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Abstract. The trend towards miniature manufacturing in high technological fields like bioengineering,
electronics and aerospace has increased dramatically over the last decade. Many methods of micro
manufacturing have been researched and applied to manufacture small scale components. Among these
manufacturing methods micro-mechanical machining methods have shown themselves to be attractive
alternatives. Micro milling is one of the most frequently used micro-mechanical machining method with high
potential for the precise manufacturing of complex parts. The aim of this work is to present the principal aspects
related to micro milling technology, with emphasis on process modeling and quality of the finished product.
A general view on process modeling starting from chip thickness models up to tool and workpiece machining
induced distortion models is depicted. Specifically, different modeling techniques related to modeling of micro
milling process are evaluated and important aspects that authors revealed during their research are presented.
Finally, implications are discussed and suggestions for future research are presented.
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1 Introduction

Micro milling is widely used in high-tech industries such as
biomedical, aerospace, optics, electronics and die-mold
with the increasing demand for precisely manufactured
miniature parts. These industries have a high demand for
tight manufacturing tolerances and surface quality.
Additionally, they have complex geometries, which require
micron level accuracy.

The demand for smaller and durable components with
high number of functions has imposed strong requirements
on manufacturing processes. The production of ultra-
precise micro components for engineering products has
become of value with recent advances in manufacturing
field. In the same vein, ultra-precise manufacturing
requires understanding of the fundamentals of micro
cutting process such as chip formation, kinematics,
dynamics, thermal aspects and surface integrity. Accord-
ingly, researchers work on the causes and correlates of these
fundamentals in order to understand how they differ from
macro scale machining.

The purpose of this study is to shed light on different
modeling approaches used to model mechanical and
thermal aspects of micro milling in order to increase the
efficiency of the process. Drawing on the literature,
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different force models are evaluated and compared. Results
documented that the accurate estimation of forces is a
critical point and it serves as the main input for thermal
modeling of the process, tool deflection and workpiece
distortion modeling.
2 Materials and methods

2.1 Chip thickness modeling

Previous research showed that micro milling is not exactly
the scaled down version of conventional milling. Indeed, it
differs from conventional milling in several aspects such as
chip thickness, critical depth of cut, the cutting mecha-
nisms, etc. Accordingly, understanding chip formation
during micro milling is important for accurate force
prediction. Kim et al. [1] reported that chip formation in
micro machining differs from conventional machining.
Unlike macro scale machining, a sharp cutting edge model
is not valid for micro milling as chips occur along the
rounded tool edge. Since, feed per tooth is higher than tool
edge radius in conventional machining, the material is
assumed to be removed by a sharp edge. However, due to
small feedrate, depth of cut and relatively high tool edge
radius in micro milling a large negative rake angle is
formed, which cause elastic recovery of the workpiece
material and rough surface. This phenomenon is defined
as ploughing. Lucca et al. [2] stated that ploughing
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mechanism is more dominant than cutting mechanism
when undeformed chip thickness is in the range of cutting
edge radius. Liu et al. [3] analyzed minimum chip thickness
from experimentally measured cutting forces and related a
sudden change in thrust force to shift from ploughing to
shear dominant cutting regime. Following that, Son et al.
[4] investigated the effect of friction coefficient onminimum
chip thickness and analytically formulated minimum chip
thickness, in relation to the tool edge radius and friction
coefficient of workpiece material. Vogler et al. [5]
investigated minimum chip thickness for micro milling of
steel by finite element model and reported that it differs
between 20% and 35% of tool edge radius for different
phase steels. They concluded that an accuracy of cutting
force estimations is very much dependent on the accuracy
of the chip thickness model. Henceforth, it is widely
acknowledged to integrate the most accurate chip
thickness model into micro milling mechanics models the
estimation of cutting forces.

There are different chip thickness models available in
the literature, which are developed from various kinematic
analyses of micromilling process. Suchmodels were derived
from the fact that micro milling requires higher feed per
tooth to tool radius ratios. Moreover it differs from
conventional milling. It is noteworthy that the integration
of different chip thickness models in the micro milling
mechanics model will result in differences in the predicted
cutting forces.

The chip thickness model presented byMartellotti [6] is
the oldest and the most widely used model in the literature,
especially for modeling conventional milling operations. In
his study, Martellotti presented that the milling cutter
follows a trochoidal path. This model assumes that the
toolpath is circular, tool and machine geometries are ideal.
In the most of conventional milling operations feed per
tooth to tool radius ratio is small. Regarding that, model
presented by Martellotti yields valid results and that they
are widely used. Martellotti formulated his chip thickness
model as following:

h ¼ Rþ tx sin u �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � t2x cos

2u

q
ð1Þ

where R is cutter radius, tx is feed per tooth and u is
immersion angle. However, the equation given above is
approximated for cutting process with small tx/R ratio and
is employed for the most of conventional milling processes
as:

h ¼ tx sin u ð2Þ
Several researchers stated that traditional model

cannot satisfy the accuracy demands of micro milling
because of the simplifications made during the analyses.
More specifically, these simplifications cause an error
h ¼ R 1�
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during the solution and that the presented model becomes
no longer valid for high feed per tooth to tool radius ratios.

Bao [7,8] developed a chip thickness model for
trochoidal tool path, considering the nature of chip
thickness formation in micro milling at high feed per tooth
to tool radius ratios and a trochoidal motion of the tool and
tool run-out for suitable micro milling cutting conditions.
The obtained chip thickness model is presented below in
equation (3).

h ¼ tx sin u � N

2pR
t2x sin u cos u þ

1

2R
t2x cos

2u ð3Þ

where R is cutter radius, tx is feed per tooth,N is number of
cutting edges and u is immersion angle. The physical
meaning of each term in equation (3) is as following: the
first term in the equation is a major contributor to the chip
thickness, the second term is the difference between up and
down milling and the third term is the additional chip
thickness. Bao stated that an additional chip thickness
term is important in micro milling simulations, because it
calculates chip thickness at immersion angles close to 0 or
180°.

Following that, Li et al. [9,10] proposed a numerical
chip thickness model, with and without run-out. Research-
ers presented a chip thickness model, which uses true tool
path.Wherein this model, they calculated undeformed chip
thickness by finding the intersection point of the path curve
left by the previous tooth and the line passing through the
current tooth tip, as well as the cutter axis. The closed-form
of the chip thickness proposed by Li is given below in
equation (4), whereR is cutter radius, tx is feed per tooth,N
is number of cutting edges and u is immersion angle.

See equation (4) below.

Kang and Zheng [11] developed a chip thickness model
that sums conventional chip component with additional
chip component and is expressed in terms of Fourier series.
Researchers stated that in the expanded Martellotti’s
model estimation accuracy increases, while cutting flute
approaches p/2 angular position and they have extended
the expanded Martellotti’s model to micro milling by
calculating true chip thickness between two consecutive
cutting paths. This model is expressed in terms of Fourier
series and closed form of the model is demonstrated in
equation (5), whereR is cutter radius, tx is feed per tooth,N
is number of cutting edges and u is immersion angle.

h ¼ tx sin u � Nt2x cos u sin u
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The available chip thickness models for micro milling
are based on certain assumptions in the kinematic analysis,
which results in differences in the simulated cutting force
amplitudes. Mamedov and Lazoglu [12] presented compar-
ative evaluation of chip thickness models for micro milling
by examining their direct effects on the prediction of
cutting forces. The root mean square deviation (RMSD)
and the coefficient of determination (R2) values between
the estimated and measured micro milling forces used for
the comparative evaluation of all the chip thickness models
at various feed per tooth to tool diameter ratios. Results
showed that the chip thickness model developed by Li has
the least root mean square deviation (RMSD) and the
highest coefficient of determination (R2), which denotes
that this model has better fit along with the experimental
results. Another important findingmade is that for the feed
per tooth to tool diameter ratio smaller than 0.3, the RMSD
values of all models are close to each other. However, for the
feed per tooth to tool diameter ratio greater than 0.3, the
effects of the chip thickness models in the force model are
becoming more significant.

2.2 Force modeling

Many researchers investigated modeling of the micro
milling forces in order to improve machining quality and
understand nature of the process. Drawing on the results of
previous studies, it is now more obvious that micro milling
is different from conventional machining operations.
Besides scaling down of the process, the presence of
specific phenomena were brought on the scene. Kim et al.
[1] calculated the difference between conventional and
micro milling analytically.

Jin and Altintas [13] developed a finite element model
for orthogonal cutting operation. Researchers presented a
model, which is a function of chip area and cutting force
coefficients. Themodel estimates cutting forces considering
chip size, tool edge radius effect, tool run-out and
dynamometer dynamics. Based on the estimated cutting
forces cutting coefficients are expressed as a non-linear
function of tool edge radius and uncut chip thickness as
demonstrated in equation (6).

Kt h; rð Þ ¼ Kt1 hð Þ þKt2 h; rð Þ ¼ ath
dt þ bth

ptrqt

Kf h; rð Þ ¼ Kf1 hð Þ þKf2 h; rð Þ ¼ afh
df þ bfh

pf rqf

(
ð6Þ

Here, terms K�1ð Þ describe force components when edge
radius is zero and terms K�2ð Þ describe nonlinear effect of
tool edge radius on cutting forces, h is uncut chip thickness,
r is tool edge radius and a, b, d, p, q are coefficients
calculated from FE simulations. The model takes strain
rate and strain hardening into account, as well as
temperature effects. In addition, researchers underlined
that, while measuring periodic cutting forces in micro-
milling process the frequency bandwidth of dynamometer
is inadequate due to the high spindle speeds. When the
tooth passing frequency of the force signal is beyond the
bandwidth of the dynamometer, the force measurement is
distorted with regard to the structural mode of the
measurement system. In order to compensate the dynamics
of force sensor system authors implemented Kalman filter,
as proposed by Altintas and Park [14]. The result of
modeled forces and implemented filter is demonstrated in
Figure 1.

Park andMalekian [15] developed a cutting force model
that considers cutting forces generated by shearing and
ploughing mechanisms. Cutting forces generated by
shearing mechanism are formulated similarly to conven-
tional milling and expressed in form of shearing and edge
coefficients as shown in equation (7):
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Whereas, cutting forces generated by ploughing
mechanism are formulated as a function of ploughed
volume as shown in equation (8):
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where dFxs, dFys and dFzs represent shearing components of
differential x, y and z forces, dFxp, dFyp and dFzp represent
ploughing components of differential x, y and z forces, Ktc,
Krc and Kac are cutting coefficients, Kte, Kre and Kae are
edge coefficients, Ktp, Krp, Kap stand for ploughing
coefficients, dz denotes differential axial depth of cut, h
stands for uncut chip thickness and Ap denotes ploughed
area, which depends on height of elastically recovered
material, edge radius of the tool and clearance angle.

Later, Mamedov and Lazoglu [16] used similar
approach to simulate cutting forces for micro ball-milling
of freeform workpiece. Researchers used feedrate schedul-
ing technique to improve machining performance during
roughing operation. The cutter-workpiece engagement was
calculated at each cutter location (CL) point to estimate
the entrance and exit angles of each discrete cutting disc.
Based on calculated engagement, resultant cutting force
kept constant at desired value for all cutter location (CL)
points by alternating feedrate. Instant feedrate for each
cutter location point was calculated with formulation
shown in equation (9), where F1,i is an estimated resultant
force at point i for feed f1 and F2,i for feed f2 ⋅Flim,i is a
threshold value of resultant cutting force for ith CL point.
Experimental validations showed that proposed techniques
reduce roughing operation time by two times.

f lim;i ¼ F lim;i � F 1;i

� � � f2 � f1
F2;i � F1;i

þ f1 ð9Þ

Malekian et al. [17] investigated dynamics of micro
milling process. Researchers revealed that receptance
coupling of the machining center, spindle and micro tool



Fig. 1. Comparison of cutting forces and the frequency spectrums at: n=10 000 rpm, c=3mm/tooth, a=50mm [13].
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should be considered for accurate modeling of micro milling
operation. Additionally, the rotational dynamics of the
substructures should be included in simulations. Therefore,
dynamics of micro milling tool is obtained from FE analysis
and dynamics of spindle is determined through experimen-
tal modal analysis. Presented receptance coupling method
allows predicting overall assembled system dynamics and
its effect on uncut chip thickness and cutting force
variations.

Jun et al. [18] developed a model for micro milling
that predicts dynamic cutting forces and micro end mill
vibrations. The model employs chip thickness configu-
ration that considers the elastic-plastic nature of the
ploughing/rubbing and elastic recovery. The spring
back of the surface due to elastic recovery is formulated
as:

k ¼
1 h < he

pe when he � h < hmin

0 h≥hmin

8><
>: ð10Þ

Which means that only elastic deformation occurs in the
workpiece material when the uncut chip thickness h is
smaller than a certain critical value he. As h increases
beyond he, the deformation becomes mixed elastic-plastic.
In this case, a constant percentage pe of the workpiece
material undergoes elastic recovery as the tool passes. The
other material undergoes plastic deformation. Finally,
when h increases to the minimum chip thickness, denoted
as hmin, the deformed material is removed as a chip and the
elastic recovery rate drops to 0.
Fang et al. [19,20] performed a more detailed study on
plasticity model and investigated elastic recovery of
ploughed material. Researchers utilized a slip-line field
model to estimate shearing and ploughing forces. The
presented model consists of slip-line sub-regions, as
demonstrated in Figure 2, each having its own physical
meaning. The model accounts for the effects like shear zone
effect, size effect and chip up-curl radius.

Jing et al. [21] proposed a hybrid force model for
predicting cutting forces during micro end milling. The
cutting force coefficients are obtained from finite element
model of orthogonal micro cutting and then integrated into
mechanistic forcemodel, introduced byAltintas [22], which
can predict cutting forces for required cutting conditions.
Numerically calculated cutting force coefficients are
expressed as nonlinear functions of cutting speed and
uncut chip thickness. Jing et al. [23], also proposed a hybrid
model to estimate cutting forces during micro milling
operation through determination of instantaneous uncut
chip thickness that considers the combination of the
minimum chip thickness, tool run-out, and the material’s
elastic recovery.

Recently, Zhang et al. [24] presented a generic
instantaneous force model for micro milling, which includes
the size effect in the force coefficients and the tool runout
effect in the instantaneous uncut chip thickness. The real
engagement is identified under the tool run out effect, the
average uncut chip thickness, actual cutting depth, center
position and geometrical relations are analytically estab-
lished. This leads to better adaptability and eases process
modeling and online control.



Fig. 2. The division of slip-line field. (a) Three major shear zones. (b) A total of 27 slip-line sub regions [19].
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2.3 Tool deflection and surface roughness modeling

Cutting forces during micro milling process result in tool
deflection and form error of machined surface. Many
researchers have worked on modeling of tool deflections
during conventional milling operation in order to improve
the quality of final machined parts.

Tool deflection of micro end-mill was modeled by
Mamedov et al. [25], who, unlikely from previously
developed conventional models, proposed to consider
cutting forces as distributed loads along cutting flutes in
the workpiece tool contact zone. The tool is considered as a
cantilever beam supported in the tool holder and modeled
as a cylinder with variable cross sections. Also, tool is sliced
into disks with discrete thickness and forces estimated by
force model are applied on each the disk at certain cutter
locations. The tool is modeled as a two-dimensional
Timoshenko beam element. Stiffness matrix of an element
(Ke) is calculated as shown in equation (11):

See equation (11) below.
Ke ¼
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Above, L is the element length, E is modulus of
elasticity, G is shear modulus, A is cross section area and I
is moment of inertia. Later, elementmatrices are assembled
to the structure stiffness matrix K and tool deflections are
calculated from equation (13), where Fx and Fy are
respectively cutting forces vectors in x and y direction.

K � Xx ¼ Fx

K � Xy ¼ Fy

�
ð13Þ

Proposed model was validated on Titanium alloy
Ti-6Al-4V using 800mm diameter two fluted Tungsten
Carbide micro end mill on Mori Seiki NMV5000 DCG
5-axis CNCmilling machine and micro end-mill deflections
measured by two laser displacement sensors. Deflection
estimation and experimentally measured results are
presented Figure 3.
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Fig. 3. Simulated and experimental deflection values of the tool tip in x and y direction for depth of cut 100mmand feedrate 5mm/rev-
tooth under down-milling cutting condition [25].
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Sun et al. [26] worked onmodeling on surface generation
process. Researchers revealed that chip thickness fluctua-
tions result in highly non-uniform surface. To estimate
generated surface authors proposed the relative standard
deviation of surface roughness (RSDS) method. This
method considers minimum chip thickness effect, align-
ment errors, relative tool sharpness, material elastic
recovery and ploughing. The algorithm shown in Figure 4
explains working principle of the developed surface
generation model. Where, discrete surface roughness is
the sum of geometric surface roughness and stochastic
surface roughness. The geometric surface roughness is
derived through calculating the value of tool residual marks
and its corresponding elastic recovery height in the feed
direction. Tool residual marks are formed by the
superposition between previous surface profile and tool
edge profile, which is determined by instantaneous uncut
chip thickness between two neighboring tool trajectories.
Whereas, stochastic surface roughness is a function of
special cutting mechanisms such as ploughing effect and
minimum chip thickness effect. It is acquired through
calculating the normal specific ploughing amount (NSPA)
that is defined as the arithmetic product between the ratio
of the volume of ploughed material to the volume of total
tool-workpiece contact material and the normal vector of
chip flow, as shown in equation (14):

NSPA ¼ Ap sin g

At
¼ Ap sin g

As þAp
ð14Þ
where, At is the total volume of tool-workpiece contact
material, g is the rake angle and As and Ap represents the
volume of sheared material and ploughed material,
respectively. The 3D topographies of the finished surfaces
and surface roughness in the feed direction were acquired
through employing an optical surface microscope and
scanning electron microscope as shown in Figure 5. Results
of the simulations and experimental measurements
revealed that the cutting speed has no apparent connection
with surface uniformity, but both feed rate and depth of cut
have a pronounced influence on surface uniformity.

Leo Kumar [27] proposed an empirical model that
employs regressionmodeling based on experimental data in
order to characterize the relationship between independent
and dependent variables, such as arithmetic average
surface roughness, machining time, spindle speed and
feedrate. Later, Genetic Algorithm based on the principle
of natural genetics and natural selection was used to
minimize surface roughness and machining time. As the
result author concluded that combination of low spindle
speed and feed rate yields good surface finish. As feed
rate increases, surface quality gets decreased. Whereas,
Aslantas et al. [28] stated that according to Analysis of
Variance of results for surface roughness, depth of cut
is the most influential parameter during micro milling of
Ti-6Al-4V alloy.

Beruvides et al. [29] proposed real-time system capable
of predicting surface roughness as a function of the z-axis
vibration captured during the cutting process. System
consists of mono-axial accelerometer on the z-axis, with a



Fig. 4. A model proposed to predict relative standard deviation of surface roughness [26].

Fig. 5. Finished surface characteristic and cross-sectional 2D
profile with depth of cut at 10mm and feed rate 0.8mm/flute [26].
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sensitivity of 10.58mV/g and bandwidth of 20 kHz that is
connected to an amplifier and data acquisition system.
Artificial Intelligence techniques were used to overcome
noise in vibration signal and to obtain a regression model
with a good generalization capability. Also, Multiple
Linear Regression technique was used to estimate surface
roughness. The relationship between the dependent
variable logarithm (surface roughness) and the logarithms
of the independent variables (cutting speed, feedrate, and
depth of cut) was employed to generate an exponential
model. The z-axis vibrations are used as the main input of
the model to predict average surface roughness.

Vipindas and Mathew [30] analyzed wear mechanisms
during micro milling process and revealed the relation
between cutting parameters, which have direct relation to
cutting regimes, and surface roughness. Researchers
performed wear tests on Ti-6Al-4V with micro end-mill
at 15.7m/min cutting speed at two different feedrates 5
and 0.3mm/tooth. Results, presented in Figure 6, showed
that with 5mm/tooth feedrate, initially surface roughness
decreases with machining length and reach a minimum
value at ∼700mm length of cut and then increases with
machining length. Whereas with 0.3mm/tooth feed rate,
surface roughness increases continuously with machining
length. This could be due to the fact that, initially shearing
mechanism is predominant, when feedrate (5mm/tooth) is
greater than edge radius of the fresh tool (3–3.5mm). As
machining progresses tool edge radius increases due to wear
and at one point exceeds feedrate. Here, mechanism is
ploughing dominant and surface roughness of themachined
surface starts to increase.Whereas in the second case, when
feedrate (0.3mm/tooth) is already smaller than edge radius
of the fresh tool (3–3.5mm) ploughing is dominant regime
from the beginning of the cutting process. Therefore, as
machining progresses tool edge radius increases due to
wear, which results in increased ploughing, which in turn
increases the surface roughness with machining length.
This could be the reason for a continuous increase in surface
roughness with machining length at 0.3mm/tooth feedrate.
Therefore, for the applications where surface roughness is
important factor it is recommended to select a feed rate
slightly higher than the tool edge radius.

Chen et al. [31] proposed a 3D surface generation model
that accounts for regenerative effect of system dynamics,
cutting process effects and cutter runout. Authors modeled
the dynamic response of the machine tool system under the
action of the cutting forces as was described by Altintas
and Montgomery [32] and generated stability lobes of
according to Schmitz and Smith [33] as shown in Figure 7.
By using abovementioned inputs, authors generated 3D
surface topography and validated it with several experi-
mental results, as presented in Figure 8. Similarly, Chen
et al. [34] developed the textured surface generation
mechanism in vibration-assisted micro milling through
modelling and experimental approaches. A surface genera-
tion model decouples the effects of tool geometry and
kinematics of vibration-assisted milling. To accurately
model the vibration-assisted milling surface generation



Fig. 6. Surface roughness variation with tool wear with (a) 5mm/tooth feed rate, (b) 0.3mm/tooth feed rate [30].

Fig. 7. Stability lobes diagram [31].
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process, the cutting edge detection and modelling, the
kinemics modeling and analysis, and the coordinate
transformation from cutting edge to workpiece surface
are used. Authors use an HMT-based calculation algorithm
for the surface generation. This algorithm initially detects
the geometry of the cutting edge and discritize the cutting
edge together with workpiece into series of points. Later,
these points are transfered on the cutting edge from tool
coordinate system to workpiece coordinate system. Finally,
these points are plotted in the workpiece coordinate
system to generate the final machined surface, as shown in
Figure. 9.

Zhang et al. [35] presented an improved analytical
surface generation model for micro milling that considers
stochastic tool wear. The proposed surface generation
model uses probabilistic approach based on the particle
filter algorithm to predict the stochastic tool wear
progression. The online measurement data of cutting
forces and tool vibrations are also linked with the state of
tool wear. The cutting edge trajectory for micro milling is
determined by a theoretical and empirical coupled method,
based on the process kinematics, tool run-out and
stochastic tool wear. The proposed surface generation
model is validated with milling experiments of Al6061
under various machining conditions. Generated surface is
measured with a 3D surface profilometer and compared
with predicted surface topograpthy, as shown in Figure 10.

Chen et al. [36], developed a novel 3D surface
generation modelling method for micro milling, which
considers the effect of machining non-linear dynamics. The
relationship between machining process and surface
topography is established considering the effects of
machining process kinematics, tool run-out and the
nonlinear dynamic regenerative effect of the machining
system. Model is validated on three typical machining
cases, static stable, dynamic stable and unstable machin-
ing.

Matsumara and Ono [37,38] analysed an influence of
tool inclination on surface generation during micro ball end
milling of glass. Authors pointed out that due to absence of
elastic deformation in glass, the edge roughness of cutting
tool is transferred directly onto the surface without elastic
recovery. They presented an analytical model to discuss the
surface profile in cutting with the ball end mill, which is
inclined at the angle u in the feed direction of the cutter.
The presented model shows that the tool inclination
compensates for deterioration of the surface finish induced
by the edge roughness. Authors also estimate the
maximum feedrate and feed directions at which brittle
fracture does not occur. Results showed that the positive
tilt angle results in high critical feed rates. When the tools
are tilted at negative angles, the feed rate should be low to
get the crack-free surfaces.

Liu et al. [39] presented the surface-generation models
for the sidewall and floor surfaces generetad during micro
end milling. In the sidewall surface-generation model, the
deterministic model characterizes the surface topography
generated from the relative motion between the major
cutting edge and the workpiece material. In the floor
surface-generation model, the deterministic model char-
acterizes the three-dimensional surface topography over
the entire floor surface and considers the effects of the
minimum chip thickness, the elastic recovery, and the
transverse vibration. Authors also point out that geome-
try of the micro end mill consists of macrogeometry and
microgeometry. Macrogeometry is defined by nominal tool
parameters, such as tool radius, flute number, helix angle,
rake angle, clearance angle etc. While, microgeometry is
the deviation of the cutting edge geometry from the ideal
sharp tool. It is characterized by the geometric features



Fig. 8. Simulated surface at spindle speed of 80 000 rpm. (a) without considering the machining dynamics; (b) considering the
machining dynamics; (c) experimental result [31].

Fig. 9. Flow chart of the surface simulation process [34].

A. Mamedov: Manufacturing Rev. 8, 3 (2021) 9



Fig. 10. Predicted and measured surface topography of micro milling process with spindle speed 20 000 rpm, feed rate 0.2mm/ s,
radial depth of cut 0.508mm, and axial depth of cut 0.15mm [35].

Fig. 11. Schematic of the heat transfer model with a common
coordinate system for the combined effect of two principal heat
sources: the shear plane heat source and the tool-chip interface
frictional heat source [43].
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along the cutting flutes, such as edge radius and edge
serration.

Recently, Groß et al. [40] presented the surface
generation model that uses several different techniques
such as integral approach, correlation analysis and Fourier
analysis in order to investigate surface topography details
in a smaller order of magnitude. Evaluation results showed
the correlation between surface texture parameters and
machining parameters. Results revealed that kinematic
substructures formed on generated surface are significantly
influenced by the feed per tooth. While effects of material
separation are strongly influenced by the selected spindle
speed.

2.4 Thermal modeling

The temperature in micro machining of advanced
engineering materials like Titanium alloys is one of the
critical factors affecting an accuracy of parts. Thermal
simulation of the micro machining is important since the
heat generated during the metal cutting process directly
affects material properties of the tool and the workpiece,
deflection of the tool, geometrical tolerances and residual
stresses produced in manufactured parts. Accordingly,
modeling of temperature becomes essential for machining
alloys with difficult thermo-mechanical properties like
Ti-6Al-4V.

Komanduri and Hou [41–43] presented extensive work
on temperature modeling during metal cutting. They have
developed an analytical model that estimates temperature
rise due to heat generated in the primary shear zone.
Different from previous papers they modeled heat flow and
temperature distribution in both workpiece material and
chip. Later, in the second study they presented a model
that estimates temperature distribution between tool and
chip due to frictional heat source at tool-chip interface.
And in the final part of their work authors presented a
combined model with common coordinate system that
estimates total temperature distribution due to shear and
friction heat sources, as shown in Figure 11. Described
model implements Hahn’smoving oblique band heat source
in primary shear zone and Jaeger’s moving band heat
source in tool-chip contact interface.

Lazoglu and Altintas [44] used finite difference method
to model temperature for continuous and interrupted
machining operations considering shear energy formed in
the primary zone, friction energy created at the chip-tool
interface and the heat balance between chip and cutting
tool. The temperature field is modeled as first-order
dynamic system and time constant is identified based on
tool and workpiece material properties. Heat sources used
in temperature simulations were calculated based on
methodology earlier presented by Altintas [22], where
heat generated in the primary deformation zone due to the
shearing is estimated as a function of shearing force and
shearing velocity. Whereas, heat generated in the second-
ary deformation zone is estimated as a function of chip



Fig. 12. Heat transfer model and heat partition into workpiece
[46].
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velocity and friction force on the rake face. In the presented
model the variation of the tool-chip transient contact
temperature for continuous machining processes, such as
turning, is determined by calculation of steady-state tool
and chip temperatures, and time constant. Alternately, for
interrupted machining process, such as milling, the
variable chip thickness is discretized into constant sections
and each section is considered like a continuous machining
process for a discrete machining time.

Later, Lazoglu and Islam [45] developed a 3D
temperature model for oblique machining operations.
Finite difference method was used to solve heat transfer
problems and a general oblique cutting process model was
employed for the prediction of the temperatures of turning
operation. The analytical approach that used elliptic
structural grid generation to solve the temperature field
allowed different cutter geometries to be implemented and
the analytical nature of the model improved the computa-
tional time significantly.

Lin et al. [46] proposed a temperature model that
considers heat generated due to flank rubbing. Since,
authors are estimating only workpiece temperature they
didn’t include heat source at tool-chip interface, but
different from previous studies they have added a heat
source to a flank surface of the tool, in addition to shear
plane heat source. Flank surface is the surface of the tool
that has direct contact with the workpiece and in
continuously increasing with progressive tool wear. Total
heat in the flank surface is expressed as a product of
fraction of flank wear surface heat conducted into
workpiece and the heat flux of elemental flank surface
heat source, which is presented as a function of cutting
velocity, elemental tangential force component due to flank
wear, tool flank wear width and elemental axial length. The
heat transfer and heat partition used in the model are
presented in Figure 12.

Yang et al. [47] have developed a thermo-mechanical
finite element model of the micro milling process, where the
flow stress of the material is expressed by Jonson � Cook
constitutive equation, shown in equation (15), and
transient temperature distribution is expressed by equa-
tion (16), where A is the yield strength of the material at
room temperature and e represents the plastic equivalent
strain. The strain rate _e is normalized with a reference
strain rate _e0. T is the workpiece temperature, Tmelt and
Troom are the material melting and room temperatures,Q is
the rate of specific volumetric heat flux, r is the material
density and t is the time. Proposed model estimates the
effect of tool edge radius on cutting force, effective
stress and mean temperature for micro end milling of an
Al2024-T6 alloy. Both simulated and measured with
infrared camera temperature results showed that with an
increase of tool edge radius, the cutting force increases,
while the effective stress and mean cutting temperature of
the micro-cutter decreases.

s ¼ Aþ b eð Þn½ � 1þ C ln
_e
_e0

� �� 	
1� T � T room

Tmelt � T room

� �m� 	
ð15Þ

k
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �
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Wissmiller and Pfefferkorn [48] presented modeling and
measurement techniques for temperature measurement
and discussed cooling strategies for the micro milling
process. A two-dimensional transient heat transfer model is
employed for temperature estimations during the cutting
process. Authors modeled heat input as a uniform heat flux
and mentioned that even if the heat distribution is non-
uniform in reality it requires additional study of tool-chip-
workpiece interaction, which is beyond the scope of their
paper. Both numerical and experimental results showed
that the tool temperatures increase with increasing
feedrate, even if, the measurements at higher feedrates
correspond to shorter machining times since the length of
cut is held constant. Authors also proposed cooling
strategies such as changing the tool design by reducing
the flute length and transition length, which will increase
thermal conductivity and decrease tool temperature.
However, this method has limited application because
suchmodification will simultaneously limit the depth of cut
of the tool. Another proposed method is liquid nitrogen
cooling of the tool. Since, the most dominant regime of the
heat transfer in this particular case is conduction along the
tool, authors proposed the heat removal by liquid nitrogen
through the top of the tool. Even if, experimental results
showed that heat is reduced compared to the case without
cooling, this method has its own shortage � dimensional
accuracy. With the application of the liquid nitrogen
cutting tool undergoes thermal contraction, which is more
significant in axial direction.

Mamedov and Lazoglu [49] developed a thermo-
mechanical model of the micro milling process that
overcomes the shortage of non-uniform heat distribution
described in Wissmiller and Pfefferkorn’s [48] paper. The
proposed thermo-mechanical model calculates main heat
inputs, generated in the primary and secondary deforma-
tion zones, as instantaneous heat sources in the shear plane
and on the chip-tool contact surface. Heat inputs and
contact areas are calculated instantaneously as a function
of the immersion angle u. Heat generated in the primary



Fig. 13. Heat source application zones [49].
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deformation zone due to the shearing, frictional power
generated in the secondary deformation zone, the chip
contact length and shear plane length are calculated as
presented in equation (17)–(20), respectively [22], where Pf
is the friction power, Ps is the shearing power, V is the
cutting velocity, Vs is the shearing velocity, Vc is the chip
velocity, Fs is the shear force on shear plane, Fu is the
friction force on the rake face, FR is the planar resultant
cutting force, ts is the average shear flow stress, h is the
uncut chip thickness, a is the rake angle, an is the normal
rake angle, fn is the normal shear angle, fc is a shear
angle, u is the immersion angle and ba is the average friction
angle.

Ps uð Þ ¼ V s⋅Fs uð Þ ¼ V ⋅ts⋅a⋅h uð Þ⋅cos anð Þ
cos fn � anð Þ⋅sin fcð Þ ð17Þ

Pf uð Þ ¼ V c⋅Fu ¼ V ⋅FR⋅sin fnð Þ⋅sin bað Þ
cos fn � anð Þ ð18Þ

lc uð Þ≈ 2 � h uð Þ � sin fn þ bn � anð Þ
cos bnð Þ � sin fnð Þ ð19Þ

lsh uð Þ≈ h uð Þ
sin fcð Þ ð20Þ

Estimated shearing and frictional heat values are
employed as the heat input sources to the shearing and
frictional zones in the finite element thermal simulations of
the micro milling, as shown in Figure 13.

Ozel et al. [50] investigated on effects of machining
parameters on surface roughness and tool wear for
uncoated and cBN coated micro tools. A finite element
model is employed to predict cutting forces, temperatures
and wear rate of uncoated and cBN coated tool. Simulation
results reveal advantages of cBN coating. Due to a lower
friction coefficient and higher effective thermal conductivi-
ty cBN coated tool has lowest temperature rise during
machining of Ti-6Al-4V alloy.
2.5 System modeling

Chatter is a common problem in machining operations
causing poor surface finish and damage to cutting tool.
Chatter stability diagrams are frequently used to estimate
favorable machining conditions. Different from conven-
tional milling, the high rotational speeds of micro-milling
cause changes in dynamics; and, the elastoplastic nature of
micro-machining operations results in changes to the
cutting coefficients. Variations in dynamics and cutting
coefficients affect the stability lobes. One of the require-
ments for generating the stability diagrams is tool point
frequency response function (FRF). Experimental modal
analysis is the most common method of determining the
tool point FRF [22]. However, due to their fragile
structures, impact testing is not suitable for micro-milling
tools. Therefore other methods must be utilized in order to
obtain tool point FRFs of micro-milling tools.
Yilmaz et al. [51] presented an analytical model for tool
point FRF of micro end mills. Authors used an inverse
algorithm to correct geometric representation and damp-
ing of the tool. In the inverse stability approach the modal
parameters in the FRF are the unknowns and the chatter
frequency and depth of cut are the values obtained
experimentally. The modal parameters can be identified
by equating the experimentally obtained chatter frequency
and corresponding axial depth of cut with their analytical
definitions. Using the modal parameters a stability
diagram is generated and it is verified with further chatter
experiments. Then, the model parameters obtained from
the experiments are used to update the analytical model to
better represent the micro-end mill tool tip dynamics.
Authors use an acoustic emission sensor and a microphone
to record the sound throughout the process. Frequency
content of the recorded sounds is inspected to determine
the chatter frequency.

Park and Rahnama [52] developed a robust chatter
stability theorem, which is based on the edge theorem, to
provide the robust stability within the minimum and
maximum boundaries of changing parameters. In conven-
tional chatter stability theories, the cutting parameters are
considered to be constant. However, some parameters, such
as system dynamics and cutting coefficients, change during
micro-milling operations. The robust chatter stability
theorem, based on the edge theorem and the zero exclusion
principle, is utilized to find stability within the changing
boundaries. The edge theorem is an extension of
Kharitonov’s robust theory that allows us to predict the
stability of an uncertain time-delay system, whose
parameters vary within a certain range. To find the
stability lobes for micro-milling operations, the algorithm
sweeps the depths of cut and chatter frequencies at each
spindle speed; and, it checks the stability through the
proposed automated zero exclusion method. The first set of
unstable conditions is recorded as the border between the
stable and unstable regions, in order to determine the
stability lobes. Authors used the receptance coupling (RC)
method to obtain the dynamics at the tool tip. This method
mathematically combines the results of experimental
modal analysis (EMA) of the spindle and machine tool



Fig. 14. Comparison of robust stability lobes with analytical
stability lobes and experimental chatter points [54].
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with the result of finite element analysis of the tool to come
up with the overall dynamics at the tool tip. In previously
published work Rahnama et al. [53] also modeled chatter
stability in micro end milling while considering the effect of
process damping. Process damping of micro milling has
been modeled by identifying the elastically deformed area
under the tool tip. The process damping coefficient, which
was obtained experimentally duringmicro endmilling tests
in ploughing dominant regime, is a function of waves left on
the surface due to the tool movement on the workpiece, tool
geometry and cutting conditions, such as chip thickness,
clearance and effective rake angles.

Later, Graham et al. [54] evaluated two different
methods for prediction of chatter stability in micro milling,
namely Edge theorem and Linear Matrix Inequality (LMI)
method based on Lyapunov stability theory. They also
compared both methods with analytical chatter stability
model. The Edge theorem approach is applicable only for
time invariant uncertain systems in the frequency domain.
In reality, many systems are time varying in nature and
alternative robust control theories are needed to describe
uncertain systems more generally. Based on Lyapunov
stability theory, LMIs can be used to describe stability
conditions for both time invariant and time varying
uncertain systems and establish robust stability. As shown
in Figure 14, while machining is guaranteed to be stable
below robust stability lobes, stable machining conditions
may still be available at points above the predicted robust
limits. However, unstable points were detected below the
lobes predicted by the analytical chatter stability model,
whereas the robust methods give a more conservative
cutting depth prediction. In comparison to the Edge
theorem approach, LMI methods require increased compu-
tational effort.

Singh and Singh [55] proposed a receptance coupling
method to estimate the micro-end mill dynamics. Similar
to methodology proposed by Park and Rahnama [52] it
combines the frequency response functions for the two
substructures (machine tool with a portion of shank and
the micro-end mill) to determine the tool-tip dynamics.
However, authors pointed out that there are certain issues
with the receptance coupling which uses only two locations
for determining the FRF one at the coupling and other at
tip unlike the component mode synthesis, which allows use
of mode shapes at multiple points in the substructures.
Therefore, the component mode synthesis approach has
been used to couple the substructures. The mode synthesis
approach adopted in this work contains the position
dependent modes along the length of substructures. The
mode shapes of machine-tool shank substructure are
determined experimentally whereas the micro-end mill
mode shapes are determined via finite element method
(FEM). The presented approach has been analysed for two
different cases: (a) idealized micro end mill by assuming a
micro end mill as a cantilevered Timoshenko beam, (b)
considering micro end mill with machine tool compliance,
as shown in Figure 15.

Mokhtari et al. [56] used a 3-D nonlinear dynamic
model of the micromilling tool including non-uniform
geometry, structural nonlinearity, gyroscopic moment,
rotary inertia, process damping, and size effect to
investigate chatter phenomenon in micro milling. The
cutting tool has been modeled as a rotating non-uniform
clamped free Timoshenko beam which is excited by
cutting forces. The complete system governing equations
have been achieved for three dimension lateral beam
vibrations. The method of multiple scales has been
employed to find analytical solution for delay nonlinear
partial differential equations of motion. The presented
work investigates effects of the axial depth of cut, the
gyroscopic moments, rotary inertia, the process damping,
the size effect, the number of the cutter tooth, the tool
length, and the tool diameter on the chatter boundary. As
the result, authors pointed out that neglecting size effects,
gyroscopic moments, and rotary inertia in the tool model
causes significant errors in prediction of the stability
boundary of the process. Increasing the number of tool
flutes may stretch out of the lobes and decrease number of
lobes. Finally, increasing the diameter of fluted section,
decreasing the length of this part, and considering size
effect in the tool model increase the stability of the micro-
milling tool.
2.6 Machining induced distortion and residual stress
modeling

Manufacturing of parts within tight tolerances is becoming
more and more essential. Distortions are one of the major
concerns when manufacturing parts that have small cross
sections, like thin walls. Due to this reason, it is crucial to
predict distortions of the thin wall and develop strategies to
prevent geometrical errors. In order to develop a model
that simulates machining-induced distortions, it is neces-
sary to have a clear understanding of mechanics and
thermal aspects of the cutting process. Several groups of
researchers worked on modeling of the cutting forces,
temperature, residual stresses and surface integrity that
affect machining-induced distortions.



Fig. 15. (a) Idealized micro end mill; (b) Micro end mill with machine tool compliance [55].
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Jawahir et al. [57] published a comprehensive work on
recent progress in experimental and theoretical inves-
tigations of residual stresses, where they investigated and
compared main residual stress modeling techniques
available in the literature. Authors also mentioned
available techniques, such as diffraction based methods,
micro magnetic methods and acoustic methods, used for
measuring machining induced residual stresses. The basic
principle of diffraction based methods relies on the
measurement of inter planar atomic spacing and elastic
strains in surfaces when subjected to an applied or internal
stress from which the residual stress can be determined
[58]. The measuring principle of micro magnetic methods is
based on the influence of residual stress and hardness
values and the structure of subsurface layers on the
magnetic domains of ferromagnetic materials [59]. Finally,
the basic principle of acoustic methods relies on the
generation and propagation of acoustic waves affected by
various material parameters such as elastic, thermal,
electric and magnetic properties [60].

Denkena et al. [61] investigated the effect of cutting
parameters on residual stresses and subsurface material
changes in Aluminum alloys. Due to the high cutting speed
requirement of the material, structural components
manufactured from Aluminum are machined at high
cutting speeds and feedrates, which results in formation
of high thermo-mechanical loads and residual stresses.
Authors analyzed the effect of several parameters on the
residual stress starting from cutting speed. From the
experiments it was seen that the increase of the cutting
speed may reduce the compressive residual stresses on the
surface, but this is valid for certain range only. After a while
residual stress remains approximately constant. It was also
noted that variation of the cutting speed does not
systematically influence the depth of the maximum
residual stresses. On the other hand, the effect of feedrate
on the residual stresses is more significant. The residual
stress at the surface tends to be less compressive or to a zero
value with the increase of the feedrate, while the maximum
compressive residual stress significantly increases. This
may explain why at very low feeds per tooth, the maximum
compressive residual stress is measured at the surface. An
increase of the feed per tooth leads to a shift of the
maximum residual stress to a deeper workpiece region.
Results also showed an increase of the compressive residual
stresses in the surface and subsurface as the consequence of
an increase of the depth of cut in certain range, however the
depth of cut does not present any influence on the depth of
the layer with the maximum compressive residual stress.

Arrazola et al. [62] developed a finite element model to
estimate residual stresses during machining of Nickel based
super alloy, where they related residual stresses to material
properties like yield stress and friction angle. They have
also mentioned the importance of tuning flow stress curves
of the material based on the experimental results. The
biggest deficiency of finite element models is high
computational cost. Lazoglu et al. [63] developed an
analytical elasto-plastic model to estimate machining
induced residual stresses that overcomes above mentioned
deficiency and validated their model via X-ray residual
stress measurements on Waspaloy material.

Schulze et al. [64] modeled deflection of the T-profile
thin wall made of Aluminum alloy. Authors analyzed an
influence of different initial stress states, introduced by 4
point bending operation, and different machining param-
eters on the amount of distortion via FEM simulations and
experimental results. As the result, authors revealed that
amount of initial stress has a significant effect on distortion



Fig. 16. (a) CAM model of the workpiece; (b) FE model of the
distortion simulation [65].

Fig. 17. (a) Experimental setup, (b) an illustration of the
experimental setup, (c) Microscope view of distorted part,
(d) Laser measurement signal of instantaneous deflection of the
part during machining [65].
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potential. Both simulations and experimental results
showed that the increase of the applied force resulted in
increased residual stress profiles distortions.

Lazoglu and Mamedov [65] developed a finite element
model for simulation of distortions during micro milling
process using multi-physics Comsol software. The micro
milling process was simulated as a time-dependent multi-
physics problem consisting of structural mechanics and
heat transfer. The workpiece was loaded with moving heat
source and mechanical load at each axial depth of cut for a
time period equal to the machining time, as shown in
Figure 16. Later, thermal and mechanical loads were
removed and distortion was measured as total plastic
deformation after elastic recovery of the workpiece.
Authors measured the instantaneous deformation of the
workpiece during cutting process by laser sensor and
permanent distortion of the workpiece after machining by
White Light Interferometer, as shown in Figure 17.
Instantaneous laser signal contains information on both
plastic and elastic deformation. Peaks in the laser signal
data correspond to elastic deformation during cutting of
the thin wall. The number of peaks equals to a number of
cutting passes and FFT frequency analysis of the peak
showed that tool passing frequencies are dominant, which
means that peaks occur due to the interaction of the tool
and workpiece. While, White Light Interferometer mea-
surement results that are coherent with simulation results,
shown in Figure 18, correspond to permanent distortion of
the workpiece.

Recently, Jia et al. [66] presented a finite element
deflection prediction model of micro-milling Inconel 718
thin-walled parts, which reflects the material properties of
718 and the physical properties of the machining process.
Initially, finite element simulation model of micro milling
Inconel 718 thin walled parts is established. The Johnson-
Cook constitutivemodel is used to describe the constitutive
relation and Johnson-Cook failure model at high speed and
high strain rate to describe the failure criteria of the thin-
walled part material. Later, the predicted value of milling
force output from the process simulation model is used as
the load in the deformation prediction model. Instead of
directly using a model to output the machining deflection,
element birth/death technique is used in pursuit of more
physical understanding of the deflection mechanics.
3 Conclusion and future work

It is important to emphasize that in the last decade the
demand for the parts produced with micro machining
process has drastically increased. Consequently, micro
machining became one of significant industrial
manufacturing processes rather than topic of academic
research and curiosity. Serious advancements in under-
standing process nature have been done over last years.
This paper presents an overview on different modeling
techniques related to modeling of micro milling process and
important aspects that authors revealed during their
research. Presented work covers aspect of process modeling
including chip thickness modeling, force modeling, cutter
deflectionmodeling, thermal and distortionmodeling of the
micro milling process. Sufficiently accurate modelling of
these processes is of great importance because cutting
force, cutting temperature, surface roughness etc. can be
estimated without numerous experimental work, which is
often time and cost consuming. Table 1 summarizes the key
scientific studies and their findings in the topic of modelling
of the micro-milling process.

Even if, significant process has been made in under-
standing and modeling of micro cutting process, some
complications, unsolved or less understood problems
related to final part accuracy and process performance
still exist.



Fig. 18. (a) FEM distortion simulation for micro milling at 50m/min cutting speed, 100mm axial depth of cut and 10mm/rev-tooth
feed per tooth ratio, (b) Laser distortion measurement, (c) WLI distortion measurement, (d) Comparison of simulation and WLI
distortion measurement [65].

Table 1. Key scientific studies and their findings.

Chip thickness modeling

Authors Type of model Material Main findings
Son et al. [4] Analytical,

experimental
Aluminum, Brass,
OFHC

The minimum cutting thickness was
determined by the tool edge radius and
the friction coefficient of a workpiece-
tool.

Bao and Tansel
[7,8]

Analytical Aluminum,
Copper, Steel

Model considers effect of milling
direction on chip thickness. The chip
thickness of down-milling is always
bigger than that of up-milling.

Kang and Zheng
[11]

Analytical, Fourier
series

Aluminum 7075 The chip thickness is estimated by
summing the thicknesses of the
conventional chip component and the
additional chip component that
considers effects of feed per tooth,
number of cutter teeth and cutter radius
on the chip thickness.

Vogler et al. [5] FEM Pearlite and
Ferrite

The minimum chip thickness during
micro milling differs between 20% and
35% of tool edge radius depending on
material ductility.

Li et al. [9] Numerical, Tylor’s
series

Theoretical study The undeformed chip thickness can be
found through finding the intersection
point of the path curve left by preceding
tooth and line passing through current
tooth tip and cutter axis.

Force modeling
Authors Type of model Material Main findings
Fang et al. [19] Analytical Theoretical study The size effect, which means the specific

cutting force increases with a decrease in
undeformed chip thickness, highly
depends on the material constitutive
behavior in machining.
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Jun et al. [18] Analytical Pearlite and
Ferrite

Only elastic deformation occurs in the
workpiece material when the uncut chip
thickness is smaller than critical value.
As uncut chip thickness increases
beyond critical value, the deformation
becomes mixed elastic-plastic.

Zhang et al. [24] Analytical,
experimental

Copper The actual uncut chip thickness might
be increasing or decreasing depending on
tool run-out, cutting direction (up/
down-milling) and depth of cut.

Park and Malekian
[15]

Mechanistic Aluminum 7075 The cutting forces due to ploughing
regime, when the chip thickness is lower
than the critical value, are formulated as
a function of ploughed material volume.

Malekian et al.
[17]

Mechanistic Aluminum 6061 The receptance coupling of the spindle
and the micro-tools is employed to
extract the dynamics at the tool tip.
The frequency analysis of the forces
shows that the effects of run-out and
tool imperfections are more significant at
low feed rates.

Jin and Altintas
[13]

FEM Brass 260 The feed force, which is mainly
contributed by the integration of friction
stress along the tool–chip contact area,
can be underestimated in FE
simulations due to the underestimation
of the friction stress along the tool-rake
face.

Jing et al. [21] Hybrid model:
FEM and
Mechanistic

AISI 1045 The increase in the cutting speed can
lead to an increase in effect of the
runout and when the feed per tooth is
smaller than the runout, there is only
one cutting edge engaged in the
machining operation within one cutter
revolution.

Jing et al. [23] Hybrid model:
FEM and
Mechanistic

Ti6Al4V The cutter runout, tool-workpiece
vibration and material elastic recovery
have a significant effect on the cutting
forces, especially at lower feed per tooth.

Tool deflection and surface roughness modeling
Authors Type of model Material Main findings
Mamedov et al.
[25]

Analytical Ti6Al4V The instantaneous deflections of micro
end mill is calculated by dividing cutting
force matrix, which is applied on the
tool as a distributed load along the
cutting edge, with stiffness matrix of the
cutter modeled as Timoshenko beam
element.

Sun et al. [26] Analytical Aluminum 6061 The variation of surface generation
mechanisms can induce periodic cutting
force oscillations and highly non-uniform
surfaces characterized as low surface
roughness in the center indicating
shearing mechanism and high surface
roughness on the sides suggesting
ploughing effect.

Table 1. (continued).
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Zhang et al. [35] Analytical Aluminum 6061 The trajectory-based surface generation
model is developed by considering the
comprehensive effects of tool run-out,
stochastic tool wear, size effect and the
concept of the minimum chip thickness.

Matsumara and
Ono [37,38]

Analytical Glass Due to absence of elastic deformation in
glass, the edge roughness of cutting tool
is transferred directly onto the surface
without elastic recovery.

Leo Kumar [27] Experimental C360 Copper alloy Genetic Algorithm based on the
principle of natural genetics and natural
selection was used to minimize surface
roughness and machining time. As the
result author concluded that
combination of low spindle speed and
feed rate yields good surface finish.

Beruvides et al.
[29]

Experimental,
ANFIS

Tungsten–copper
alloy (W78Cu22)

Multiple Linear Regression technique
was used to predict surface roughness as
a function of the z-axis vibration
captured during the cutting process.

Vipindas and
Mathew [30]

Experimental Ti6Al4V The influence of the tool wear on surface
roughness was investigated and
enlargement of tool edge radius was
found to be one of the wear modes in
micro machining as it affects the
machining mechanism.

Chen et al. [31,34] FEM,
experimental

Aluminum 6061 Since the machining system is not a
rigid body system, the cutting force
generated during milling could induce
the relative displacement between tool
and workpiece, combine word
displacement.

Liu et al. [39] Experimental Aluminum 6061 In the sidewall surface topography
generated from the relative motion
between the major cutting edge and the
workpiece material. In the floor surface
topography is effected by the minimum
chip thickness, the elastic recovery, and
the transverse vibrations.

Groß et al. [40] Experimental Brass
(CuZn39Pb3)

The kinematic substructures formed on
generated surface are significantly
influenced by the feed per tooth and
effects of material separation are
strongly influenced by the selected
spindle speed.

Thermal modeling
Authors Type of model Material Main findings
Lin et al. [46] Analytical 300M steel The model considers heat generated at

the flank surface and stated that with
progress of flank wear the proportion of
temperature rise contributed by flank
wear-land heat source occupied about
25–35% of total heat generated during
machining.

Table 1. (continued).
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Mamedov and
Lazoglu [49]

Hybrid model:
FEM and
Analytical

Ti6Al4V The model calculates main heat inputs,
generated in the primary and secondary
deformation zones, as instantaneous heat
sources in the shear plane and on the
chip-tool contact surface. Calculated
shearing and frictional heat values are
employed as the heat input sources to
the shearing and frictional zones in the
finite element thermal simulations of the
micro milling.

Lazoglu and
Altintas [44]

Finite difference
method

AISI 4140,
Aluminum alloys

The model estimates temperature for
continuous and interrupted machining
operations by considering shear energy
formed in the primary zone, friction
energy created at the chip-tool interface
and the heat balance between chip and
cutting tool.

Lazoglu and Islam
[45]

Finite difference
method

AISI 4140 An elliptic structural grid generation,
that was used to solve temperature field
during oblique machining operations,
allowed to model different cutter
geometries.

Yang et al. [47] FEM Aluminum 2024 The model estimates the effect of tool
edge radius on cutting force, effective
stress and mean temperature. It showed
that with an increase of tool edge radius,
the cutting force increases, while the
effective stress and mean cutting
temperature of the micro-cutter
decreases.

Ozel et al. [50] FEM Ti6Al4V The model revealed advantages of cBN
coated tool, which due to a lower
friction coefficient and higher effective
thermal conductivity has lowest
temperature rise during machining.

System modeling
Authors Type of model Material Main findings
Park and
Rahnama [52]

Analytical Aluminum 7075 To find the stability lobes for micro-
milling operations, the algorithm sweeps
the depths of cut and chatter frequencies
at each spindle speed; and, it checks the
stability through the proposed
automated zero exclusion method. The
first set of unstable conditions is
recorded as the border between the
stable and unstable regions.

Graham et al. [54] Analytical Brass A comparative study to evaluate two
different methods for prediction of
chatter stability in micro milling,
namely Edge theorem and Linear Matrix
Inequality (LMI) method based on
Lyapunov stability theory.

Mokhtari et al.
[56]

Analytical AISI 1045 Neglecting size effects, gyroscopic
moments, and rotary inertia in the tool
model causes significant errors in
prediction of the stability boundary of
the micro milling process.

Table 1. (continued).
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Singh and Singh
[55]

Hybrid model:
FEM and
Experimental

– Used the component mode synthesis
approach to couple two substructures
(machine tool with a portion of shank
and the micro-end mill) and determine
the tool-tip dynamics.

Machining induced distortion and residual stress modeling
Authors Type of model Material Main findings
Denkena et al. [61] Experimental Aluminum 7449 The effect of cutting parameters on

residual stresses and subsurface material
changes was investigated and results
showed that the increase of the cutting
speed may reduce the compressive
residual stresses on the surface.
The residual stress at the surface
tends to be less compressive or
to a zero value with the increase
of the feedrate, while the maximum
compressive residual stress significantly
increases.

Arrazola et al. [62] FEM Inconel 718 The model is able to simulate elastic–
viscoplastic material flow around the
cutting tool tip by combining
coupled deformation and heat
transfer using implicit integration
method.

Schulze et al. [64] FEM Aluminum 7075 The model analyzed an influence of
different initial stress states, introduced
by 4 point bending operation, and
different machining parameters on the
amount of distortion via FEM
simulations and experimental results.
Results showed that amount of initial
stress has a significant effect on
distortion potential.

Lazoglu and
Mamedov [65]

FEM Ti6Al4V The distortion of the thin wall structure
was analyzed by loading it with moving
heat source and mechanical load at
each axial depth of cut for a time
period equal to the machining time.
Later, thermal and mechanical loads
were removed and distortion was
measured as total plastic
deformation after elastic recovery
of the workpiece.

Jia et al. [66] FEM Inconel 718 The predicted value of milling force
output from the process simulation
model is used as the load in the
deformation prediction model that uses
Johnson-Cook failure model at high
speed and high strain rate to describe
the failure criteria of the thin-walled
part.

Table 1. (continued).
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Fundamental improvements can be done in order to
increase material removal rate, tool life, cost-effectiveness,
surface quality and flexibility of the process. Hybrid micro-
milling processes, such as ultrasonic vibration-assisted
micro-machining, seem to be prospective in achieving these
goals by fusing the advantages of the mechanical micro-
milling and other advanced technologies. The tool life,
surface quality and the process efficiency can be increased
by the application of laser supported micromachining
technologies.

Due to very tiny cross sections residual stress related
distortions are a significant obstacle in front of reduction of
the scrap rates during micro milling. One of the future
research directions can be the development of a model
capable to predict residual stress generation and resulting
distortions during milling process. Further, the fundamen-
tal understanding of the underlying physics at the origin of
generated residual stresses and distortions needs to be
introduced and used to perform instantaneous process
optimization.

Currently, most of the research related to micro
milling deals with relatively simple part geometries, while
process modeling for complex geometries requiring multi-
axial machining operations has not been thoroughly
investigated.

Another aspect to be further developed is machining
centers suitable for micro milling. Due to small cutter
diameter, to ensure proper cutting speed, spindle speed of
the milling centers sometime has to exceed 100.000 rpm.
This issue has been partially solved by air spindles,
however they struggle from cutting speed control during
high load machining operations. Electric motors with
magnetic bearing seem to be promising solution as well as
bench-type ultra-precision machines will be one of the
future development tendencies.

The author would like to thank all researchers and colleagues in
field of machining and micro milling for their valuable
contributions. Also, would like to apologize for the names that
were not included in this limited scope review paper.
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