · db + Kae · dS

⎞
⎠

db = dz
sin κ

,

dS =
√

(R′(ϕ)2 + R2(ϕ) + R02cot2(i0))dϕ (2.2)

⎡
⎣dFu
dFv

dFw

⎤
⎦ =

⎡
⎣− sin(κ)sin(ϕ) −cos(ϕ) − cos(κ)sin(ϕ)

− sin(κ)cos(ϕ) sin(ϕ) − cos(κ)cos(ϕ)

cos(κ) 0 −sin(κ)

⎤
⎦

⎡
⎣dFr
dFt
dFa

⎤
⎦ (2.3)

Fig. 2 and Eqn. (2.2) show the differential cutting
force model originally proposed by Lee and Altintas [17],
where R(ϕ) is the radius of the cutting plate starting from
0 to R0. The differential tangent (dFt), radial (dFr) and
subtangent (dFa) cutting force are the three orthogonal
vectors acting on a single point along the cutting edge.

Eqn. (2.3) expresses the orthogonal decomposed cutting
force in the tool coordinate system, κ and ϕ are respec-
tively the immersion and rotational angle to define the
position of the cutting edge, i0 is the helix angle. The
edge coefficients (Kte KreKae) and the shearing coeffi-
cients (Ktc KrcKac) vary with different materials and cut-
ters. Details of this model can be found in [17], while the
value of the six coefficients in terms of a specifiedmaterial
is carefully calibrated.

Figure 1. Cutting parameters and engagement region of three
axis ball-end milling.

Figure 2. Differential cutting force exerted on one point.

The next step is to derive the cuttingmotion as a func-
tion of the rotational angle ϕ. The actual motion of one
cutting edge, especially in conventional CNCmachining,
is not just a simple rotation but a combined movement of
spindle rotation and translation, one possible trajectory
for a specified point on cutting edge is shown below:

From Fig. 3, it is clear that the cutting edge moves in
a screw-like trajectory, therefore the concerned point on
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Figure 3. Trajectory of one point on the cutting edge.

the cutting edge will translate a distance of feed per spin-
dle turn ft after one spin, the expression of this trajectory
in terms of ϕ in the workpiece coordinate system is:

⇀

S(κ ,ϕ) =
⎛
⎝xp
yp
zp

⎞
⎠ =

⎛
⎝ x0 + R0 sin(κ)sin(ϕ)

y0 + R0 sin(κ) cosϕ + ft ϕ−ϕ0
2π

z0 − R0 cos κ

⎞
⎠

(2.4)

Obviously, energy consumption should be the prod-
uct of force and displacement, the differential form is
expressed by the following equation:

∫ dE = ∫⇀F ·�⇀dS (2.5)

Therefore, a similar form for theEs can be derivedwith
Eqn. (2.3), (2.4) and (2.5):

Es(ft , ae, ap) =
l−R0∫
−R0

ϕ0+2π
∫
ϕ0

⎛
⎝dFu
dFv

dFw

⎞
⎠ ·

⎛
⎝dxp
dyp
dzp

⎞
⎠

=
l−R0∫
−R0

ϕ0+2π
∫
ϕ0

(R sin(κ) cos(ϕ)dFu

+
(

−R sin(κ) sin(ϕ) + ft
2π

)
dFv

)
dϕ

(2.6)

This expression is a double integral in terms of dϕ
and dz, where dz is hidden in dFu and dFv , meaning that
after we get the differential energy usage for one single
cutting point, the whole energy consumption can be cal-
culated by a subsequent integral along the cutting edge.
According to Fig. 1, dFu and dFv will be null if the con-
cerned cutting point (up, vp,wp) locates outside the CWE
(bounded by the green arcs).

Consequently, the cutting energy consumption Es can
be determined by Eqn. (2.6). Next, we will derive the

expression ofVs, i.e. the swept volume during one spindle
turn.

Previously we have mentioned the engagement region
as a projection form in 2D plane, Fig. 4 shows this region
in both 3D and 2D fashion, where A and Apro are their
corresponding area. Obviously after one spindle turn,
every point on the cutter will move a same distance of
ft along the feed direction, therefore for an infinitesi-
mal area in the engagement region, its infinitesimal swept
volume will be:

dV = (
�⇀np ·�⇀ft )dA (2.7)

np

A

Feed direction

pro

A
dA

Figure 4. Cutter-workpiece engagement region in 3D fashion.

Where:�⇀np is the unit normal of dA. The whole swept
volume should be the surface integral of the infinitesi-
mal volume among the engagement region. Mathemat-
ically, the integral can be simplified as the product of the
projection area Apro and the travel distance ft :

Vs(ft , ae, ap) = ∫
A
dV = ∫

A
(
�⇀np ·�⇀ft )dA = Aproft (2.8)

After that, the expression of the projection area Apro in
terms of ae and ap can be easily obtained by a reshaping
trick shown in Fig. 5.

By the abovemethods, a complex swept volume can be
simplified as follows:

Vs(ft , ae, ap) = Aproft = aeapft (2.9)

Also, an instantaneous material removal rate can be
expressed as the product of Vs and spindle speed S:

MRR = VsS
60

= aeapftS
60

(2.10)
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ae
ap

Figure 5. Reshape the 2D engagement region.

So far, we have derived the cutting energyEs and swept
volume Vs in Eqn. (2.6), (2.7) and (2.10), substitute these
two expressions back into Eqn. (2.1), we can finalize the
SCE.

2.2. Global energy consumption formula (GEF)

In a macroscopic view, apart from the cutting energy,
there also exists another type of energy consumption
to cover the idle power demand as we introduced in
the beginning of this section. Unlike the cutting energy
model, it is impossible to get the mathematical model
for the idle power demand due to the complexity of
machine configuration, therefore a simplification ismade
in this paper that the idle power demand is assumed to be
constant during the whole machining process, denoted
by Pidle.

Based on this assumption, the longer machining time
T, the more energy will be consumed by idle power
demand. Given a raw block, the total volume of material
to be removed Vr is fixed, so the total energy consump-
tion E is:

E(ft , ae, ap) = PidleT + SCE · Vr =
(
Pidle
MRR

+ SCE
)
Vr

(2.11)

Where: MRR is the mean material removal rate, thus
the total machining time is the quotient of Vr over MRR,
divide both sides of Eqn. (2.12) with Vr, we will get the
specific energy consumption in the global view, defined
as the global energy consumption formula (GEF):

GEF(ft , ae, ap) = E
Vr

= Pidle
MRR

+ SCE = 60Pidle
aeapftS

+ SCE(ae, ap, ft) (2.12)

In fact, Pidle is a constant, SCE andMRR are functions
of ft , ae and ap, therefore GEF is also a function of these

three variables, the final issue is to find out the optimal
values for the three parameters for the minimization of
GEF.

In rough milling, a larger MRR is always preferred,
however this value is physically constrained by a critical
value of cutting force. According to the previous cutting
force model, with a given set of ap&ae, the peak value of
cutting force during one cycle is actually a linear function
of ft :

Fpeak = A(ap, ae)ft + B(ap, ae) (2.13)

Where: A, B are the coefficients of this linear function,
varying with different set of ap&ae. Due to the physical
constrain, if a threshold value F0 is given, then the largest
allowable ft(max) should be:

ft(max)(ae, ap) = F0 − B(ap, ae)
A(ap, ae)

(2.14)

Substitute Eqn. (2.14) back into Eqn. (2.12), a final
expression of GEF as a function of two variables (ap&ae)
is presented below:

GEF(ap, ae) = 60Pidle
aeap

F0−B(ap,ae)
A(ap,ae) S

+ SCE
(
ae, ap,

F0 − B(ap, ae)
A(ap, ae)

)
(2.15)

As long as the machine configuration is specified and
the workpiece material is given, we can always find out
an optimal set of ap&ae to obtain the minimal value of
GEF. For a particular case of a ball-end cutter with radius
of 6mm, 4 cutting edge and a helix angle of 30 degree,
when the spindle speed is 3000 rpm and the workpiece
is simple aluminum block, the relationship between GEF
and ap&ae is shown in Fig. 6.

As we may observe from this figure, there should be
an upper bound for ap & ae, since a large value of ae will
cause a bad surface quality (large cusp height), and the
value of ap should also be constrained by the length of the
cutting edge l. The following equations are presented to
calculate the upper boundary of these two values, assume
the maximum scallop tolerance to be tm.

ap(max) = l − tm

ae(max) = 2
√
R2 − (R − tm)2 (2.16)

To our anticipation, a small value of the two parame-
ters will definitely increase the energy consumption ratio
for its lower machining efficiency. However, it is not as
expected that large cutting depths do not directly lead
to a better energy performance, even though the cut-
ting energy (see Fig. 6b) shows a descending trend upon
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(a) (b)

Figure 6. The behavior of (a) GEF; (b) SCE, upon different radial and axial depth of cut.

larger values of cutting depths, the decreased feed rate (to
keep cutting force under a critical value) in such condi-
tion slows down themachining rate, causingmore energy
consumption on idle running. Therefore, the optimiza-
tion of the cutting parameters is essentially a trade-off
issue, the local optimum in this bounded region is eas-
ily obtained by classic algorithms like steepest descend
method and Newton iteration method, etc.

Consequently, the optimal set of ap&ae is located
somewhere in the middle, with which an energy-saving
tool path is attainable. And we will explain the tool path
strategy in the next section.

3. Tool path planning strategies

In most cases, especially for those blades and dies with a
relatively flat surface, a 3-axis machine is capable enough
to be tasked with a surface roughing. Unlike the finish-
ing process with only one or two layers of material to be
cut on the workpiece, the roughing process usually starts
with a raw block with a large volume of material to be
removed,which is pretended to be of a fixed valueVr back
in Eqn. (2.12). Next, based on the optimal cutting param-
eters derived in last section, we will provide two different
strategies to generate tool path in this section, and give a
comparison in the next section.

3.1. Improved constant Z-level strategy

Normally in roughing stage, a simple tool path strategy
developed from pocket machining is acceptable, that the
model is sliced into several layers with a uniform interval,
and the 2D pocket tool path is generated for each layer.

The advantage of the pocket tool path is that an opti-
mal set of radial and axial depth of cut can be always
maintained along the tool path, so that a minimum

energy consumption is ensured. However, the surface
quality is closely related to the interval between two adja-
cent layers, i.e. the axial depth of cut ap, usually the
optimal value of it may not be small enough to produce
a good surface finish, thus the stair-step shape left on the
model (shown in Fig. 7 below) may cause huge vibration
in the subsequent finishing process.

Design model After rough milling

XY
Z

Figure 7. The stair shape left on the model after rough milling.

Because of this drawback of traditional constant
Z-level method, we propose an enhanced strategy that
one more special layer of tool path is added at the end, so
that these annoying stairs can be swept out. The following
procedures explain the whole algorithm of this strategy:

Input: Design model (surface S), Optimal ap&ae,
Machining tolerance tm (constantmargin valuem+ cusp
height value h).

Output: Agroup of tool paths for roughing based on
the improved constant Z-level strategy.

Step1: Calculate the height hs of the raw block along
Z direction, starting from the top plane of the block, gen-
erate a series of planes (excluding the top plane) with
a constant interval ap, the number of planes equals to:
ceil((hs + tm)/ap) − 1. For each plane, do the intersec-
tion operation with Sm, and store the intersection curves
i.e. the contours in database ContourZ .
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LinesX DATAZ Tool paths

Last layer of tool paths

Output

Figure 8. Procedures for the subtraction operation.

Step2: Generate a group of parallel line segments
LinesX along X direction within X-Y plane, eliminate the
part outside the surface region, the interval between each
two segment is ae.

Step3: For each contour in ContourZ , do a subtrac-
tion boolean operation with LinesX , remove the part of
LinesX that locates inside of the contour curve, lift LinesX
to the corresponding Z-level, and the remaining part of
LinesX is actually the tool paths (CL curves) for that layer,
shown in Fig. 8.

Step4: For each point of LinesX , find the corre-
sponding Z value on Sm, the combination of these two
data sets generates the last layer of tool path.

Unlike the previous tool paths, the tool path of the last
layer is essentially a compromise which aims to eliminate
the stair-steps and improve the surface quality. A simula-
tion examplewill be presented in the next section to judge
whether this compromise has a significant influence on
the total energy consumption.

We have generated the entire tool paths by this strat-
egy, the data structure is described by the following
equation, note that the row index represents the layer, and
each tool path Tpij is a set of discrete points {xk, yk, zk}.

Toolpathdata =

⎧⎪⎨
⎪⎩
Tp11 . . . Tp1m
...

. . .
...

Tpn1 . . . Tpnm

⎫⎪⎬
⎪⎭ (3.1)

3.2. Optimizedmorphing strategy

Even though the improved constant Z-level strategy
could maintain an optimal energy consumption during

most of the time (except for the last cutting layer), it is
only workable for those surfaces with small fluctuation.
For an arbitrary free-form surface like a sinusoidal sur-
face, it is predictable that the cutter will suffer from a
frequent vertical movement even in a single tool path,
this “lifting” action will cause a slot cutting which is not
only unpredictable by the presented energy model, but
also detrimental to the cutter itself. Based on the above
concerns, another strategy named “optimized morphing
strategy” is proposed here.

Morphing technique is widely used inmotion pictures
and movies, changing one shape into another through
seamless transition. We borrow this concept into the
tool path planning so that a raw block can be machined
into the design model during a smooth transition. More-
over, for a specific surface, an optimal direction always
exists which has the minimum fluctuation of Z, an opti-
mal value of ap can be thus largely maintained along
this direction. For the example shown below (Fig. 9),
direction A is certainly superior to B.

Before describing the detailed steps of the tool path
strategy, we should first create a mathematical model to
represent the fluctuation. For a given direction α in X-Y
plane, we can generate a curve right on the surface whose
projection in X-Y plane is along α. For a particular curve
{xi, yi, zi}, the fluctuation can be expressed as:

fluc =
∑n

i=2 abs(zi − zi−1)∑n
i=2 norm(xi − xi−1, yi − yi−1, zi − zi−1)

(3.2)

Where the denominator is actually the approximate
curve length, and the numerator is the accumulated
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Figure 9. Difference of cutting direction in terms of fluctuation in
Z direction.

fluctuation value along this curve. The optimal direction
α with least fluctuation can be thus determined by bru-
tal force, and the full steps for tool path generation are
shown below:

Step1: Parallel to the direction α and Z axis, gen-
erate a set of parallel planes with a constant interval ae,
their intersection with Sm will produce a set of curves.
We name these curves leading curves.

Step2: Find an optimal direction αopt , such that the
summation of fluctuation for each leading curve, i.e.∑

fluc is minimized. Save these optimal leading curves
as {LC1,1, LC1,2 . . . LC1,m}.

Step3: For each leading curve LC1,k{xi, yi, zi}, go
back to step1 to find the plane Pk that contains LCk,
generate a group of morphing curves right on Pk, the
total number of curves (including the leading one) is
calculated by:

nk = round
(
max(ztop − zi) + min(ztop − zi)

2ap

)
(3.3)

Step4: Use linear interpolation to define morphing
levels. In a mathematical description, starting from the
leading curve LC1,k{xi, yi, zi}, the upper curve LC1+j,k can
be represented by:

LC1+j,k =
{
xi, yi, zi +

(ztop − zi)j
nk

}
(3.4)

So far, all the curves generated can be regard as CL
curves, Fig. 10 demonstrates the tool path generation
starting from the leading curve.

As a conclusion, two different strategies for tool path
planning are proposed, the first strategy performs a best
energy consumption during most of the time, however
only suitable for machining surfaces with less fluctua-
tion; the second strategy can be utilized into arbitrary
free-form surfaces, but may consume a higher energy.

X

Z

a e

Y

Top face
LC4,k

LC3,k

LC2,k

LC1,k

Figure 10. One list of morphing tool path from the bottom-up.

In next section, a virtual surface will be machined by
both strategies, an exhaustive comparison will be made
accordingly.

4. Simulation results

The whole methodology has been implemented and ver-
ified in MATLAB, where a group of simulated experi-
ments is conducted. The design surface is a Bezier Surface
generated by a 5*5 control point set, with both concave
and convex features, shown in Fig. 11. A Z-dimensional
vector (ZDV) method is utilized to virtually represent
the in-progress workpiece, an initial bunch of vectors
along Z direction with equal height is planted cover-
ing the entire surface. These vectors are progressively
mowed and updated with a shorter height when the tool
moves along the tool path. By calculating the geomet-
ric intersection between each ZDV and a ball-end tool
(which is purely represented as the combination of a half
sphere and a cylinder), the cutting depths as well as the
cutter-workpiece engagement are easily obtained. The
real-time workpiece profile is numerically simulated by
the remainder of the ZDVs.

Machine tool parameters are manually selected based
on an average configuration of state of art vertical
machine centers with ball-end mills, shown in Tab. 1.
Al7039-T64 is chosen as theworkpiecematerial, of which
the cutting force coefficients are determined by curve fit-
ting technique according to the calibrated data in [23].
Regarding the cutting force, we set the critical force
value as 700N, such that feed rate is constrained by both
mechanics and kinematics limitations. Machine toler-
ance is chosen to be 1∼2mm, as there is no need to
strictly constrain the cusp value, overcut however, is not
allowed in rough milling. Tab. 2 lists the assumptions we
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(a) (b)

Figure 11. (a): Design surface generated by 5*5 control points; (b): workpiece represented by ZDVs.

Table 1. Machine and Tool configuration.

Machine configuration Tool parameters

Spindle speed Maximum allowable feed rate Idle power Radius (R) Helix angle (i0) Cutting edge number Maximum cutting depth
3000RPM 2000mm/min 1.5KW 6mm 30° 4 10mm

Figure 12. Generated tool paths based on improved constant Z-level strategy.

have made through the whole modeling and simulation,
serving as the priority for this research. Real conditions
are subjected to change with unpredictable factors, such
as the idle power slightly varies with different feed rate in
practice, these changes are considered to be minor and
less influential to the credibility of the simulation results.

After all these parameters are set, the GEF can be
obtained by Eqn. (2.12), Fig. 6 has already shown the
corresponding GEF previously. The optimal values of
ap&ae according to this figure, locates inside the range
of 4.5mm and 7mm, when the value of GEF can be
minimized.

The proposed two strategies for tool path planning
are implemented in this example, Figs. 12 and 13 show
the corresponding tool paths respectively. As for the first
strategy, totally three layers of tool paths are generated,
the last layer (plotted in yellow) is the special layer to
eliminate the stair-steps created by the first two layer of
tool path, the blue lines are the tool path for rapid move-
ment where the tool has no physical contact with the
workpiece. On the other side, tool paths generated by
optimized morphing strategy are displayed in Fig. 13,
where the tool paths are forced along an optimal direc-
tion, it is obvious that along this direction the surface
has smaller fluctuation vertically. The leading curves are
shown in yellow, a set of subsequent red tool paths are
generated afterward. Different from the first strategy, the

number of curves for each set varies, producing amorph-
ing change from a raw block to a semi-finished surface.

Figure 13. Generated tool paths based on optimized morphing
strategy.

The total energy consumptions by these two strate-
gies are estimated according to the proposed model. For
the first strategy, we assume that the tool moves with a
maximum speed, i.e. the maximum allowable feed rate,
during rapid movement along those blue curves, only
idle power will be considered. For those red and yellow
curves, where real cutting event happens, we calculate the
average GEF value for each two adjacent CL points and
the swept volume when the tool moves from one point to
another, so that the estimated total energy consumption
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(a) (b)

Figure 14. Histograms of energy consumption for optimal ap&ae: (a) Strategy 1, (b) Strategy 2.

Table 2. Preliminary assumptions.

Idle Power Kept as constant
Initial workpiece Block
Surface quality constraint Maximum scallop height should be less than

the machine tolerance
Uncut moving speed Maximum allowable feed rate

can be expressed as:

Etotal =
∑ GEFi + GEFi+1

2

· (ap(i+1)ae(i+1) + ap(i), ae(i))pi+1 − pi
2

(4.1)

Where: pi represents the coordinate of CL point. Based
which, the following results for each strategy can be
calculated and compared accordingly.

Figure 14 shows the energy consumption values for
every single tool path, the total energy consumption can
be calculated as a summation. To be expected, as the
first strategy maintains an optimal GEF value most of the
time, it is undoubtedly more energy efficient. The second
strategy consumes 20% more energy than the first one.
Unexpectedly, even though the total curve length of the
second strategy is 46% longer than the first one, the total
machining time is only slightly larger than the first one.
A reasonable explanation is that feed rate becomes larger
during some of themachining periods. Aswe can observe

from Fig. 13, around the middle area of the surface, the
cutting depth ap, i.e. the vertical interval between two
curves decreases, producing a small chip load, feed rate
is thus increased to maintain a fairly stable cutting force.

Traditionally in rough milling, usually a maximum
value of ap&ae is recommended for large productiv-
ity. The energy consumed by idle power will be defi-
nitely lowered upon large productivity, however the total
energy consumption pattern is still unknown under this
circumstance. Therefore another comparison is made
between the optimal and traditional cutting parameters.
To keep it fair we will use the proposed tool path strate-
gies for both conditions. The maximum allowable axial
and radial depth of cut are determined by Eqn. (2.16),
values regarding machine tolerance are 8mm and 7mm,
respectively. Figs. 15 and 16 display the tool paths with
themaximum ap&ae value, this time, due to the increased
value of ap, only two layers of tool paths are generated.
Fig. 16 and Tab. 3 give results for both strategies. Com-
pared with Tab. 4, the total curve length has a remarkable
decrease, whereas the productivity as well as energy effi-
ciency shows nomore advantages, both have a significant
increase, especially for strategy 1.

As a conclusion, we virtually established a vertical
machine center, a ball-end tool, and a free-form sur-
face to be machined. Under the mechanics and kine-
matics constraints, two key cutting parameters: axial

Figure 15. Tool paths generated by two strategies with a maximum value of ap&ae.
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(a) (b)

Figure 16. Histograms of energy consumption for maximum ap&ae: (a) Strategy 1, (b) Strategy 2.

Table 3. Simulation results between two strategies formaximum
ap&ae.

Maximumap&ae
Total energy
consumption

Total curve
length

Total machining
time

Strategy 1 1040KJ 2871.8mm 625.6s
Strategy 2 881KJ 3214.0mm 402.5s

Table 4. Simulation results between two strategies for optimal
ap&ae.

Optimal ap&ae
Total energy
consumption

Total curve
length

Total
machining

time

Strategy 1 702KJ 4328.9mm 324.3s
Strategy 2 852KJ 6352.6mm 387.8s

and radial depth of cut, are optimized by the GEF
function. Comprehensive comparisons of tool paths,
energy efficiency and productivity are made between
two proposed tool path planning strategies upon opti-
mal and maximal cutting parameters. The first strategy
shows a best energy and productivity performance when
equipped with the optimal cutting parameters, but pro-
duces a worst performance with the maximum ap&ae.
The second strategy gives moderate performance for
both optimal and maximum cutting parameters.

In real machining of surface roughing, for surfaces
with abrupt concave and convex features like car body
molds, strategy 1 is always preferred as it maintains a
fixed set of cutting parameters most of the time, which
is assumed to be the most energy efficient combination;
however for flat surfaces with small twisting features like
blade surface, both strategies exhibit no big difference on
the energy performance, and the morphing strategy is
more preferred if one wants to increase the productiv-
ity without sacrificing much energy consumption, as the
tool path is naturally smoothed without any “tool lifting”
movements, the machining time is therefore remarkably
saved compared with strategy 1.

5. Conclusion and future work

Two energy-saving strategies for 3-axis tool path plan-
ning are proposed in this paper. Tool path for surface
roughing, compared with surface finishing, is relatively
simple-fashioned with less variables: radial depth of cut
ae and axial depth of cut ap. Therefore, the optimization
of these two variables has been studied in the first place.
An energy consumption model including cutting power
demand and idle power demand is established first. By
considering cutting torque and cutting volume during
one spindle turn, a mathematical model is derived to
describe the specific cutting energy. After that, together
with idle power, a global energy consumption formula
(GEF) is created as a function of the two cutting param-
eters, while the upper bound of feed rate is constrained
by the critical cutting force value. By this formula, the
specific energy consumption for a given machine tool
configuration can be easily estimated and optimized. A
group of preliminary simulations shows that the optimal
parameters together with the proposed tool path genera-
tionmethods can save up to 30% of the total energy usage
compared with traditional cutting parameters.

Nevertheless, the presented approach only gives a
rough, more works such as cutting force calibration and
real machining tests should be done to make it valid. In
the future more cutting experiments will be conducted in
real CNC platform, and we will further go deeply into the
energy optimization for complex surface finishing.
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