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Abstract
In this paper, an innovative cutting force modelling concept is presented by modelling cutting forces against micro-cutting

processes such as micro-milling, ultraprecision turning and abrasive micromachining, and also taking account of micro-

cutting dynamics. The modelling represents the underlying micro-cutting mechanics and physics in micro-milling in an

innovative multi-scale manner, i.e. the specific cutting force at the unit length, unit area and unit volume by considering the

size effect, cutting fracture energy, the material modulus, and the cutting heat and temperature partition. A novel

instantaneous chip thickness algorithm is introduced to analyse the real chip thickness by taking account of the effects of

the micro-tool geometry change brought up by the tool run-out and further contribute to the force model through a

numerical iterative algorithm. The measured cutting forces are compensated by a Kalman filter to achieve the accurate

cutting forces. This is further utilized to calibrate the model coefficients using least square method. The cutting force

modelling is evaluated and validated through well-designed micro-milling trials, which can be used for optimizing the

cutting process and tool cutting performance in particular.

Keywords Cutting force modelling � Micro-milling � Instantaneous chip thickness � Multi-scale modelling �
Micro-cutting mechanics � Specific cutting force

List of symbols
Ap Ploughing area between the tool and

workpiece (lm2)

e Energy consumption on unit volume

(J/mm3)

f Feed rate (lm/min)

ft Feed per tooth (lm)

f0 Feed rate (lm/s)

Flx(t, k), Fly(t, k) Cutting force at unit length (N)

Fsx(t, k), Fsy(t, k) Cutting force on unit area (N)

Fx(t, k), Fy(t, k) Orthogonal cutting force and thrust

force (N)

h(t, k) Actual chip thickness (lm)

h(hi(z)) Uncut chip thickness (lm)

k Tooth number of micro-mill /

Krp, Ktp Ploughing coefficients in radial and

tangential directions (N/mm2)

Kre, Kte Edge constants in radial and tangential

directions (N/mm2)

Krc, Ktc Cutting force coefficients in radial and

tangential directions (N/mm2)

l Total length of cutting flute engaged

with material (lm)

N Number of tool teeth /

r Run-out (lm)

Rk Actual tool radius (lm)

s Cross section of the chip generated in

micro-milling (lm2)

t Time point of milling process (s)

t1, t2 Time delay between two adjacent

cutting tooth acting at the same

position on the workpiece (s)

V Volume of material being removed in

micro-milling (lm3)

Z Axial height of flute (lm)

a Run-out location angle of actual tool

centre (rad)
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b Helix angle of cutting tools (�)
cc Change of rake angle (�)
w Angular velocity (rad/s)

h Position angle of kth tooth (�)
hp Position angle of (k - 1)th tooth (�)
hken, h

k
ex

Actual tool entry and exit angles of the

kth tool tooth (�)
hen Engage entry angle of cutting flute (�)
hex Disengage exit angle of cutting flute

(�)

1 Introduction

Cutting forcemodelling and analysis, as an important process

indicator inmicro-milling, can collectively reflect the various

cutting process phenomena and dynamics such as size effect,

chip formation, energy consumption and cutting heat parti-

tion, and the machining instability and chatter. It can also be

correlated with the tool cutting performance particularly with

the toolwear and tool life. Therefore, cutting force is seen as a

key formulation to optimize the cutting process variables and

tool geometries in micro-cutting processes. A number of

cutting force models are proposed and studies for micro-

cutting processes [1–8], which falls in four categories, i.e.

analytical modelling [9–12], numerical modelling [7, 8, 13],

empirical modelling [14–17] and hybrid modelling (com-

bining the strengths of previous threemodelling approaches).

Davoudinejad et al. [18] proposed a 3D FEM for studying the

cutting forces in full slot end milling process. The simulation

and experimental results indicated that the effect of the run-

out phenomenon was visible in the cutting force results and

different cutting action could be significantly observed for the

two teeth. He also investigated the influence of the worn tool

affected by built-up edge (BUE) on micro-end milling pro-

cess performance via FEM, which demonstrates that the

predicted micro-milling cutting forces resulted affected by

BUEwith different teeth engagements [19]. Zhang et al. [20]

proposed an analytical model by considering the minimum

chip thickness effect, tool run-out (axial offset and tilt offset)

and trochoidal trajectory to determine the cutting forces.

These were seen as the most related influence factors in the

force model and validated through experiments. Matsumura

and Tamura [21] developed an analytical model to evaluate

the effect of the cutter run-out on the cutting force in order to

perform the milling operation properly. In addition, the

experimental results from Kang et al. [22] presented that the

effect of cutting edge radius on cutting forces was significant

in the micro-scale milling. However, the modelling approa-

ches and techniques developed so far are almost all focused

on obtaining the absolute value of cutting forces. In ultra-

precision and micro-cutting processes, the cutting forces are

at the 0.1–1 N scale compared to that in conventional

machining normally being at 100–1000 N scale. The accurate

measurement and analysis of their absolute values are chal-

lenging and often not applicable particularly in-process and

taking account of the cutting dynamics as normally required

in industrial applications. In addition, the cutting process

phenomenon above mentioned cannot be appropriately

reflected as cutting force down to such a small scale. More-

over,most researches focus on the effects of cutting edge, tool

run-out and dynamic modulation in cutting force models,

while the effect of feed rate on the time delay and actual chip

thickness is always ignored. As a result, micro-cutting force

modelling by considering the instantaneous chip thickness

and cutting dynamics comprehensively is still less under-

stood. Therefore, dynamic cutting force modelling and

understanding the dynamic aspects of the cutting force are

becoming essentially important formicro-cutting particularly

for developing the relevant in-process algorithms and ana-

lytics for smart micro-machining.

This paper presents an innovative dynamic cutting force

model by considering instantaneous chip thickness in micro-

milling and further investigates the scientific understanding

of the relevant micro-cutting mechanics and the process

dynamics. A comprehensive cutting force modelling, rep-

resenting themicro-milling forces at the unit length, unit area

and further at the unit volume, is proposed in order to

establish scientific understanding of the underlying micro-

cutting mechanics and physics in a multi-scale manner. This

innovativemodelling is expected to be industrial feasible and

realistic compared to the existing models, and also to take

account of the size effect, chip formation, tool wear mech-

anism and the cutting temperature partition, etc. in a quan-

titative analysis manner while with physical engineering

meanings. The approach is evaluated and validated through

well-designed experimental trials, which will likely help the

micro-milling process optimization with the application to

industrial micro-manufacturing.

2 Chip Thickness Modelling in Micro-milling

2.1 Analytical Chip Thickness

In conventional milling process, the chip thickness can be

expressed by a sinusoidal function of feed per tooth

approximately as below:

hc hð Þ ¼ ft sin h ð1Þ

where hc(h) represents the uncut chip thickness, ft is the

feed per tooth and h is the position angle of tool tip from

the beginning position of cutting. This presents a good
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approximation of chip thickness in conventional milling

process due to the feed rate is comparatively large.

However, in micro-milling with the scaled-down cutting

variables, the function in Eq. (1) is not appropriate or

accurate due to the real movement of the cutting tool centre

is not taken into account. The tool diameter normally falls

less than 1 mm even down to 100 lm, the feed rate usually

ranges from 0.1 to 10 lm and the extremely small cutting

edge radius cannot be ignored which means the chip

thickness calculation in each revolution is even complex in

micro-milling process. In addition, dynamic run-out of

cutting tool normally ranges from 1 to 5 lm which is

extremely tiny in conventional milling. However, the ratio

of run-out to tool diameter becomes more significant in

micro-milling. Thus, the run-out of tools needs to be con-

sidered in order to achieve a precise chip thickness pre-

diction in each revolution. Bao and Tansel [9] proposed an

analytical cutting force model which firstly considered the

tool run-out effects. Zaman et al. [12] developed a model

which determined the theoretical chip area at any specific

angular position of the cutting tool tip. Li et al. [23] pre-

sented a new algorithm to calculate the actual chip thick-

ness considering the trochoidal trajectory of tool tip with

run-out and the minimum chip thickness (MCT) effects.

However, these methods and approaches mentioned

above only considered the tool run-out in the machine

coordinate system and overlooked the change of cutting

tool geometry caused by the run-out of cutting tool. This

study proposes a new algorithm to accurately calculate the

chip thickness based on the real trajectory of tool tip in the

workpiece coordinate system and the actual chip thickness

is determined by comparing the nominal chip thickness

with MCT at each calculation interval. As a result, this

model simulates discontinuous chip formation at particular

locations.

Figure 1 shows a micro-milling tool with a run-out of r

at the angle a in workpiece coordinate system, in which the

tool spins about the spindle centre O. Previous chip

thickness models which include the tool run-out usually

determine the tool rotates about the tool centre O0. The
particular location of tool centre O0 can be expressed as

x ¼ r sin wt þ að Þ þ ft=60

y ¼ r cos wt þ að Þ
ð2Þ

where r is the run-out in lm, w is the angular velocity in

rad/s, f is the feed rate in lm/min and a is the run-out

location angle of actual tool centre in rad.

However, the tool actually rotates about spindle centre

O and the rotational radius of each tool tip has changed that

represented by red line in Fig. 1. Given the nominal radius

of cutting tool, tool run-out and its location angle, the

following expression of actual tool radius based on laws of

cosines is obtained.

Rk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ r2 � 2Rr cos 2p=N � k � 1ð Þ � að Þ
p

ð3Þ

where k is the tooth number, R is the nominal radius of

cutting tool and N is the number of tool teeth. The actual

velocity direction of tool tip is indicated by solid red arrow

in comparison with the nominal direction indicated by

dashed arrow shown in Fig. 1. The nominal rake angle of

cutting tool is zero, whereas the actual rake angle becomes

positive for tooth 1, while negative for tooth 2. The change

of rake angle can be formulated by:

cc ¼ �1ð Þkþ1
cos�1 R2 þ R2

k � r2

2RRk

� �

ð4Þ

The change of rake angle can significantly affect the

interaction between tool and workpiece. In addition, the

change has further effects on the cutting process and tool

performance. Thus, it is critical to take this into account

when modelling the micro-milling process accurately.

Knowing the actual radius of cutting tool and the actual

rotation centre O moves along the x-axis at the speed of

feed rate, the trajectory versus time of each tool tip can be

expressed as:

x t; kð Þ ¼ ft

60
þ Rk cos wt � k � 1ð Það Þ

y t; kð Þ ¼ Rk sin wt � k � 1ð Það Þ
ð5Þ

Figure 2 illustrates the real tool tip trajectory of a two-

fluted mill in micro-milling process. It can be observed that

the trajectory is more trochoidal rather than circular. The

maximum chip thickness can be found that locates slightly

behind 90� rotation angle as shown in this figure. Sup-

posing the kth tool tip is located at point Pc (x, y) at rotation

time t, the tool rotation centre is located at position Oc.

Thus, the line PcOc has the following expression in the

coordinate system:

y ¼ Rk tan
�1 wt � k � 1ð Það Þ x� ft=60ð Þ ð6Þ

PcOc represents the cutting edge at the kth tool path

intersects with the trajectory of previous (k - 1)th cutting
Fig. 1 Tool run-out in micro-milling
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edge at point Pp (xp, yp), supposing the (k - 1)th tool tip

reaches point Pp (xp, yp) at time tp and the tool rotation

centre is point Op. Similarly, the line PpOp has the fol-

lowing expression:

yp ¼ Rk�1 tan
�1 wtp � k � 1� 1ð Þa
� �

xp � ftp=60
� �

ð7Þ

Since it can be observed that point Pp (xp, yp) is also on

the line PcOc, by combining Eqs. (6) and (7), the coordi-

nates of point Pp can be derived. Thus, the chip thickness

can be seen as the distance between PcPp, which can be

eventually expressed as:

h t; kð Þ ¼ Rk � PpOc ¼ Rk � Rk�1 cos hp= cos h ð8Þ

where h is the position angle of kth tooth at time point t,

and hp is the position angle of (k - 1)th tooth at time point

tp. The Newton–Raphson iterative method is utilized to

derive tp which satisfies Eq. (7) and the initial value is set

to t0p ¼ t � 2p= wNð Þ.
Due to the uneven tool edge radius, another fact caused

by the tool run-out is the change of entry and exit angles.

Ideally, the tool entry and exit angles are 0� and 180�,
respectively, in slot milling process, whereas the actual tool

entry and exit angles of the kth tool tooth can be formulated

as:

hken ¼
3

2
pþ f 0t1ð Þ2þR2

k � R2
k�1

2f 0t1Rk

ð9Þ

hkex ¼
3

2
p� f 0t2ð Þ2þR2

k � R2
k�1

2f 0t2Rk

ð10Þ

where f0 is the feed rate per second, t1 and t2 are the time

delay between two adjacent cutting tooth acting at the same

position on the workpiece.

Figure 3 shows the evolution of the entry and exit angles

for a two-flute milling tool along the change of run-out

angle. The tool run-out value is fixed, and the actual radius

of the 2nd tooth is larger than the 1st tooth at the run-out

angle of 0�. The entry and exit angles are determined by the

tool radius. The tooth with larger radius has larger entry

and exit angle, which is determined by the fact that tool

with larger radius starts to remove material prior to passing

the vertical line and disengage with material beyond the

vertical line shown in Fig. 2. Figure 4 shows the entry and

exit angles of the two-flute milling tool at varied run-out

while fixed angle. It indicates that the entry and exit angles

for the 2nd tooth with larger tool radius hardly change;

while for the 1st tooth, entry angle increases and exit angle

decreases significantly, which means less engagement on

the workpiece material in one revolution.

2.2 Actual Chip Thickness

From previous research and experimental results, it has

been discovered that for tungsten carbide tools, the MCT is

around 15% of the tool cutting edge radius [24]. Due to the

existence of MCT in micro-milling, cutting without chip

formation occurs especially under the conditions of small

feed rate or at the entering and exiting points during

machining. If the actual chip thickness h(t, k) at time point t

is less than the MCT, material deforms elastically or

plastically instead of being removed. The residual material

is added to uncut chip thickness in the next tooth revolution

at the same position angle. This is repeatable until the

accumulated chip thickness exceeds the MCT. As a result,

chip formation will take place every two or more tooth

passes depending on the uncut chip thickness and MCT. In

this case, the actual chip thickness can be expressed as:

ha t þ Dt; k þ 1ð Þ ¼ h t; kð Þ þ h t þ Dt; k þ 1ð Þ ð11Þ

When the uncut chip thickness becomes larger than the

MCT, the chips will be formed and removed at the cal-

culated instantaneous chip thickness. The actual chip

thickness is then equal to the calculated chip thickness at:

ha t; kð Þ ¼ h t; kð Þ ð12Þ

Figure 5 shows the simulated chip thickness considering

the MCT in the vicinity of entering point. The blue curve

represents the trajectory of the tool tip, and the red line

represents the actual profile after material being removed.

It can be seen that due to the existence of cutting edge

radius, chips can’t be formed at the beginning and material

deforms plastically and recovers to certain level. Only on

conditions that the uncut chip thickness exceeds the MCT,

the machined profile overlaps with the tool tip trajectory.

Fig. 2 Real tool tip trajectory in micro-milling
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3 Innovative Dynamic Cutting Force
Modelling in Micro-milling

3.1 Orthogonal Cutting Force Modelling

Due to the cutting edge radius cannot be ignored, the

cutting process in micro-milling is clearly divided into two

distinct regimes. One is ploughing-dominant regime where

material deforms plastically but no chips are formed; the

other is shearing-dominant regime where material is

removed with chips formation. The material splits and

separates under the round cutting edge. As a result, the

upper part forms the chip and the lower part flows beneath

the tool and forms the machined surface.

When cutting takes place under MCT, the ploughing

forces are assumed to be proportional to the volume of

interface between workpiece and tool [6] computed by
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dFrp ¼ ðKrpAp þ KreÞdz
dFtp ¼ ðKtpAp þ KteÞdz

ð13Þ

where Krp and Ktp are the radial and tangential ploughing

coefficients, respectively; Ap is the ploughed area between

the tool and workpiece [6]; Kre and Kte are the radial and

tangential edge coefficients, respectively; dz is the axial

height of each differential flute element;

When machining takes place at uncut chip thickness that

larger than MCT, the tangential and radial cutting forces

can be modelled as follows:

dFrc ¼ ðKrch hi zð Þð Þ þ KreÞdz
dFtc ¼ ðKtch hi zð Þð Þ þ KteÞdz

ð14Þ

where Kre and Kte are the radial and tangential cutting

coefficients, respectively; h(hi(z)) is the uncut chip thick-

ness which is a function of tool position angle h and axial

height z.

The above cutting coefficients are related to the friction

and pressure at the interface between tool and workpiece.

These coefficients need to be calibrated against the model

based on the experimental data. This can be achieved by

curve fitting the cutting forces into the model and using

least square methods to find the optimal coefficients.

By decomposing the radial and tangential cutting forces

into the coordinate system and integration over the range of

cutting depth, the forces can be expressed as:

Fx t; kð Þ ¼ R cot b r
hex

hen

KrpAp sin hþ Kre sin hþ KtpAp cos hþ Kte cos h
� �

dh

Fy t; kð Þ ¼ R cot b r
hex

hen

KrpAp cos hþ Kre cos h� KtpAp sin h� Kte sin h
� �

dh

ð15Þ

when h\ hmin:

Fx t; kð Þ ¼ R cot b r
hex

hen

Krch hi zð Þð Þ sin hþ Kre sin hþ � � �
Ktch hi zð Þð Þ cos hþ Kte cos h

� �

dh

Fy t; kð Þ ¼ R cot b r
hex

hen

Krch hi zð Þð Þ cos hþ Kre cos h� � � �
Ktch hi zð Þð Þ sin h� Kte sin h

� �

dh

ð16Þ

when h C hmin: where hen and hex are the entry angle and

exit angle of cutting flute when it engages and disengages

with material; b is the helix angle of the flute; dh = dz/

R * tanb considering the influence of the helix angle.

It should be noted that as the chip thickness changes

periodically, both ploughing-dominant cutting and shear-

ing-dominant cutting will take place in each revolution.

Thus, the cutting forces should be calculated using both

Eqs. (15) and (16).

3.2 The Proposed Innovative Approach
to Cutting Force Modelling

The afore-described modelling technique [6] can be used to

predict the cutting forces. However, previous research and

experiments show that cutting force in micro-machining is

quite small down to the 0.1–1 N scale in magnitude. The

direct usage of absolute cutting force imposes the technical

challenge in accurate prediction of the micro-cutting forces

particularly in the micro-cutting process. Furthermore, it is

essential in developing the cutting force model for bridging

the gaps between understanding the micro-cutting

mechanics and the process optimization together with

cutting performance enhancement. Therefore, an innova-

tive cutting force modelling is proposed to provide quan-

titative analysis into micro-milling mechanics and the

cutting process, which is further presented in detail below.

3.2.1 Cutting Force at Unit Length

The cutting force at the unit length can provide force dis-

tribution at the changing positions. Considering the exist-

ing helix angle, the total length of cutting flute engaged

with material is expressed as follows:

l ¼ R hex � henð Þ= sin b ð17Þ

Thus, the cutting force on unit length is represented as:

Flx t; kð Þ ¼ Fx tð Þ cos b
hex � henð Þ ;Fly t; kð Þ ¼ Fy tð Þ cos b

hex � henð Þ ð18Þ

The cutting force at the unit length can be used to pre-

dict the burrs formation in micro-milling and likely render

the foundation for the process optimization particularly in

avoiding the burrs formation along the edges of micro-

milled surface.

3.2.2 Cutting Force at Unit Area

The cross section of the chip generated in micro-milling is

also a function of position angle that can be formulated as

follows:

s ¼ R

sin b
r
hex

hen

h hi zð Þð Þdh ð19Þ

The cutting force on unit area is calculated as:

Fsx t; kð Þ ¼ Fx tð Þ sin b
R r

hex
hen

h hi zð Þð Þdh
;

Fsy t; kð Þ ¼ Fy tð Þ sin b
R r

hex
hen

h hi zð Þð Þdh

ð20Þ
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The cutting force on unit area can be closely linked with

the Young’s modulus of the workpiece material, which can

provide insightful information on the chip formation and

breakage, surface generation and even tool wears at both

rake and flank surfaces of cutting tool [25].

3.2.3 Cutting Force at Unit Volume

The volume of material being removed in micro-milling

can be expressed approximately as:

dV ¼ vdtR cot b r
hex

hen

h hi zð Þð Þdh ð21Þ

The cutting force in the unit volume has the physical

meaning, which can directly lead to the energy consump-

tion in unit volume. The cutting energy consumption in a

unit volume can be further represented in the following

formulation:

e ¼ Fvdt

dV
¼ F tan b

R r
hex
hen

h hi zð Þð Þdh
ð22Þ

The energy consumption on unit volume can be used to

compute the cutting heat partition in the micro-milling tool,

chips and workpiece. Scientific understanding and quanti-

tative determination of the heat partition ratio in micro-

milling are essentially important, as it can likely provide

further quantitative analysis on the tool wear mechanism

and cutting performance in the process.

4 Experimental Evaluation and Validation

4.1 Cutting Trials Design and Experimental Set-
up

The experimental set-up is shown in Fig. 6. The workpiece

is placed on top of a Kistler dynamometer 9256C2 via the

bolted connection. Transfer function from the workpiece to

the dynamometer is measured and compensated. Various

milling tools are employed including the natural diamond

and tungsten carbide single-fluted tools and also normal

end mills with helix flutes. Experiments are conducted at

varied feed rate and cutting speed to broadly study the

machining process. The cutting parameters in the experi-

ments are listed in Table 1.

4.2 Measurement of the Tool Run-out

The run-out of cutting tool and its position angle is mea-

sured at the tool tip. Various factors can contribute to the

run-out magnitude such as manufacturing error, alignment

error and tool dynamics. Previous research and

experiments show that the most significant run-out error is

introduced by the alignment error. This mainly consists of

the parallel tool offset and tilt error. For most cases in the

experiments, the tilt error has extremely small effect on the

tool run-out as the small cutting depth adopted in cutting

trials. Thus, the tool run-out error measurement is mainly

focused on the tool parallel offset and its position angle.

The nominal diameter of cutting tool is firstly measured

on the TESA-200 microscope. The rotational tool run-out

is measured by using the capacitive sensor MicroSense

5810. To measure the location angle, two marks are

attached to the tool in alignment with the opposite two tool

tips, thus the increment angle is exactly 180�. The two

marks are captured by the sensor, and the actual increment

angle can be derived by calculating the angle between

them. The position angle of the tool run-out can be deter-

mined by the difference. Tool run-out is measured at varied

spindle speed adopted in the experiments. Figure 7 shows

the tool run-out for 1-mm tungsten carbide tool. The

magnitude is around 5–6 lm and the position angle is

derived at 30� which is a constant for specified tool-holder

pair.

4.3 Cutting Force Model Calibration
and Validation

4.3.1 Parameters Calibration

Experiments are carried out at varied feed rate and spindle

speed as shown in Table 1. The collected forces are used to

compute the coefficients in the cutting force model. Due to

Fig. 6 Experiment set-up for evaluating and validating the cutting

force modelling
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the periodical change of chip thickness in each revolution,

the machining process experiences both ploughing-domi-

nant cutting and shearing-dominant cutting. The transition

is determined by comparing the actual chip thickness with

the MCT. The actual chip thickness is obtained based on

the algorithm proposed. The MCT is around 15% of the

cutting edge radius which is 1.4 lm [24]. The cutting

forces are divided into two groups based on different cut-

ting regimes. The ploughing and its edge coefficients are

obtained by fitting forces into Eq. (13); the cutting and

edge coefficients are obtained by fitting forces into

Eq. (14). For this purpose, the least square method is

adopted in which the coefficients are determined once the

sum of squares of the error between predicted force and

experimental results reaches the minimum:

E ¼
X

n

i¼1

X

m

j¼1

Fpre � Fexp

� �2 ð23Þ

where n is the number of feed rates used in curve fitting,

and m is the number of data points. Fpre is the predicted

force by the model, and Fexp is the collected experimental

force. In this study, five feed rates and 300 data points for

each feed rate are used to calculate the coefficients. The

obtained coefficients are shown in Table 2.

4.3.2 Model Validation

Figure 8 plots the simulated and experimental cutting force

by using the single-flute tool, which shows a good agree-

ment. The peak difference between prediction and

measurement results is less than 10%. The model can be

used to predict the evolution and magnitude of the cutting

force but fail to explain the fluctuation in real cutting forces

due to the limitation of the modelling technique. These

fluctuations, considering the machining process, are intro-

duced by machine and tool vibrations. The single flute

tungsten carbide tool is used, and only one chip is formed

in each revolution. The predicted cutting forces are zero

since the tool disengages material in the latter half revo-

lution, while the measured forces show otherwise. The

strong attachment of material attached to the tool which

continues scratching the material and causes the fluctuation

in the cutting force is the probable reason.

Figure 9 shows the predicted and measured cutting force

using 1-mm two-flute milling tool by adopting the same

modelling method. In this cutting trial, the measured run-

out is 4.5 lm and its location angle is 79�, which results in

the larger radius of 500.8 lm and the smaller one of

499.24 lm. The comparison shows a good agreement

between the predicted and measured cutting forces. It also

indicates that due to the existence of the tool run-out,

cutting forces generated by one flute with larger radius is

significantly larger than that generated by the flute with

smaller radius.

The predicted cutting forces are also compared with the

conventional cutting force model without considering the

tool run-out and MCT effect. Figure 10 shows the com-

parison and it can be clearly observed that the conventional

method can only predict periodical cutting force, which

fluctuates with single amplitude and periodicity. It can also

be seen that the amplitude of the periodical force is smaller

than that generated with larger radius while larger than that

generated with smaller radius in both predicted and mea-

sured forces, which results in smaller chip thickness.

4.4 Model Interpretation of the Machining
Process

The proposed model attempts to interpret the machining

process at varied feed rates in three aspects, which are the

4

4.5

5

5.5

6

6.5

7

12000 15000 18000 21000 24000 26000 29000

µm

rpm

Fig. 7 Tool run-out magnitudes versus spindle speed

Table 1 Cutting process parameters used in micro-milling experiments

Tool type /0.4 mm diamond tool /0.4 mm tungsten

carbide tool

/1 mm tungsten carbide tool /1 mm tungsten carbide

tool

Number of flutes 1 straight 1 straight 1 helix 2 helix

Feed rate

(lm/tooth)

0.2, 0.5, 1.0, 2.0, 3.0,

4.0, 5.0

0.2, 0.5, 1.0, 2.0, 3.0,

4.0, 5.0

0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0,

12.0, 14.0

0.5,1.0, 2.0, 3.0, 4.0, 6.0,

9.0, 12.0

Spindle speed (k,

rpm)

12, 21, 30 12, 21, 30 12, 15, 18, 21, 24, 27, 30 12, 15, 18, 21, 24, 27, 30

Depth of cut (lm) 20 20 20 20
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resultant cutting force on unit length or area and the energy

consumption in unit volume. For the single straight flute

tools, the force on unit length is similar to the resultant

force. Figure 11 shows the calculation results at different

feed rates for both diamond and tungsten carbide tools.

It can be found that the magnitude of specific cutting

force increases along with feed rate. The fluctuations are

due to material impurity, tool vibration and different chip

formation mechanism. It should be noted that the magni-

tude at proximity of 180� is higher than that at 0�, which is

shown in both plots. This is probably due to the reason of

intact chips being removed by the tool at 180�, while the

tool just engages with material at 0� and doesn’t remove

any material until chips are formed.

As for straight flute cutting tools, the cutting force on

unit area and energy consumption on unit volume of

material are the same from the point of mathematical

computation. Figure 11 also indicates the stress exerted on

the tool, at around 180�, the stress rises up dramatically

from 50 to 500 GPa. Comparing with the major properties

of tungsten carbide tool with shear modulus of 274 GPa,

tensile strength of 344 MPa and compression strength of

2.7 GPa, it can be indicated that although the force mag-

nitude is small, the stresses that the tool is exposed to are

extremely large. This can be used to explain the tool wear

in micro-milling process. The constituent elements of tool

are gradually removed in every revolution.

Figures 12 and 14 plot the cutting energy consumption

in the unit volume of materials being machined by using

both tungsten carbide tools and diamond tools. It signifi-

cantly shows that the energy consumption at the entry and

exit proximity is much higher than that in the middle of

revolution. In addition, at the exit proximity, the energy

consumption rises up exponentially. From Fig. 12a, b, it

can be observed that the order of magnitude can be 10

times higher for tungsten carbide tool, which is a strong

Fig. 8 Comparison between the

simulated and experimental

cutting forces (slot-milling;

single-flute tool; spindle

rotational speed: 21,000 rpm;

feed rate: 2 lm/tooth). a The

simulated and experimental

cutting forces in x-direction.

b The simulated and

experimental cutting forces in y-

direction

Table 2 Cutting force model

coefficients for different cutting

regimes

Material Cutting regime Krc (N/mm2) Kre (N/mm) Ktc (N/mm2) Kte (N/mm)

2476 5.44 1808 6.05

Aluminium 6082-T6 Ploughing regime Krp (N/mm3) Ktp (N/mm3)

1150 1480
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indication of size effect due to the existence of relatively

large cutting edge radius. However, the energy consumed

in the middle of revolution does not change too much and

mostly stays constant as can be seen in both plots. This

indicates that when chips are formed, the energy con-

sumption in unit volume of material does not change a lot

along with the cutting depth. Comparing the energy con-

sumed by using different tools, it can be found that more

energy is depleted by using tungsten carbide tools, which is

not only due to tool properties, but also the large cutting

edge radius effects.

The proposed model is also applied to more general

tools, i.e. tool with helix angle. For tungsten carbide tools

with helix angle, the contact length at certain moment

depends on the axial cutting depth and tool position angle.

Since the tool is discretized in axial direction, the contact

length can be approximated by considering the helix angle

and axial depth of cut:

Fig. 9 Comparison between the

simulated and experimental

cutting forces (slot milling; two-

flute tool; spindle speed:

18,000 rpm; feed rate:

3 lm/tooth). a The simulated

and experimental cutting forces

in x-direction. b The simulated

and experimental cutting forces

in y-direction

Fig. 10 Comparison between

measured force in x-direction

under proposed method and

conventional method
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L ¼
X

n

1

d � tan�1 b ð24Þ

where d is the depth of incremental element, and b is the

helix angle. The instantaneous volume of material can be

approximated as follows:

V ¼ S� v� dt ð25Þ

where v is the cutting speed and dt is the data sampling

interval, S is the contact area and it has following

expression:

S ¼
X

n

1

h h; kð Þ � d � tan�1 b
� �

ð26Þ

Experiments are carried out at a wide range of feed rates

from 1 to 14 lm/tooth. Figures 13 and 14 show that the

force on unit cutting length has the similar form as the total

resultant cutting force. This indicates that for such small

depth of cut, the influence of the helix angle is not obvious.

The energy consumption on unit volume of material shows

that the size effect becomes less and less obvious with the

feed rate increases. At lower feed rates, the chip thickness

at the proximity of entry and exit points is close to the

cutting edge radius. However, the chip thickness at the

same position angle at larger feed rates is much higher than

the cutting edge radius, thus, the chips are formed quickly

and the cutting energy consumed on unit volume of

material decreases quickly and drops by levels. It should be

noted that as the feed rate becomes larger, the energy

consumed on unit volume of material, on the contrary,

becomes less as shown in Fig. 14. The zoom-in view shows

that the difference among different feed rates also gets

smaller. This result indicates that once chips are formed,

the larger the cutting depth used, the less energy will be

consumed on unit volume of material. The relation

between them is not linear, which implies a sharper cutting

edge will make material removal easier from another

aspect. Based on these findings, we can also predict that the

energy consumed on unit volume of material at same feed

rate will increase due to more distinct size effect when tool

wear occurs.

Fig. 11 Total cutting force at

the unit length versus angular

position (spindle rotational

speed: 21,000 rpm). a tungsten

carbide tool, b diamond tool
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5 Conclusions

In this paper, an innovative investigation on the micro-

milling mechanics is presented particularly focusing on the

innovative dynamic cutting force modelling and its

intrinsic relationships with micro-milling chip formation,

minimum chip thickness (MCT), cutting temperature par-

tition and surface generation, etc. further supported by

experimental evaluation and validation. The main conclu-

sions can be drawn as follows:

1. An innovative cutting force modelling approach is

presented for computing the instantaneous chip thick-

ness while taking account of the micro-milling tool

run-out. It is found that the tool run-out has significant

effects on the actual tool radius and cutting geometry

in micro-milling. Furthermore, the MCT is also

Fig. 12 Energy consumption on

unit volume at varied feed rates:

a tungsten carbide tool,

b diamond tool

Fig. 13 Total cutting forces on

the unit cutting length at varied

feed rates
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included in the associated new algorithm supported by

computational procedures.

2. The cutting force model for the micro-milling process

is developed in a multi-scale manner, including the

cutting force at the unit length, specific cutting force at

the unit area, and further cutting force or cutting

energy consumption in the unit volume of materials

being machined. This model is of significance in likely

leading to better scientific understanding of micro-

milling mechanics, which will help render the in-depth

analysis of the sharp edge quality (burrs and voids) in

micro-milling, chip formation, surface generation and

micro-cutting heat and temperature partition.

3. Experimental cutting trials are conducted to validate

the modelling approach and the cutting force model.

The method to determine the tool run-out is introduced

experimentally. For accurate measurement of cutting

forces, a Kalman filter is developed and applied to

compensate the distortion in cutting force signals due

to the dynamic transmission characteristics of the

tooling-workpiece system. Based on the compensated

cutting forces, the cutting force model is calibrated and

proved with the good agreement with experimental

trials.

4. The cutting force modelling presented can be applied

to scientifically interpret and better understand the

underlying micro-cutting mechanics in the micro-

milling process particularly linking to burrs-free

machining, chip formation and surface generation,

and the tool cutting performance and tool wear.

Furthermore, the modelling and the associated analyt-

ics can likely be used to gauge the cutting process in

real time and thus able to simulate the dynamic surface

generation by combining a virtual micro-milling

system and digital twin in the future.
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