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A B S T R A C T

Machine tools involve various mechanical interfaces in different forms and styles, which affect performance
significantly in terms of rigidity, thermal stability, precision, and accuracy. This paper reviews the state-of-
the-art and future trends in machine tool structural interfaces. The main concepts, challenges, and improve-
ments regarding mechanical and thermal characteristics, geometric accuracy and precision, and wear and
failure of machine tool interfaces are presented. Advanced methods for modeling static, dynamic, thermal,
and geometrical behavior of mechanical interfaces are presented with examples. Furthermore, typical wear
and failure mechanisms and available solutions and health monitoring techniques are covered.
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1. Introduction

Machine tools are assembled mechatronic systems composed of
structural elements, drives, and their interfaces. This keynote reviews
the research focused on mechanical interfaces in machine tool struc-
tures, allowing better understanding of recent trends and future needs
in this area. A mechanical interface in a machine tool consists of two
mating surfaces, which may or may not be of the same material, con-
tacting or separated by another medium, such as lubricant, oil, or air.
The function of an interface is to support the mating components of a
joint while enabling its desired degree of freedom. The performance of
the interfaces towards achieving their specific functions have signifi-
cant influence on the overall machine tool performance. That is why
extensive research has focused on machine tool interfaces. Machine
tool designers and users should design and select interfaces consider-
ing their functional characteristics to optimize machines and pro-
cesses. Component designers, in turn, should enhance the
performance of interfaces considering their influence on the perfor-
mance of machine tools. Improved performance of interfaces results in
higher static and dynamic stiffness, precision and motion accuracy,
thermal stability, and energy efficiency of machine tools.

Better understanding of machine tool interfaces enables the identi-
fication of the proper mathematical models in contact mechanics, pro-
viding accurate prediction of interface behavior at the component and
assembly level from the early design to operation stage. It also enables
performance improvement of the interface through the possibilities of
lower friction, less heat generation, better precision and motion accu-
racy, and increased rigidity. In general, a better understanding of
machine tool interfaces provides conceptual and practical advantages.
The conceptual one is the accurate modeling of interfaces by
considering mechanical, and thermal aspects. The practical one is
designing and realizing the assembly considering accuracy, durability,
life, and interface failure. A complete application of these concepts
would certainly advance the system efficiency and complete product
life cycle of machine tools. Furthermore, with increasing digitalization
trends in manufacturing, digital twin has already become one of the
major constituents of machine tool research and industry. Integration
of machine tool interfaces for offline and online digital twin applica-
tions requires fast and accurate prediction of interface properties. The
challenges to establish this link can be summarized as follows.

The first step to transferring or replicating the machine tool interfa-
ces from the physical to the virtual domain is identifying the contact
problem which requires distinguishing suitable mathematical models
in contact mechanics with proper boundary conditions for interface
behavior predictions and digital model updating on-the-fly. Modeling
of machine tool interfaces needs integration of different mathematical
models in contact mechanics. A complete mathematical contact model
requires the evolution considering many aspects, such as integrating
static, dynamic, and thermal parts of a contacting system into the
model, which results in a complex and nonlinear model. Even a simple
contact model without integration of different aspects exhibits high
nonlinearity. Generally, one contact model theory predicts one variable
by keeping other factors constant. Typically, this approach is insuffi-
cient to resemble the interface behavior in contact. So, one needs to use
a combination of the contact models, which causes mixed boundary
conditions. And these varied boundary conditions bring nonlinear
effects from each other, resulting in evolving boundary conditions and
entangled loops required during solution to capture these evolving
boundary conditions. Apart from the interaction of different conditions,
tribological parameters such as lubricants, wear particles, and scatters
due to wear are the other reasons for evolving boundary conditions.

The second step to transferring or replicating the machine tool
interfaces from the physical to the virtual domain is choosing
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Fig. 2. Static and quasi-static interfaces.
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solution or iterative update algorithms of the contact problems for
interface behavior predictions and updates. The employed proce-
dures require careful selection of solution algorithms, which may suf-
fer from convergence issues due to high nonlinearity. Several
analytical and numerical methods are employed to predict the solu-
tion of contact problems in different components of the machine
tools- that demonstrate considerably different interface characteris-
tics- such as spindle bearing systems, feed drive and sliding compo-
nents, spindle-holder-tool interfaces, and clamping systems.

The last step to transferring or replicating the machine tool interfa-
ces from the physical to the virtual domain is the experimental proce-
dure to identify and verify the contact parameters of machine tool
interfaces. Measurement of mechanical interfaces requires precise and
accurate experimental set-ups that are open to many problems.For
instance, contact compliance measurement of a moving system
requires a very large number of experiments which is often difficult or
impossible to accomplish. Another example is thermal and accuracy
investigations involving many sensors and measurement instruments.

Machine tools are most likely one of the most challenging engi-
neering systems to design and model. Machine tool design focuses on
the stiffness rather than the strength criterion. These criteria can be
at odds with each other because typically a stiffer system has less
damping and is more likely to be dynamically unstable. However,
most other mechanical systems are designed according to the
strength criterion, like an airplane wing or fuselage. Therefore, to
achieve various performance and functional requirements during
machine tool design, and since machine tools interfaces significantly
affect system (or assembly) stiffness, categorization of machine tool
interfaces is vital to find the most suitable solutions. In general,
machine tool interfaces can be divided into three categories accord-
ing to their mobility: static, quasi-static, and moving interfaces (see
Figs. 1 and 2). Production of parts requires variation of relative posi-
tion of different elements actuated by drives and supported by mov-
ing interfaces (see Fig. 1). The moving interfaces are critical factors
for the accuracy and dynamic stiffness of a machine. Furthermore,
friction in the moving interface is a fundamental obstacle to preci-
sion. During the last century, machine tool designers have tried to
reduce friction to increase the accuracy of machines. This way, the
metal-metal contact is avoided by introducing materials, systems,
and lubricants with low friction such as hydro-static/dynamic guide-
ways. Rolling elements were also included from the very beginning.
In the last decades, new aerostatic and magnetic guideways without
contact have been introduced for precision applications. On the other
hand, friction is one of the most potent factors to suppress vibrations
by damping the machine. Therefore, the quest for increased accuracy
may yield a reduction in the dynamic stiffness of machine tools.

Due to economical and practical reasons, machine tools are not
constructed from monolithic structures. Some parts of machine tools
Fig. 1. Moving interfaces in machine tools.
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are joined through static interfaces (see Fig. 2) that do not change their
relative position after the assembly. Bolted joints are the most widely
used static interfaces to assemble different elements of the machines.
Welding is also a widely used method to create static interfaces in
machine tools. Glued parts are used as alternative solution in some
cases. The compromise between precision and damping appears again
with static interfaces. In general, high number of static interfaces
increases the overall damping of a machine, but has the potential to
increase alignment errors, and thus reduce accuracy.

Machine tools are flexible production units where tool, spindle
head, and parts can be changed without losing the overall accuracy.
The use of quasi-static interfaces permits automatic and accurate inter-
change of these elements. The connections between the tool and tool
holder, and the tool holder and spindle have crucial importance in the
cutting process and are highly standardized [1]. In heavy-duty and
multitasking applications, the spindle heads could also be exchanged
automatically, generating quasi-static interfaces. Similar interfaces are
also used in palletized systems. The precision and accuracy of mechan-
ical interface have a direct impact on the geometrical accuracy of the
manufactured products. The accuracy of moving interfaces is improved
by reducing the error motions of individual moving components
themselves or the relative motions with respect to each other.

Properties of such interfaces and their characteristics, modeling,
and methods to improve the total geometrical accuracy of such inter-
faces are discussed in detail in this keynote paper.

The paper is organized as follows: the existing literature is divided
into four sections according to required conceptual and practical con-
cepts for analysis, design, or selection of machine tool interfaces with a
better understanding. In Section 2, mechanical characteristics of
machine tool contacts are introduced and discussed by considering
their static and dynamic behavior. Different contact mechanics per-
spectives such as tribology, applied mathematics and continuum
mechanics are employed in machine tool research. Overall, the studies
in those can be categorized into four main groups for determination of
mechanical characteristics in machine tool contacts: (i) Analytical
models, (ii) Numerical models, (iii) Experimental and identification
methods, (iv) Hybrid models. Spindle bearings are the most studied
among the machine tool components employing numerical and ana-
lytical methods for their contact properties. Likewise, the effect of the
spindle bearing on tool point dynamics in idle and rotational states are
studied by employing identification methods.

In Section 3, thermal aspects of machine tool contacts are pre-
sented by considering heat generation and heat conduction modeling
and analyses at mechanical interfaces. In the first part, heat genera-
tion models in spindle and feed-drive systems are introduced. The
models for thermal contact conductance and resistance at machine
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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tools are introduced and discussed in the second part. Thermal con-
tact compliance has a complex and hard-to-predict nature which
causes many problems on stationary and moving machine tool inter-
faces. This situation requires an identification process and uncer-
tainty analysis, which are also covered in the third section.

In Section 4, the geometric accuracy and precision of mechanical
interfaces are discussed. Different machine tool interfaces are catego-
rized mainly in three areas: static, quasi-static, and moving interfa-
ces. These interfaces are covered in the corresponding subsections,
where each interface's characteristics, modeling, and measurement
methods are reviewed in detail. In addition, instruments employed
to predict and evaluate the geometric accuracy of these interfaces
and resulting motion errors are compared and discussed.

Equipment failure and decreasing productivity could arise from
contact failures and defects. As a result, detecting a problem and
identifying its position in contacts are essential for safe and reliable
machinery operation. In Section 5, wear and failure types and defect
categorization in contact interfaces are given, and methods for moni-
toring their health are discussed.

Finally, in Section 6, the discussions and conclusions are shared, while
the future outlook for machine tool interfaces is discussed in Section 7.

2. Contact mechanics of mechanical interfaces in machine tools

Studies of contact mechanics establish the foundation for the
research on machine tool mechanical interfaces. The contact mechan-
ics perspective of tribology and continuummechanics has offered dif-
ferent contact models. However, many of these models are limited to
a few components with surface stresses. They do not allow predic-
tions concerning plastic or more complicated failure mechanisms.
Despite rapid development of various perspectives on contact
mechanics in the last couple of decades, the unsolved nature of con-
tact modeling attracts researchers from applied mechanics and
machine tools. Some researchers have proposed experimental, iden-
tification, or hybrid models to overcome the mentioned problems
since machine tool contacts are vital for precision and accuracy. Sec-
tions 2.1 and 2.2 examine mechanical models of machine tool con-
tacts based on different perspectives. In Section 2.1, the tribology
perspective for machine tools is introduced, whereas in Section 2.2,
applied mathematics and continuummechanics perspectives are pre-
sented. In Sections 2.3 and 2.4 models that use experimental and
identification techniques and hybrid models are presented.

2.1. Analytical models

In tribology, contact problems can be classified according to vari-
ous aspects such as the type of the material law, geometry of the
applied load, contact configuration, friction and adhesion regime, or
the shape of the contacting bodies. To give a general idea for machine
tool contacts, analytical prediction methods are investigated accord-
ing to the solution method of the contact problems which can be
grouped in two categories: (i) Analytical (Exact) Methods and (ii)
Semi-Analytical (Approximate) Methods.

Analytical solution methods

Hertz and Boussinesq provided the first exact solution for a particu-
lar contact problem class. The definition of the contact problem class
was limited to frictionless and normal contacts for the geometries that
can be reduced to 2D problems such as curved axisymmetric profiles
or punch problems. These cases are classified as “Boussinesq prob-
lems” in the tribology literature [2]. Schubert (1942), Galin (1946),
Shtaerman (1949) and Sneddon (1965) established the exact solution
of these frictionless contact problems in their general form [3].

Semi-analytical solution methods

Semi-analytical approaches include numerical manipulation tech-
niques to solve complex contact problems (multi-dimensional
parameter spaces) by employing classical or benchmark analytical
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
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formulations. Using semi-analytical models is a must for frictional
contact problems as they generally provide solutions for 3D complex
contact geometries. In tribology, classes of frictional contact problems
can be grouped as follows [2]:

- Mossakovski problems (normal contact with only sticking).
- Tangential problem (with slip and stick).
- Torsional contact.

Boussinesq and tangential problems (generally in Catta-
neo�Mindlin form) [2] have applications in analyses of machine tool
interfaces. Another important semi-analytical method is the fractal
contact theory as it provides scale-independent asperity contact
loads and assumes variable curvature radii in the contact analyses of
rough surfaces for machine tool interfaces [4].

2.1.1. Static models
Among machine tool interfaces, spindle bearing modeling is one of

the most-studied topics, and most of the related research uses analyti-
cal solutions provided by Hertz and Boussinesq. Even though the Hertz
contact theory dates to the 1880s, the complete Hertz contact solution
was completed in the 1960s. First, [5] introduced and popularized two
degrees of freedom (DOF) (only axial and radial translations) models
for angular contact bearings based on solutions of Hertz and Boussi-
nesq, and provided a purely analytical solution by using Sj€ovall inte-
grals. Subsequently, the analytical solution of five DOF angular contact
bearing models (three translations dx, dy, dz and two rotary duy, duz)
was provided by Houpert [6]. Two and five DOF bearing stiffness mod-
els, by considering contacts, were introduced by Hernot et al. [7] using
them in specialized Finite Element (FE) libraries. After nearly two deca-
des of obtaining complete solutions of Hertz and Boussinesq problems,
Pruvot et al. [8] raised the first questions specifically for spindle bear-
ing contacts by considering thermo-mechanical spindle behavior.
Later, several parameters on bearing contacts were also considered.
For instance, Jedrzejewski et al. [9] used a 2D simplified Hertzian
model for modeling spindle angular bearings by considering centrifu-
gal forces and gyroscopic moment. In high-speed spindle systems,
enforcing for maximum possible contact area increases the radial stiff-
ness. However, changing nature of the contact and thermal influences
make this task difficult. To overcome this difficulty, Wock et al. [10]
offered three- and four-contact-point spindle bearings to increase the
contact area for high-speed spindles using analytical Hertz solution
and an optimized Hertzian contact pressure profile to obtain constant
operating conditions. Yuksel et al. [11] used the idea of enforcing for
maximum possible contact area for early and quick prediction of ther-
mal growth in spindles by separating contact penetration and sliding
in a computer simulation. The preload change in bearings is obtained
by employing an analytical Hertz solution.

Rolling element bearings constitute a statically indeterminate,
nonlinear, elastic system. The related equations are not easily reduc-
ible to closed-form solutions despite many assumptions and simplifi-
cations [12]. Therefore, semi-analytical methods, which include
linearized and iterative computation methods such as Newton-Raph-
son, graphics, and tables for rigorous treatment of bearing contacts,
are offered in the literature to predict more complex bearing behav-
ior based on classical Hertzian analysis [12,13]. Additionally, a five
DOF (three translations: dx, dy, dz and two tilting angles duy, duz)
bearing model and its semi-analytical solution based on both classical
Hertzian analysis and modern Non-Hertzian contact analysis was
presented by de Mul et al. [14]. Jones and de Mul bearing models are
among of the first and most used semi-analytical bearing models in
machine tool literature. In the classical model of Jones, the well-
known nonlinear normal contact forces are given as the following
(1),(2):

Q0 ¼ k0dn0 ð1Þ

Qi ¼ kidni ð2Þ
where d0 and di are the deformations at points A and B, respectively,
under the action of normal contact forces Q0 and Qi. The exponent n is
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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Fig. 3. The structure of a ball screw feed system and equivalent dynamic model of the
ball screw feed system with high acceleration [30].

Fig. 4. The HSM conditions descriptive monograph [36,37].

ARTICLE IN PRESS
JID: CIRP [m191;June 16, 2022;0:46]

4 E. Budak et al. / CIRP Annals - Manufacturing Technology 00 (2022) 1�24
called the load-deflection exponent. k0 and ki are the load-deflection con-
stants at contact points A and B, respectively. These coefficients are
dependent on the contact zonemorphology and the contactingmaterials.
The calculation methodology of load-deflection constant is presented in
[6] for line and point contacts. Determination of contact angles and defor-
mations (d0 and di) requires iterative methods (generally Newton-Raph-
son) due to the observed high nonlinearity. For instance, [15] and [16]
used iterative methods to predict contact angles and force deviations.

Another contact model for predicting the behavior of machine tool
interfaces is the fractal contact theory. Since it applies to both Hertzian
and non-Hertzian profiles, the fractal contact theory is used in analysis
of various machine tool contacts from spindle bearings to machine
tool joints. Since the rough surface profile (micro-asperities) can be
represented by theWeierstrass-Mandelbrot function in the fractal the-
ory, thermo-mechanical and dynamic behavior of bearing contacts can
be modeled accurately compared to other methods. Therefore, the
studies related to spindle bearings [17,18] generally include thermal
and dynamic behavior prediction. To predict the contact stiffness at
the machined joints, [19] employed the fractal contact theory. Another
exciting application of fractal contact theory was exercised in [20] to
represent concrete-steel joint interfaces in machine tools.

2.1.2. Dynamic models
One of the principal presences of contact dynamics is at the bear-

ings. The dynamic models are usually developed based on the transla-
tional and rotational equations of motion of the ball relative to the
bearing raceways and the interaction between the components in
terms of total moments. Gupta proposed one of the distinguished ana-
lytical dynamic models for the ball and roller bearings' contact mecha-
nism [21�24]. This model considers 3D motion of each bearing
assembly component (inner ring, outer ring, ball, rotor) with six DOFs.
This model provides the capability for the bearings with localized
defects as well [25]. Authors in this paper updated Gupta's model by
inserting the variation of deflections, Hertzian contact stiffness, and
forces due to localized surface defects. The vibrations are evaluated
and verifiedwith experiments. Later, Niu et al. [26] used Gupta's model
to investigate the cage whirl motions in ball bearings. In another work,
the rolling ball bearing components (outer ring, inner ring, cage, and
ball) are considered rigid body elements (RBE). Gupta's model is
applied by including waviness, radial clearance, and pedestal effect.
RBE discretization is also performed on the shaft and coupled with the
bearing model to evaluate the vibration response of the bearing-rotor
system by solving the dynamic equation of each RBE [27].

Another essential dynamic model for bearing stiffness calculation
based on ball and roller contact with raceways is proposed by de Mul
et al. [14]. This approach introduces an analytical model to calculate
the Jacobian matrix of the bearing, which facilitates the computation
of the the stiffness values easily without including gyroscopic
moments. Based on this theory, Jorgensen et al. [28] modeled the
dynamics of angular-contact bearings at high speed. By having both
linear and angular bearing stiffness for a Hertzian spherical contact
case, the vibration response of the spindle is predicted and verified.
Later, this model was improved by Changqing and Qingyu [29] by
developing a comprehensive Jacobian matrix for bearings consider-
ing centrifugal force, gyroscopic moment, and updated contact con-
stants to study the effects of internal waviness and clearance.

Tlusty et al. [31] used an analytical approach to investigate the non-
linearities existing in the ball and roller bearings due to preloads. In
another study, the nonlinearities in ball-to-race contacts are investi-
gated to predict the bearing induced vibrations caused by the waviness
of the rings and balls [32]. Chen and Hwang [33] proposed a quantita-
tive analysis of bearing dynamics by introducing centrifugal force in
Harris’ model. The contact force and angle variations are analyzed at
the ball/inner-raceway interface to determine the contact stiffness
reduction at high speeds. In addition, contact mechanics at bearing/
shaft and spindle/tool-holder interfaces are considered where natural
frequency variations at high-speed conditions are studied.

In addition to contact issues in bearings and shaft interfaces, an
analytical study is performed to investigate the contact stiffness vari-
ation of kinematic joints in a ball screw system at high accelerations
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
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[30] (see Fig. 3). The Hertz contact theory is used to determine the
inertial contact forces for the dynamic model between screw-shaft
and screw-nut interfaces. Hence, the equivalent stiffness of these
joints is derived based on the contact state.
Dynamic stiffness modeling of machine tools based on machining
space analysis is done by developing a stiffness synthesis model for
an entire machine tool structure. This stiffness synthesis model com-
bines the load transfer and deformation transfer matrices resulting in
a low-order stiffness matrix model for the machine tool structure,
verified by Finite Element Analysis (FEA) [34].

2.2. Numerical Models

In applied mathematics and continuum mechanics, contact phe-
nomena are studied under the category of computational contact
problems. The expression of a contact problem in computational con-
tact mechanics dictates the impenetrability rule between the contact-
ing elements [35].

The expression of the contact problem is known as Signorini’s
contact problem in the literature, and the impenetrability rule is
denoted as the Hertz-Signorini-Moreau (HSM) conditions. The HSM
rules (3) are expressed as follows [37]:

For all A�V2
C:

CNu� ggu�0;RN�0;RNðCNu� gguÞ ¼ 0 ð3Þ
where u stands for the displacement field, and CN is the transforma-
tion matrix of normal vectors on the potential contact surfaces. ggu is a
column vector which represents all gaps. According to Fig. 4, if the
displacement is equal to the gap, a reaction force (RN ) occurs due to
the contact. This reaction force is zero if the displacement is smaller
than the gap between the hitter and the foundation. In all cases the
multiplication of the reaction force and the kinematic constraint will
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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be zero. Contact problems are expressed as optimization problems
that minimize elastic energy while enforcing the HSM conditions.
Therefore, the expression of contacts turns into nonlinear optimiza-
tion problems for which the solution methodology is based on varia-
tional methods indicated in (4) where pðuÞ stands for elastic energy,
and K and F are assembly stiffness and force, respectively.

Minp uð Þ ¼ 1=2uTKu�FTu;

Subject to : CNu�ggu; Kuþ CT
NRN ¼ K ð4Þ

Signorini’s contact problem is fundamental for most computer-
aided engineering (CAE) applications (finite element method (FEM),
finite volume method (FVM), finite difference method (FDM), and
multi body dynamics (MBD) with the only exception of the discrete
element method (DEM). DEM uses semi-analytic methods and is also
used in analysis of machine tool contacts [2,37].
Fig. 5. a) Slice model of linear guide with rigid balls, b) Kinematic constraints of rigid
rolling contact with friction (left) and frictionless (right) [43].
2.2.1. Static models

Bearing or feed-drive contact modeling using FEM is relatively
insufficient compared to those of hollow taper shank (HSK) tool
holder-spindle interfaces because of the complex contact nature of
bearings and feed-drives. Simplified HSK tool holder-spindle interfa-
ces are generally modeled with FEM in machine tool literature since
existing analytical methods are difficult to apply for such contact
geometries that include Hertzian and punch contact profiles together.
Researchers in [38,39] used different Finite Element (FE) software
(MARC, Abaqus) to predict contact behavior. Other essential and
inseparable Signorini’s contact problem applications in machine tools
are model order reduction and topology optimization. For instance,
Law et al. [40] used classical FE-based penalty and multi-point con-
tact formulation to couple already reduced substructures and topol-
ogy optimization of a machine tool structure. Yuksel et al. explicitly
demonstrated the difference between penalty contact formulation
(FE-based) and spring representation of linear guides in topology
optimization applications [41]. In the machine tool literature, this
study is the first in dealing with machine tool contacts at the assem-
bly level for topology optimization applications.
2.2.2. Dynamic models
FEM is a commonly used method for simulation and prediction of

dynamic behavior in machine tool contacts. 2D FEM can be used to
model the dynamics of rolling bearings with ring defects. Simple fric-
tional contact is considered for all surface-to-surface contact interfa-
ces of the bearing in [42].

In FE models for holistic simulation of machine tool dynamics,
surface-to-surface contact, and node-to-face contact constraints are
discussed. The conceptual idea is to distribute the forces and
moments acting on the condensation node to the coupling nodes
[44]. Full FE simulations are conducted on linear guide systems with
the help of the component-oriented FEM in [43]. The contact mecha-
nism between the ball and concave rails is replaced with two differ-
ent equivalent models compared to the flexible ball contact theory.
The first model considers rigid balls with equivalent material
(RiBEM), as shown in Fig. 5, while the second one is Rolling Contact
Spring (RoCS), consisting of a combination of nonlinear springs.
Authors found out that both methods decrease the simulation time;
however, due to the insufficient rolling contact representation in
RoCS method, the induced error is significantly higher than RiBEM.

A coupled FE model of the machine tool frame and the spindle is
performed in [45]. All components, i.e., spindle shaft, housing, cooling
system, and machine tool frame, are modeled by the FEM. The stiff-
nesses of the spindle bearing system are calculated using Harris’
model to analyze the dynamics of the whole system.

Despite time-consuming full FE models, Law et al. [40,46] proposed
a position-dependent, sub-structurally synthesized reduced-order
machine model to predict the dynamic response of the whole system.
The multi-body dynamic model of a machine tool based on a reduced
model provides less computational effort than the complete order FE
models. Machine substructural components were reduced and
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
org/10.1016/j.cirp.2022.05.005
subsequently synthesized using adaptations of constraint equations
that tolerate mesh incompatibility at their contacting interfaces, allow-
ing for modular design. In another study, Zaeh et al. [47] combined the
FEM and multi-body simulation of a system to simulate large move-
ments in a machine tool. The dynamic response is evaluated by inte-
grating nodal bodies in the multi-body system. This model is
completed by considering the moving contacts on the flexible bodies.

Deng et al. [48] developed a FE model of the whole machine tool
structure with different poses and spindle bearing dynamic parame-
ters. The joint node dynamic parameters are modeled using spring-
damper elements.

2.3. Models with experimental and identification techniques

All analytical and numerical methods have limitations in modeling
of 3D complex machine tool interfaces with dry or wet working condi-
tions. Additionally, rigorous treatment of machine tool contacts
requires high computational power. Moreover, complex contact load-
ing histories such as random vibrations acting on machine tools result
in changes in dynamic contact properties that can potentially affect
static contact properties in the long term. In machine tool literature,
experimental methods are offered generally to extract contact param-
eters such as stiffness, displacement, and stress to deal with the issues
mentioned above. Contact identification methods are presented to
determine contact surface roughness or to extract a 3D map of contact
interfaces. Both methods are widely used in machine tool research due
to time advantage and application simplicity. Furthermore, contact
parameter identification using experimental and analytical approaches
were widely used in tool tip frequency response function prediction of
the spindle-holder-tool assemblies. The dynamic contact models are
used to identify the contact stiffness at tool-holder and holder-spindle
interfaces using experimental measurement.

2.3.1. Static models
In the literature, experimental and identification methods are stan-

dard for the determination of machine tool contact characteristics. For
spindles, [31] experimentally demonstrated spring behavior character-
istics of spindle bearings with preload, lubricant type, and spindle
speed change. Spindle stiffness measurement is a typical application,
and there are mainly two methods for measuring the spindle stiffness:
force-deflection method and natural frequency method. In this section,
the focus is the force-deflection method. Zeljkovic et al. [49] offered a
force-deflection-based stiffness measurement method. A novel non-
contact stiffness measurement method was provided using a magnetic
loading device [50]. Another stiffness measurement method that con-
siders the softening and hardening characteristics of the machine tool
spindle system was introduced by Li et al. [51]. Chen et al. [52] pre-
sented a practical method, which is an active bearing load monitoring
and control mechanism that consists of integrated strain-gage load
cells and piezoelectric actuators for bearing stiffness measurement
and optimization. For tool holders, the interface behavior of different
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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tool holders is examined and compared based on experiments [53].
Precise and accurate behavior of guideways depends on contact char-
acteristics of guideway components, and material covers also affect
the contact properties. Zatarian et al. [54] showed the effects of cover-
ing materials with experimental methods for contacts. Fan et al. [55]
proposes a model with measured cutting forces and parameters of a
slide-guideway. It can calculate the geometric errors of the slide due to
contact deformation and the positioning errors caused by wear of the
guideway after a long-term operation.

2.3.2. Dynamic models
Machine tool components frequently experience rolling, stick-

slip, and skidding motion at wet and dry contact conditions, creating
complex contact behavior that is hard to predict. To identify dynamic
contact characteristics of such complex systems, experimental identi-
fication methods are developed. One can categorize these experimen-
tal and identification methods in three categories: modal parameter
identification methods, physical damping identification methods,
and friction identification methods.

Modal parameter identification methods

Modal parameters of an assembly may drastically depend on the
contact conditions (contact stiffness and damping) at the contacting
interfaces of substructures. Effect of interface contact parameters
shows its significance at tool-holder-spindle assemblies. Stable cut-
ting operation requires precise estimation of the frequency response
function (FRF) at the tool tip. However, identification of the FRF for
an arbitrary tool-holder-spindle assembly is time consuming which
will increase the production cost. In order to overcome this draw-
back, Schmitz et al. [56,57] implemented the receptance coupling
substructure analysis to predict the dynamic responses at the tool
point by coupling the analytical or experimental FRF of each sub-
structure to obtain the response of the whole assembly. This is per-
formed by coupling the receptance matrices of each component
which are evaluated analytically (see Fig. 6).
Fig. 6. Assembly and component systems in receptance coupling substructure analysis
(RCSA) [56].
However, the identification of contact parameters at spindle-
holder and holder-tool interfaces is the main difficulty.

Schmitz et al. [58,59] determine the contact mechanics at spindle-
holder-tool interfaces by defining equivalent translational and rota-
tional spring/damper between components. The values for springs and
dampers were obtained by fitting the assembly RCSA and the experi-
mental test. Namazi et al. [60] modeled the contact mechanism at the
tool holder-spindle taper interface by using uniformly distributed
translational and rotational springs. The stiffness values were obtained
by error minimization method between the predicted and experimen-
tal measurements. Matthias et al. [61] identified the tool-holder con-
tact parameters using fitting algorithm between analytical RCSA and
experimentally-obtained tool point FRFs of the holder-tool assembly
at free-free end conditions. Tool-holder interface contact modeling
was enhanced in [62] by the multi-point receptance coupling method.
In this approach, the contact length of the tool and holder are clamped
at equally spaced points by employing flexible-damped coupling
matrix. While Schmitz et al. [56] applied a lumped stiffness model
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
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through linear and rotational springs and dampers to the spindle-
holder assembly, Movahhedy et al. [63] proposed a contact model
with two parallel linear springs utilizing genetic algorithm. Schmitz
et al. [64] extended the previous models with multi-point coupling for
shrink fit holder-tool contact interfaces. An alternative approach was
proposed by Ahmadi et al. [65] and Ahmadian et al. [66] instead of
lumped-stiffness model. In these studies, the interface is considered as
a layer where the contact pressure varies along with the interface. The
previous approaches are based on the nonlinear least-square minimi-
zation between the predicted and measured FRF, which is time con-
suming in terms of practical applications. From different point of view,
the contact properties at modular tools are investigated by Park et al.
[67] using inverse receptance coupling method. Rezaei et al. [68]
extended the inverse receptance coupling for several arbitrary point
numbers in joint modeling. In the proposed approach the tool over-
hang is coupled with the subtraction of the analytical tool overhang
FRF from the experimental FRF of the whole assembly which elimi-
nates the need for identification of the contact stiffness/damping val-
ues by fitting method. In a different approach, Ozsahin et al. [69] used
analytical receptance coupling method and tool point FRF results to
identify the complex stiffness matrix, encompassing contact parame-
ters for each frequency, and proposes a much faster algorithm for tool
point FRF calculation. In this approach, the elastic receptance coupling
equations for tool-holder-spindle assembly are rearranged by matrix
inversion to obtain the complex stiffness matrices at each interface in
a closed-form manner. Other researchers have used this method to
obtain the contact parameters between the coupled structures [70,71].
Previously, Erturk et al. [72]proposed an analytical model to predict
the tool point FRF of tool-holder-spindle assembly by combining the
receptance coupling and structural modification technique [73] where
all of the components are modeled using Timoshenko beam theory.
The main components of the assembly were coupled by elastic recep-
tance coupling technique by imposing the contact parameters at tool-
holder and holder-spindle interfaces which are tuned experimentally
by using FRF measurements. The proposed method was confirmed
experimentally, and its use in accurate prediction of stability lobe dia-
grams was also demonstrated [74,75]. Erturk et al. [75] also showed
that translational contact parameters (stiffness and damping) at the
interfaces affect both frequencies and peak amplitudes of relevant
modes of the structure significantly. This is also shown by Kivanç et al.
[76] in structural prediction of end mills with different materials and
geometries using receptance coupling method while the clamping
parameters between tool and holder is studied and tool point FRF are
predicted using receptance coupling method. The Timoshenko beam
model is updated by Ozsahin et al. [77] by adding the effect of gyro-
scopic moments for rotor dynamic predictions. The bearing dynamics
in idle state are also considered in identification of tool point FRF using
receptance coupling method. The significant effect of spindle dynamics
on tool point FRF under operating conditions are studied by Ozsahin
et al [78]. The bearing dynamics are identified using inverse stability
solution and in-process tap test [79] at high spindle speeds. The stabil-
ity diagrams are modified based on the updated spindle dynamics. It is
deduced that bearing stiffness and damping are affected by gyroscopic
moments and cuttings forces as well as spindle speed under opera-
tional conditions which influences the tool point FRFs and hence, sta-
bility diagrams, drastically [80].

Damping identification methods

For physical damping identification of machine tool contacts,
modal analysis based on impact tests are widely employed. Damping
characteristics of a machine tool, and damper properties of viscoelas-
tic support at its foundation are identified by impact tests in [81].
Another study to identify viscous damping parameters of a milling
table with impact testing is done by Powa»ka and Okulik [82]. In [83],
the vibration signal is acquired from the developed sensing system to
identify the physical damping of the feed drive system with adjust-
able preload. The sensing system mainly includes the micro electro-
mechanical sensor (MEMS) based detection and the signal processing
circuit modules. The system has a small-sized detection unit so that it
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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can be anchored onto the object of interest. Therefore, the preload
variation can be reflected in the dynamic response of the ball within
the ball nut. Another interesting viscous damping identification
method is suggested in [84], which considers oil-film damping effects
for rolling slideways. The main challenge in such a study is that sev-
eral rollers in the slideways have various dynamic parameters for
each in a rolling slideways system with damping oil films. Therefore,
using pure analytical methods is challenging. Otherwise, that would
lead to difficulty in studying the complex joint parameters. However,
inserting oil- films in rolling slideways has similar characteristics
with the study object of the modal modification method, which is
also known as the receptance coupling method. This paper presents a
model for the rolling slideways system with the damping oil-films by
combining the receptance technique with testing data and avoids the
analytical model of such a complex system.

Mounting elements are the static interfaces between foundation
and machine tool, which support the machine tool's weight. Mount-
ing elements also provide vibration isolation between the foundation
and the machine [85], where passive supports are used in general
[86]. Leveling block and jackscrews are the most popular mounting
elements. Since there is a trade-off between stiffness and damping,
these mounts may not provide sufficient damping. Therefore,
research has investigated adding damping to passive mounts with
sliding surfaces [87] or devising a coupling method [88]. The charac-
teristics of the foundation itself also have a significant effect on the
vibration characteristics of the machine tools. The influencing param-
eters include pile spacing, foundation thickness [89], surface treat-
ment, and gravel layers [90]. The low-frequency vibration
characteristics of the machine tool can be adjusted by the placement
of the mount [91]. Although the mount is a static interface, it is
affected by the aging of the foundation and requires periodic adjust-
ment after the machine installation. To reduce the manual adjust-
ment efforts, a mechanical adjustment method using mounting
elements with embedded sensors, is proposed [92].
Fig. 7. The contact of half cubes: (a) the loading conditions and total deformation; (b)
deformation at X-axis; (c) contact surface; and (d) oscillating contact pressure [36].

Fig. 8. Contact force variations for different computational methods in FE [36].
Friction models

Coulomb's friction model assumes that the friction force is oppo-
site to the direction of velocity but independent of the magnitude of
the speed. However, Stribeck discovered that friction decreases with
rising velocity in specific velocity regimes by measuring the velocity
dependence of friction in ball bearings. This phenomenon is called
the Stribeck effect. Furthermore, stick-slip motion in machine tool
components occurs frequently. As a result, these components experi-
ence pre-sliding motion, Stribeck effect during sliding, viscous damp-
ing, and hysteresis (due to structural damping). All these parameters
affect the dynamic characteristics of machine tool interfaces. LuGre
friction model successfully includes all the mentioned parameters
with identification procedures. For instance, [93] identified all these
parameters for a spindle head motion mechanism by employing the
LuGre Friction model. Another study is conducted by Zhao et al. [94]
for a feed-drive system again using the LuGre friction model.

Another friction identification method is the response surface
methodology which is based on a series of experiments. The material,
viscous, and structural damping of contacting machine tool bodies is
investigated in [95] for cyclic tangential forces. The situations of vari-
ous joint materials are compared. Predictive equations for damping
in machined joints are developed based on experiments conducted
on a rationale of economic data reduction through the response sur-
face methodology (RSM).

Other than these categories, linear magnetic bearings provide a
contactless medium for better dynamics and high accuracy at moder-
ate cutting forces. Linear magnetic bearings can be employed in slide-
ways, and dynamic characteristics of these systems are obtained by
electrical current tests. In these applications, the measurement of
bearing dynamic stiffness serves as an identification method of non-
linear system behavior that cannot be modeled off-line. The current
tests for linear magnetic bearings provide this identification with the
technique presented in [96].
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2.4. Hybrid models

Experimental identification methods bring additional burden for
designing and analyzing machine tools at the early design stage. One
might employ pure analytical or numerical models to reduce costs,
but pure analytical or numerical models also have some of the chal-
lenges described above.

There are different pitfalls for contact mechanics perspectives of
tribology, applied mathematics, and continuum mechanics. One of the
most challenging problems in all contact analysis is finding the com-
plete stress tensors. Computational burden is another major challenge.
On the other hand, the offered solutions in tribology do not allow pre-
dictions concerning plastic failure or more complicated failure mecha-
nisms. In computational contact problems, the prediction of contact
parameters is open to issues due to two main reasons. First, calculation
of contact stiffness requires generally Newton-Raphson method due to
nonlinear optimization problem given in Eq. (4). During the solution of
FE process, the impenetrability rule of contact nodes by Hertz-Signo-
rini-Moreau (HSM) conditions is satisfied by changing the contact stiff-
ness which results in increased contact stiffness "erroneously" to avoid
penetration of contacting node pairs. Second, the reliability of solu-
tions varies according to the chosen computational contact method.
These problems are explicitly indicated in a punch problem example
by Yuksel et al. [36]. In Fig. 7, a flat punch problem is illustrated with
FE results. In Fig. 8, the contact force deviation is illustrated for differ-
ent FE-based contact algorithms together with an analytical solution.
Therefore, hybrid contact models combining analytical and
numerical representations are offered in machine tool literature to
overcome the problems for machine tool contacts.

2.4.1. Static models
This section discusses models estimating static force induced

deflections in contacts. Hybrid contact models used in spindles gener-
ally focus on thermo-mechanical behavior. The variation of contact
angles and contact conduction properties of spindle bearing is mod-
eled analytically in [97], and then representative FE models for the
bearings are constructed during the simulations to predict thermo-
mechanical spindle and preload behavior. Similarly, [98] presented a
method based on the mechanical model of the bearing and the numer-
ical model (FEM) of the spindle. The presented model includes a non-
stationary change of temperature, thermal deformation, and bearing
stiffness based on the angular position of the ball. Interfaces of spindle
holders are experimentally identified and represented as virtual mate-
rial inside an FE model [99]. For guideways, [100] considered
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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tangential and normal contact properties assumed by employing semi-
analytical contact prediction methods together. They created a virtual
FE material based on the semi-analytical predictions (see Fig. 9).
Fig. 9. Principle of modeling a contact layer in FEA [100].

Fig.10. Spindle assembly model utilizing TMM[108].
For feed-drive system modeling, [101] defined a unique stiffness
matrix to represent contact interfaces of feed-drive to use them in
FEA. A hybrid FE model of screw-nut interface coupled with Timo-
shenko beam element having axial, torsional, and lateral dynamics is
presented [102]. The screw-nut interface model is developed to cap-
ture both static and dynamic interaction between the axial, torsional,
and lateral dynamics of ball screw drives.

Since finding complete stress tensors is impossible for machine
tool contacts, generally equivalent stiffness models extracted from
either experiments or analytical/semi-analytical methods are used in
FEA to simulate machine tools at assembly levels. For instance, [103]
proposed a methodology to assess the loaded conditions of individual
joint errors in machine tools using an equivalent stiffness concept.
The procedure is based on measuring the force�differentiation func-
tions at the interface between the tool holder and table. The estima-
tion procedure of the joint deviations is demonstrated in an
analytical model based on a variational method and further imple-
mented in a computational model describing the machine tool topol-
ogy. Likewise, [104] presented a different equivalent stiffness
approach that considers joint and leg compliances. Joints are mod-
eled by a technological analysis focusing on the local behavior of the
components for parallel kinematic machine tools. An equivalent con-
tact force-based method called the reflected contact force method
(RCFM) is proposed for FEA and topology optimization of machine
tools [36]. The RCFM method maps experimental or analytically pre-
dicted contact forces to nodal forces at possible contact areas in the
FE environment, resulting in accurate static and dynamic FE models.
Since the RCFM maps contact forces to nodal ones, it is an efficient
and superior vehicle for topology optimization. This study is the first
in the machine tool field covering the multi-component topology
optimization for machine tools by emphasizing the contact phenom-
ena through the SIMP (Solid Isotropic Microstructure with Penaliza-
tion) algorithm. This study aims to surpass and avoid the
insufficiencies of the existing solution for the topology optimization
of machine tool structures with contact constraints in FE software.

Chang et al. [105] used multi-body systems with transfer matrix
and fractal interfaces for an ultra-precision machine tool and investi-
gated the effect of bolted interfaces. The model simulation and exper-
imental results show that the increase of the tool tip’s vibration due
to the 15% preload loosening at two joints was around 2, 3%.

2.4.2. Dynamic models
The studies using hybrid models can be classified into two catego-

ries which are discussed in the following.

Combination of transfer matrix and bearing models

A simplified approach for the transfer matrix method (TMM) con-
siders bearings as rigid connection or linear spring-damper units in
the roller bearing rotor system [106]. A coupled model of a high-
speed spindle supported by angular-contact ball bearings is
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
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introduced using TMM and Jones-Harris bearing model to include the
gyroscopic moments, which present benefits in the computation of
the unbalanced response (see Fig. 10). The dynamic stiffness of the
system is verified by experiments and used to predict spindle-draw-
bar-bearing assembly dynamic behavior [107,108].
Combination of FE and bearing models

Cao et al. [109] proposed amethod to predict the dynamics of a spin-
dle assembly by coupling the bearing model, spindle shaft, and housing.
The nonlinear stiffness matrix for angular contact bearings is evaluated
based on the Jones’ model, the contact force between the ball and race-
way is calculated based on Hertzian contact theory, while the shaft and
housing were modeled as Timoshenko beam elements by considering
the centrifugal forces and gyroscopic effects at both models. The contact
forces, contact angles, and natural frequencies of bearings are studied
under different preloads and rotational speeds. The results are used to
determine the time history response and frequency response function
of the spindle assembly under operational cutting forces. This model is
updated in [110] by adding the effects of two bearing preload mecha-
nism-“rigid” and “constant” mechanism and the dynamic behavior of
the spindle system is analyzed in various rotational speeds. It is deduced
that as the rotational speed increases the bearing contact/load decreases
leading to low bearing stiffness and hence, low spindle rigidity at both
preload mechanism. Brouwer et al. [111] employed Discrete Element
method (DEM) for bearing dynamics model and FE for rotor modeling.
The explicit FE model of the flexible shaft and the DEM model of bear-
ings are coupled to transform the reaction forces and moments from
bearings to rotor in all six DOFs of the of the bearing components. The
ball-outer race way contact pressure was investigated at different
speeds. It is seen that ball material affects the contact pressure and angle
of the inner and outer raceways drastically, leading to change in bearing
dynamics. In another similar approach, DEM, coupled with 3D explicit
FE model of bearing cage, is used to predict the ball bearing dynamics in
[112]. The contact interaction between FE mesh and the discrete bodies
are explained with a novel contact algorithm. In this approach, DEM is
used to calculate the contact force for a discrete element of ball and
then distribute among the nodes at the vertices of the mesh element
faces. Results show consistency with the classic Hertzian pressure distri-
bution. A hybrid model of spindle dynamics was applied in [113] by
combining the DEM model for floating displacement bearing and Gup-
ta’s angular contact ball bearing dynamic model with the FE model of
the shaft based on the Timoshenko beam element. The shaft and bear-
ings are coupled with forces and moments to transmit the vibration
response at the installation nodes. Li et al. [114,115] combined de Mul’s
bearing and dynamic models of the shaft based on discrete lumped
masses and thermal model to develop a comprehensive thermo-
mechanical model of a spindle-bearing system. The contact stiffness at
tool-holder-spindle interfaces is also included in the model.

Further studies are performed to analyze the dynamics of models of
structures and implement the contact between components using FE
models. For an accurate dynamic model of the structure, multipoint
constraints connected to the spring-damper system represent the con-
tact between the components of the machine tool structure. A coupled
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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Fig. 11. Bearing torque test rig and comparison of the simulation and experiment (by
courtesy of the RCMT, CTU).
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substructure model with consideration of local damping is presented.
Four different approaches are discussed which allow coupling of sub-
structures in arbitrary axis positions [116]. To avoid the computational
cost, Irino et al. [117] introduced a method to comprehensively reflect
the nonlinear dynamics of machine tool structures, including identi-
fied nonlinear stiffness and damping characteristics of linear guides,
ball screws, and bearings using a magnetic shaker. The measurement-
based method enabled a more realistic representation of the structural
response of the machine tool that can be used to simulate the cutting
process more accurately. The experimental results showed the
improvement of the simulation accuracy.

Effects of components with linear guides on the vertical column-
spindle system are studied using a hybrid model by FEM integrated
with the contact stiffness model at the rolling interfaces. The role of
the preload of the linear guide is investigated on the stiffness of the
spindle head. The contact stiffness for bearings is calculated for FE
using Hertz contact theory for the ball-screw contact where the man-
ufacturer’s data is used for the bearings [118].

3. Thermal aspects of machine tool interface

The management of heat generation and heat transfer is essential
to avoid thermally-induced problems regarding accuracy and dam-
age. The components and units of the machine tools have mechanical
interfaces, and cause uncertainties in the thermal management. Since
comprehensive topics on temperature modeling and thermal man-
agement were covered by past keynote papers [119,120], we focus
here on problems including mechanical interfaces. Sections 3.1 and
3.2 introduce heat generation and heat conduction modeling at
mechanical contacts, and then Section 3.3 presents thermal issues
associated with mechanical interfaces.

3.1. Heat generation at mechanical interfaces

3.1.1. Heat generation in spindle
The major heat sources in the spindles are bearings and motors.

Here, we focus on the heat generation of rolling bearings with
mechanical contacts, which has been analyzed with modeling. The
major models are explained below.

Palmgren-Harris model

The most known classic model for heat generation in spindle
bearings is the Palmgren-Harris model (PH model) [5,121]. The
model calculates generated heat, H, using the frictional moment M
and the number of spindle revolutions n as follows:

H ¼ 1:047� 10�4nM ð5Þ

M ¼ Ml þMv þMs ð6Þ
where,Ml, Mv, andMs represent load-related, viscosity-related, and spin-
related moments, respectively. When the rolling element rotates on the
races with deformation, rolling and skidding motion occurs, creating
spin motion. Harris explained the nature of spin and the calculation
method of spin moment [121]. Jorgensen and Shin showed the calcula-
tion procedure of generated heat using Harris’s formulas [122]. Jin et al.
proposed more detailed spin moment calculations, where the contact
radii are calculated from the load distribution of balls [123]. The PH
model is given from numerous experimental data but includes uncer-
tainty. The uncertainty is discussed by Kauschinger and Schroeder [124].

Elastohydrodynamic lubrication model

The contact pressure between the ball and the raceway of the bearing
deforms the contact surfaces. High contact pressure increases elastic
deformation and the viscosity of the lubricant. Fluid-film lubrication
enhanced by hydrodynamic action is called elastohydrodynamic lubrica-
tion (EHL) [125]. The critical quantity in the lubrication is the oil film
thickness, which is uniform in the large area of the contact region. The
pressure distribution is almost the same as the Hertz pressure
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
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distribution except for a sharp peak on the outlet side due to the film
thickness constriction. This causes the pressure center to shift to the inlet
side and a traction force (rolling traction) even in the pure rolling state.
In addition, the relative velocity generates slip traction force, which
accounts for a large proportion of the friction torque of the bearing. The
film thickness and pressure are obtained by solving the Reynolds equa-
tion numerically. The curve fit gives closed-form equations for the condi-
tion parameters. Houpert showed equations that express the traction
forces with dominant parameters [126,127]. For example, the rolling
traction force used in a point contact in the EHL regime is formulated as:

REHL ¼ 2:86:E:R2
x :k

0:35:U0:66W0:467:G0:022 ð7Þ
where U, W, and G are dimensionless quantities related to velocity, load,
and contact surface material. E is the equivalent Young’s modulus, k is
the radii ratio, and Rx is the equivalent radius of the contact. Balan et al.
applied this rolling traction calculation to a 3-ball thrust bearing and
showed the results of experimental verification [128]. Testing and
experimental verification of the Houpert model has been performed at
Czech Technical University (CTU) in Prague, Research Center for
Manufacturing Technology (RCMT), using an experimental test rig,
shown in Fig. 11 (a). For the calculation of friction torque, a closed-loop
thermo-mechanical simulation model was used [129]. The measured
and simulated torque is shown in Fig. 11 (b). The continuous red line
depicts friction torque calculated by the Houpert model with a bearing
temperature fixed at 40°C. The green line shows the calculation for a
single bearing considering the measured bearing temperature. The sim-
ulated torque matched the measured friction torque (black dotted line)
over the spindle speed of approximately 8000 rpm by considering an
actual bearing temperature. The light blue line is the result of coupled-
models simulation, which will be explained in Section 3.3.1.
Other models

Brecher et al. calculated the cage friction, showing the significant
impact on bearing heat generation [130]. EHL friction between the
balls and the cage was calculated [131]. Bossmanns and Tu proposed
a quick stop test to measure the friction named “coast test” and for-
mulated an experimental model which can accommodate preload
change [132]. With the development of computational mechanics,
more detailed models have been studied. Gupta shows the numerical
calculation method of traction from the arrangement of balls and
orbit, by integration using the moving heat source [133]. This model
is implemented in a bearing calculation software called Adore.
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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Fig. 12. Heat transfer at contact area with two surfaces

Table 1
Parameters for CMY model

Name Refs. a1 b1

CMY [147] 1.45 0.985
Mikic [148] 1.13 0.94
Yovanovich [149] 1.25 0.95
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3.1.2. Heat generation in feed drive System
Ball-screw and linear-motor drives are mainly employed in mod-

ern machine tools. Typical models that represent heat generation
mechanisms at mechanical interfaces have been investigated in the
ball screw units and guideways.

Ball screw unit

A ball screw unit has moving contacts in the nut and the support
bearing unit, which generate heat. In the support bearing, the heat
generation was predicted using the PH model [134]. The heat genera-
tion in the nut is governed by the rolling and sliding friction of the roll-
ing element. The contact relationship between the rolling element and
the raceway groove at the nut is more complicated due to the lead
angle. The preload is an important factor that dominates stiffness and
generates drag torque dependent on the speed [135]. In many studies,
the heat generation of the nut is also calculated using the PH model
[136], where the preload is considered in the load-related term in (6).

Jedrzejewski et al. calculated the heat generation of the ball screw,
where the preload change due to external forces (gravity force, inertial
force) are modeled with a simple equation, which makes the estima-
tion available during motion cycles [137]. Oyanguren et al. combined
the FEM model of ball screw nuts and a shaft with an nonlinear stiff-
ness model of the ball for calculating the prelaod [138]. The EHL model
was also applied to the friction modeling of the ball screw [139].

Guideway

For guideways, many friction models have been proposed that
consider the effect on motion and positioning accuracy. The amount
of heat generation can be predicted by multiplying the frictions by
the relative velocity of the contact surface. The simplest models are
the Coulomb friction and the viscous friction models. For example, in
the slide guideway, the frictional force and generated heat are esti-
mated considering the surface pressure, viscosity coefficient, friction
coefficient, oil film thickness, etc. [140].

Due to its wide velocity range at the moving interface of the guide-
way, boundary lubrication, mixed lubrication, and fluid lubrication are
to be considered for heat generation. Cheng et al. proposed a precise
model for the calculation of heat generation in linear roller guideways
[141], incorporating the Coulomb friction and viscous friction with the
Stribeck effect. The heat partitioning factor was defined and identified
experimentally to divide the heat flow into blocks and rails.

3.2. Thermal resistance at mechanical interface

The heat transfer characteristics when two surfaces come into
nominal contact are represented as follows using thermal contact con-
ductance hc (TCC), the reciprocal of thermal contact resistance (TCR).

(a) Complete insulation: hc = 0

(b) Complete contact: hc = infinite
(c) Contact with heat flux: hc =constant, or variable

The range of hc in the elements of machine tools are summarized in
Attia's literature [142]. In the case of continuum materials, hc is given
in a simple equation by a thermal transfer coefficient and geometrical
parameters. However, the contact surface causes the restriction of heat
flux, which makes it difficult to give a closed form solution.

In Hertz contact, the contact resistance under mixed boundary
condition between the ball and the ring [143] is calculated as:

R ¼ C a=bð Þ
4ka

ð8Þ

whereC is the complete elliptic integral of the first kind, k is the ther-
mal conductivity of the half-space, a and b are the semi-major and
minor axes of the elliptical contact area. The model is used in TCC in
the ball bearings [144,145].

Compared to such non-conformal contact, conformal contacts are
dominated by the surface asperity of the real contact area. Scientific
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attempts to find the exact TCC for a nominal mechanical joint have been
made for a long time [146]. Heat transfer through the interfaces formed
by the mechanical contact of two solids occurs in three forms: conduc-
tion through the contacting spots, conduction through the gas-filled gap,
and radiation. However, when the transmitting medium is a liquid or a
solid, the amount of heat transferred by radiation is often negligible.

Fig. 12 illustrates the temperature change and heat fluxes of a
boundary zone of two contacting materials. There are true contact
spots and uncontacted areas on the nominally contacting surfaces,
through which heat transmission occurs. The thermal contact con-
ductance hc is extended to cover the heat flux through the gas and
defined by the sum of the contact spot conductance hs and the gap
conductance hg :
hc ¼ hs þ hg ð9Þ
where hs is influenced by the various contact conditions: contact
pressure, material properties of contacting bulk materials, geometri-
cal properties of contacting surfaces. The geometric-mechanical-ther-
mal model was proposed in 1969 and is called the
Cooper�Mikic�Yovanovich (CMY) model, which expressed TCC as
shown in the following equation [147]:

hs ¼ a1
ksm
s

;
P
Hc

� �b1
ð10Þ

where, a1and b are the constants, which were given from the theoret-
ical calculations and the experiments, shown in Table 1.
P/Hc is the relative pressure of the contact surface, and its explicit
version is seen in [150]. hg is calculated by the following equation.

hg ¼ kgfg
Y þM

ð11Þ

kgis the thermal conductivity of the gas. M is the gas parameter,
representing rarefied gas phenomena. fg is a correction function with
Y= s and M= s, which avoids the underprediction. Y= s is calculated
by the correlation of P/Hc [151]. If fg ¼ 1; M ¼ 0 in (11),the gap con-
ductance could be simply understood by the gas conductivity divided
by the gap distance. This form is used for a simple estimation.

Jiang and Zheng used fractal theory on the contact surface to cal-
culate the restriction of heat flux. They used the Weierstrass-Mandel-
brot function to calculate the true contact area of the contact surface
and explained that the fractal parameters could tell the range of the
exponent b1 [152] in Eq. (10).

3.3. Thermal issues including in mechanical interfaces

3.3.1. Static interfaces
Jedrzejewski proposed a practical TCC model, which combines a

CMY representation and gap factors and takes the waviness and rough-
ness of the contacting surfaces into account. The model was used to
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calculate the effect of layer thickness on the thermal resistance in the
shaft�bearing�housing assembly for different materials [153]. Kim
included this model for a thermal network model represented by a
bond graph to estimate the stability problem in a spindle-bearing sys-
tem [154]. Uhlmann and Hu developed a holistic 3D FEM thermal model
of a high-speed cutting (HSC) machining center to estimate the distribu-
tion of temperature (see Fig. 13) and thermal deformation [155].
Fig. 13. Simulation for temperature distribution including heat transfer characteristics
[155].

Fig. 14. Contact state change in ball screw [138].

Fig. 15. Thermal network model and simulated temperature (a) schematic presenta-
tion of a thermal network model (b) Simulated temperature from models with and
without identification [171].
The model considered heat generated by linear motors and guide-
ways, convection with ambient air, and TCCs between the component
joints. For the estimation of TCC, Yovanovich’s model was used
assuming the pressure of bolted joints. For another representation of
TCC, the fractal model was used for thermal deformation simulation
of the spindle and the machine tool, where the difference with and
without TCC has been reported [18,156�158].

Closed-loop interaction, in which thermal deformation changes con-
tact pressure and TCC and promotes thermal deformation has been
studied for a long time [159]. Attia and Kops simplified the CMY model,
assuming that the TCC is linear to the contact pressure. Using the FDM
incorporating a nonlinearmodel for the surface approach by the contact
pressure, the iterative flow to determine the thermal deformation of the
structure was proposed [160]. The combined effect of normal and shear
contact stiffness on the thermal deformation was shown [161]. Closed-
loop interaction is critical in spindle design. Holkup et al. built a FE
model of a spindle with a shaft, bearings, and housing for the prediction
of radial stiffness, considering TCCs between those components. They
presented the importance of radial clearance and preload in the bearing
assembly in both the simulation and experiment [129]. Returning to
the discussion of friction calculation in Section 3.1.1, the light blue line
in Fig. 11(b) shows the calculated friction torque using the same strat-
egy. The computed torque agrees with the measured torque, which
indicates the importance of considering a spindle structure's tempera-
ture and mechanical fields together with bearing kinematics and
mechanics. Rabr�eau et al. reported that different ball-bearing kinematic
hypotheses lead to noticeable variation in the bearing internal state
(contact angles, stiffness), but the impact on friction torque calculation
was relatively negligible [162]. They also showed that the effect of the
axial force (preload) on the bearing state and stiffness was significant. It
seems rather challenging to find force and temperature equilibria,
where heat generation due to spindle friction is not large.

3.3.2. Moving interfaces
Compared to the spindle, a feed table moves in a wide range, and

heat generation TCC changes from time to time. In addition, the feed
drives are greatly affected by the convection with the environment,
which complicates the prediction of the temperature distribution.
With a simple TCC model and measured load, thermal deformation of
the feed system was predicted for the moving interface in the ball
screw [163,164]. For practical estimation, the generated heat was esti-
mated by counting the number of times the nut moves along the screw
[165]. For solving realistic thermo-elastic problems in actual operating
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states, Oyanguren et al. proposed a multi-physics analysis with more
precise contact states, as shown in Fig. 14. They coupled a thermal field
and stress field to calculate an induced preload variation [138].
Jedrzejewski constructed a holistic thermal deformation model for
the turning center. The power loss of the ball screw in the Z- and
X-axis operation cycles and the positioning error were estimated from
the temperature change and elongation of the shaft using FEA [166].
3.3.3. Identification and uncertainty analysis
Various attempts have been made for thermal compensation by pre-

dicting thermal deformation [119]. One of the drawbacks is how to deal
with the modeling uncertainties of heat generation, TCC, heat convection,
and radiation. The measurement of temperature with an infrared (IR)
camera together with contact pressure allows the identification of TCC in
practical fields without a vacuum chamber [167]. Konvicka et al. used IR
camera measurement for a modular tooling system to include radiation
and convection percentage to the calculated heat-transmission coefficient
[168]. Neugebauer et al. showed how to adapt the heat transmission coef-
ficient of convection using distributed temperature sensors [169].

To obtain the accuracy and speed required for real-time compensa-
tion, methods for adjusting uncertain parameters considering their sensi-
tivity have been proposed [170]. Ihlenfeldt et al. analyzed the sensitivity
of heat generation and conductance to the temperature field using a ther-
mal network model [171]. The accuracy of predicting temperature devia-
tion was improved by identifying parameters shown in Fig. 15.

Uncertainties of heat input and TCC at the nodes increased the cal-
culation cost in analyzing a large-scale model. Attention has been
drawn to model order reduction (MOR), which can give compact and
precise models for thermal analysis. Hern�andez-Becerro et al. applied
Krylov modal subspace reduction to FE models and evaluated the
influence of heat transfer coefficients on the thermal deviation of the
tool center point [172,173].
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4. Geometric accuracy and precision of mechanical interfaces

Machine tool interfaces determine the relative position and orien-
tation between machine tool components. By properly distributing
and transmitting the forces and torques, these interfaces also contrib-
ute towards the performance characteristics of the associated machine
tool functions (e.g., motions of the cutting tool and the workpiece).

Machine tool interfaces are classified as static, quasi-static, and
moving interfaces. Since in conventional machine tools, material
removal is accomplished by the relative motion between the cutting
tool and the workpiece, quasi-static and moving interfaces serve as
the critical enablers for this function.

In the following subsections, the characteristics, modeling and
measurement methods and instruments used for predicting and
checking the geometric accuracy of these interfaces and resulting
error motions are described.

4.1. Static interfaces

Static interfaces, which ensure no relative motion between the
two mating faces, in general consist of welded or bolted joints con-
necting various machine tool structural components such as spindle
head or rotary table to machine bed, machine column to foundation,
etc. Workpiece fixturing systems attached either to machine table or
spindle are also considered as static interfaces, containing mostly
bolted joints. In contrast to their main influences on machine
dynamic (e.g., stiffness and damping) and thermal (e.g., resistance to
heat conduction) performances, the influence of such interfaces on
the geometric accuracy are overshadowed by that of the moving
interfaces incorporated into those static components.
Fig. 17. Measurement of runout of (a) external interface surfaces (e.g., mounting sur-
face for chucks on a turning center) and (b) internal taper using a mating reference
mandrel [179].
4.2. Quasi-static interfaces

Quasi-static interfaces consist of coupling joints allowing for sepa-
ration and repeatable repositioning of machine tool components such
as cutting tool or the workpiece between cutting actions. An example
of this is the spindle/tool (or work) holder interface. Although there
is no relative motion between the two components (spindle and tool
holder), since one part of the interface is interchangeable (e.g., tools),
the geometric accuracy of the interface has a direct influence on the
machined part accuracy. The characteristics of the interface between
the cutting tool and the machine tool were extensively described in
literature [1,53,174]. In general, with respect to static and dynamic
stiffness, spindle/tool interface is considered as the weakest link in
the machining system. Geometric accuracy of these interfaces con-
tributes towards the accuracy of the axial and radial position of the
tool (or the workpiece) with respect to the machine spindle, thus
resulting in the accuracy of the machined workpiece.

Most widely used tool/workpiece interfaces use variations of coni-
cal surface contact (e.g., 7/24 taper shank tooling) or hollow-shank
and face surface contact (e.g., HSK tooling) as shown in Fig. 16. [53]
provides a summary of comparison of both types of interfaces, stating
that hollow shank HSK interfaces have better than 0.5 µm radial and
axial positioning repeatability. Rivin et al. [175] proposed alternative
modifications to 7/24 taper design to improve positioning accuracy
in radial and axial directions as well as to provide higher stiffness.
Fig. 16. Comparison of a 7/24-taper (a) and hollow shank/face contact type (b) tool
holder interfaces [53].
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Efforts for modeling these interfaces and their influence on accu-
racy of machined parts focused on stiffness and dynamic characteris-
tics. For example, Xu et al. used FE modeling of a spindle/tool holder
taper interface to predict stiffness and resulting axial and radial
deformations under different clamping and spindle speed conditions
[176]. Their model predicted such deformations within about 20% of
the measured values. One of their conclusions was that the sliding
contact at the conical interface was the main source for the axial
deformation under a clamping force. In the case of workpiece fixtur-
ing systems, static stiffness is also a source of inaccuracy in machined
workpieces. An example of modeling effort to predict workpiece
deformation in a fixturing system is given in [177].

Variousmachine tool standards define the dimensions and tolerances
of cylindrical and conical interfaces for attaching tool-holding and work-
holding components (e.g., [178]). There are also machine tool standards
to check the geometry of these interface surfaces, primarily radial, axial,
and face runouts. Depending on the accessibility of the interface surfaces,
these measurements either directly measure the surfaces or indirectly
measure using reference artifacts mated to the interface surfaces [179].
Schematics of runout measurements, measured by displacement sensors
located against the interface surfaces while those surfaces are rotated
slowly, for both cases are shown in Fig. 17. The specifications of reference
mandrels used for this purpose are given in [180].
Indexing rotary tables on machining centers or rotating tool turrets
on turning centers are other examples for quasi-static interfaces. These
interfaces enable discrete positioning of various machine tool compo-
nents ensuring accurate alignment and positioning repeatability.

Machine tools requiring highest precision, such as diamond turn-
ing machines, utilize kinematic couplings for such interfaces. Kine-
matic couplings have the same number of contact points as the
number of DOF to be constrained, therefore they are considered as
deterministic systems. Achieving simple point contacts between
spheres and flat surfaces as well as avoidance of bending stresses due
to statically determinant structures result in high positioning repeat-
ability [181�183]. A conventional design for such interface has three
spheres on one side and geometric features on the opposite side pro-
viding six contact points as shown in Fig. 18 [181,184].

Slocum [185] developed a three-groove type kinematic coupling for
fixturing large parts (250mm diameter) on a diamond turning machine,
providing closed-form analysis for the design, demonstrating 0.5 µm
positioning repeatability with 45 kN cyclic preload. The kinematic cou-
pling concept was even applied to moving interfaces in developing a
micro positioning system to exploit its position repeatability while pro-
viding precise two DOF motion [186]. In this application of three-vee
Fig. 18. Two versions of conventional design of kinematic coupling, (a) with three-
groove and (b) tetrahedron-groove-flat combination (Kelvin clamp) both providing six
constraints (contact points) [181].
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design, one of the balls was fixed to the moving carriage and the other
two balls were moved by actuators to generate the motion of the car-
riage. In another variation, an adjustable kinematic coupling was
designed by Rothenh€ofer et al. [187] allowing for repeatable opening
and closing of the interface with nanometer level height and tilt adjust-
ability to enable tool wear compensation during machining. Semicon-
ductor industry currently uses a standard for kinematic couplings used
to align and support 300 mmwafer carriers [188].

Due to small-area (point) contacts between the balls and the mat-
ing flat surfaces resulting in high contact stresses, kinematic cou-
plings degrade by fretting under high repetitive loading conditions.
To overcome this limitation, some modifications such as arc contacts,
replacing point contacts, are proposed resulting in quasi-kinematic
designs with similar repeatability characteristics [189]. An extensive
overview of kinematic couplings with their use in various machine
tools and instruments is provided in [181].

For achieving high positioning repeatability, an alternative to the
deterministic (kinematic) principle is the elastic averaging principle
where the coupling is overly constrained with a large number of rela-
tively compliant contact elements, averaging the positioning errors
over the number of contact points [190]. The Hirth coupling (see
Fig. 19) is a commonly used quasi-static interface in machine tools
implementing the elastic averaging principle [191]. Consisting of
multiple mating teeth, in addition to providing high positioning accu-
racy and repeatability, Hirth couplings have high torque transmission
capacity and a self-centering capability while having high wear resis-
tance due to large contact surface areas of the teeth. In a typical appli-
cation of rotary indexing table of a machine tool, during machining,
the mating teeth are engaged. After the end of one machining task,
the teeth are disengaged, the table is rotated to its next orientation
and the teeth are reengaged and constrained again for the next
machining task to start. Repeatability, accuracy, and self-centering
capability are necessary to produce parts within required tolerances.

An accuracy model of a rotary indexing table using Hirth coupling
Fig. 19. Example of Hirth coupling [191].
is given in [192]. The authors focused on the pitch error of the teeth as
the main source of positioning accuracy of the table and developed a
statistical model to estimate the probability density function of pitch
values of the teeth and maximal pitch error. The estimated values were
correlated to the measured positioning accuracy. It was shown that the
positioning accuracy was improved by increasing the number of teeth.

An analytical model of the Hirth coupling design for an indexing
table, estimating irregular pressure distribution due to varying loads
on the tooth flanks in the presence of friction between the mating
teeth was developed in [191]. An indexing accuracy of § 2 arcsec and
repeatability of less than 1 µm were achieved. Typical geometrical
testing of the resulting Hirth coupling is shown in Table 2.

Measurement of positioning accuracy of quasi-static couplings in
five DOF (linear displacement along three orthogonal directions and
tilt around two orthogonal axes) can be done with one setup using five
displacement sensors located along three orthogonal directions detect-
ing changes in relative position and orientation between the two com-
ponents of the coupling [193]. Angular positioning error around the
third axis is measured using either a precision polygon (reference
angle artifact) with an autocollimator or a reference indexing table
with laser interferometer/autocollimator [179]. Since the relative
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
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position and orientation between the cutting tool and the workpiece
are of importance in any machining operation, the error components
of the quasi-static interfaces are measured to reveal the resulting error
between cutting tool and the workpiece. Fig. 20 shows a typical setup
for measuring angular positioning error of an indexing table.

In case of tool holding turrets on turning centers involving quasi-static
interfaces (commonly Hirth couplings), both repeatability and accuracy
tests of indexing are prescribed in relevant machine tool standards (e.g.,
[194]). Repeatability of turret indexing is measured in two orthogonal
machine reference planes using a test mandrel mounted on one of the
tool stations and two displacement sensors measuring the target surface
along twomachine axes as shown in Fig. 21. After the sensor readings are
set to zero the first time, the turret is indexed 360° repeatedly to the
same position and sensor readings are recorded. Maximum difference
among the set of sensor readings is taken as the repeatability.

The accuracy of indexing is defined in the same standard as the
maximum difference in the positions (along two axes of the machine)
of the tool stations with respect to the workpiece side of the machine
(work holding spindle) as the turret is indexed from one station to
another in sequence. The arrangement of the displacement sensors
to measure the indexing accuracy is shown in Fig. 22.
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Fig. 20. Angular positioning measurement using autocollimator and polygon [179].

Fig. 21. A typical setup for measuring indexing repeatability of a tool holding turret in
(a) YZ-plane, (b) ZX-plane of a turning center. L is the radial distance from the center of
turret to the contact point for the displacement sensor [194].

Fig. 22. A typical setup for measuring indexing accuracy of a tool holding turret (a)
along Z-axis, (b) along X-axis, and (c) at the turret reference surface [194].

Fig. 23. Components of the adjustable friction bearing [199].

Fig. 24. Comparison of the positioning error on 10 µm steps with passive (Ua = 0 V) and
active bearings (Ua = 50 V) [199].
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4.3. Moving interfaces

Moving interfaces enable linear and rotary motion of machine tool
components generating mechanical work for the cutting process as
well as the cutting tool path to achieve desired geometry of the
machined workpiece. As such, they are among the most critical fea-
tures contributing towards the geometric accuracy of a machine tool.
Since they are the interfaces between at least two moving compo-
nents, friction and resulting heat generation are the main concerns
for the accurate performance of machine tools. Therefore, ways to
reduce friction have been among the enduring efforts in precision
machine tool design. From this perspective, we first classify the mov-
ing interfaces as contact and non-contact types. We then consider
different alternatives in each category.
4.3.1. Contact type moving interfaces
Sliding contact (plain) interfaces
Sliding contact interfaces have good stiffness and damping charac-

teristics which are very desirable for machine tool applications. How-
ever, stiction (static friction), high sliding friction, and resulting
thermal effects and wear associated with these interfaces limit their
use in machine tools. Large differences in static- and sliding-friction
lead to stick-slip phenomenon, which is observed as a sudden jump in
the velocity due to force level to overcome static friction being too
high for overcoming the sliding friction. Many studies in the literature
describe the modeling and estimation of tribological, thermal, and
mechanical characteristics of sliding contact interfaces [195,196].

To improve tribological behavior of machine tool guideways with
sliding interfaces, the mating surfaces are scraped to generate appropri-
ate surface topography for hydrodynamic lubrication [197]. Some
designers have used hemi-spherical pads against the flat surfaces to
reduce the contact area for friction reduction purposes [198]. Plastic-
based coatings are used in machine tool sliding guideways as another
alternative way to reduce friction. These coatings provide self-lubricating
surfaces with minimum stiction as well as heat, wear, and chemical
resistance. In another study, [199] developed a friction forcemodel intro-
ducing oscillations at the interface to reduce friction as shown in Eq. (12).
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� �
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where, FRis the friction force, FN is the normal force, µ is the friction
coefficient, vf is the feed velocity and vs is the oscillating velocity. The
term within the square brackets in the above equation is considered
as the friction reduction factor. Based on this model, the authors devel-
oped a sliding bearing with ultrasonic oscillations resulting in adjust-
able friction characteristics avoiding stiction. The components of
such adjustable friction bearing are shown in Fig. 23. The resulting
reduction in positioning error is shown in Fig. 24.
Another effort to compensate for the stick-slip error for a high-
precision table was described in [200]. A review of friction models,
analysis, and compensation models can be found in [201].

Geometric accuracy of mating surfaces of sliding contact interfa-
ces is another important source of error motions in machine tools.
Therefore, depending on the design of the moving components,
straightness, flatness, cylindricity, and angle between compound sur-
faces (e.g., for V-shaped sliding interface) need to be measured and
qualified before the assembly of the machine tool. A three-probe sys-
tem was presented in [202] for simultaneously measuring the
straightness and parallelism of a pair of guideways. Using a probe
stage which carries three displacement sensors located against the
opposing surfaces of the guideways, the authors were able to mathe-
matically eliminate probe stage error motions from measurement
data to determine guideway profile errors using the reversal tech-
nique [203]. The practical methods of measurement for functional
surfaces of the sliding interfaces are summarized in [179].
Rolling element contact interfaces

Rolling element interfaces are used to reduce friction between
moving elements of machine tools. They make use of rotating
spheres, cylinders, or other similar axisymmetric rolling elements
between two interface surfaces. They are most used in spindles,
rotary heads/tables, linear rail guideways, and ball screws. The
e tools, CIRP Annals - Manufacturing Technology (2022), https://doi.
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Fig. 26. Instrument for measuring parallelism of linear guideways [210].

Fig. 27. Schematic of a typical ballscrew consisting of a nut with recirculating balls and
a shaft with helical grooves.
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geometric accuracies of ball bearings and cylindrical (roller) bearings
used in machine tool spindles and their effects on the spindle rota-
tional accuracy were studied extensively in literature. Some experi-
mental studies revealed the relationship between spindle error
motion frequencies and the defect frequencies of front and rear spin-
dle bearings. A mathematical model incorporating size variation and
surface waviness of rolling elements to predict bearing vibration is
described in [32]. The effect of roundness error of the raceways, num-
ber of rollers, and the radial clearance on rotational accuracy of cylin-
drical roller bearing was studied in [204]. Based on these bearing
characteristics, a mathematical model to predict the resulting radial
error motion was developed. The bearing radial clearance, which is
defined as the maximum displacement between inner and outer
rings in radial direction, was the focus on a study in [205]. An auto-
mated measurement setup was described to measure this property
after the bearing is assembled on a shaft.

Other investigators worked on improving the bearing raceway
surface roughness using abrasive flow polishing technique to
improve bearing performance [206]. Another example of improving
geometry of roller bearing components by applying forecasting com-
pensatory control based on measured forces during the machining of
tapered rollers to reduce their roundness errors is given in [207]. 33%
improvement in roundness was achieved with this strategy.

Linear guideways utilizing recirculating rolling elements to
reduce friction are among the most widely used machine tool compo-
nents enabling single DOF linear motion with high accuracy and stiff-
ness (see Fig. 25).
Fig. 25. Schematic of a typical linear guideway.

Fig. 28. Schematic of the laser-based ball screw thread profile measuring system [216].

Fig. 29. Schematic of orifice type aero/hydrostatic bearing [219].
Authors in [208] measured and analyzed friction fluctuations due
to rolling and recirculation of the balls in linear guideways affecting
the motion trajectory. They studied the effects of various guideway
parameters, such as preload, surface roughness of grooves and ball
settings (with and without ball retainers), on the friction fluctuations.
They showed that relative shift in balls between tracks could reduce
friction fluctuations.

Straightness of the guideway rail directly affects the accuracy of
linear motion. Zhang et al. [209] investigated the method to improve
rail straightness by developing analytical and numerical models to
predict the straightening stroke and longitudinal stress distribution
during its manufacturing process. Similar to sliding contact interfa-
ces, guideway rail grooves are considered as machine tool functional
surfaces and their geometric errors are measured as described in
[179]. A specialized instrument to measure parallelism of linear
guideways, as shown in Fig. 26, is described in [210].

Another application of rolling contact interface can be found in ball
screws which are used as part of the drive systems for machine tools
linear positioning axes. Ball screws consist of a shaft with helical
grooves (threads) and a nut with recirculating balls rolling along the
shaft grooves for translating the rotational motion to linear motion
with minimum friction (see Fig. 27). As such, thread profile and pitch of
a ball screw are the most critical geometrical characteristics influencing
the linear positioning accuracy. Conventional instruments for measur-
ing these characteristics are coordinate measuring machines (CMM),
tactile and optical profile measurement systems, and thread gauges.

Feng et al. [211] describes a measuring system utilizing a light
curtain to measure ball screw thread profile. Other vision and image
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analysis based systems to measure profile and pitch of screws are
described in [212�215] with a stated measurement uncertainties as
low as of 0.1 µm. Another thread profile measurement system utiliz-
ing laser triangulation sensor and a dual-axis rotary stage (see
Fig. 28) is described in [216].
4.3.2. Non-contact type moving interfaces
To eliminate the adverse effects of stick-slip in moving interfaces,

precision machine tools utilize aerostatic, hydrostatic, hydrodynamic,
or magnetic bearings for both linear guideways and rotary tables and
spindles.

Aerostatic and hydrostatic interfaces
These interfaces consist of fluid bearings that use thin film of pres-

surized gas (aerostatic) or oil (hydrostatic) on load-bearing surfaces.
The two most common types of such bearing designs utilize either
porous material or small pocketed orifices to control fluid pressure
and flow [217�219]. A typical orifice type aero/hydrostatic bearing is
shown in Fig. 29.

Many studies investigating the accuracy of such bearings can be
found in literature [220,221]. An extensive review of theory and
application of hydrostatic bearings is provided in [222]. A recent
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study describes the accuracy model of porous journal air bearing
relating roundness errors (in terms of wave numbers) of the rotating
shaft and stationary bushing of the bearing (see Fig. 30) to resulting
the rotational error motion [223].
Fig. 30. Modeling the effects of roundness errors of the shaft and the bushing on rota-
tional error motions [223].

Fig. 31. Radial magnetic bearing (V indicates the axis of rotation) [235].
The authors in [224] applied numerical modeling of mass flow
rate to analyze stiffness, damping and the orbit of the journal center
due to resulting force unbalance in the bearing. The effects of pocket
shape on the performance of hydrostatic thrust pads were presented
in [225]. Shimokohbe et al. developed an actively controlled (by piezo
actuators) journal air bearing to improve rotational accuracy as well
as stiffness and damping [226]. To improve balancing of air bearing
spindles, microfluidic balancing was introduced in [227].

Due to their high-accuracy characteristics, aero/hydrostatic bearings
are used mostly in high precision machine tools. Wills-Moren and Wil-
son [228] described a large precision grinding machine for off-axis mir-
ror segments, which used hydrostatic guideways for horizontal linear
axes and aerostatic bearings for vertical linear axis as well as the grind-
ing spindle. High-performance slide for a small research lathe described
in [229] is another example of the use of hydrostatic bearing for linear
guideways. Authors in [230] developed a planar air bearing system to
increase the machine tool accuracy. It is worth noting that, although
hydrostatic bearings have advantage over aerostatic bearings in higher
load bearing capacity and damping, they are prone to have higher ther-
mal deformation due to high level of heat generation by the oil shear in
the interfaces. Therefore, compensation for such thermal deformation
plays an important role in the application of hydrostatic bearings used
at high speeds [231].
Hydrodynamic interfaces

Hydrodynamic interfaces rely on relative motion between the two
faces to suck fluid into the interface cavity to create an oil film wedge
between the faces. These interfaces are prone to wear during starts
and stops, and are therefore not widely used in machine tool applica-
tions. However, few cases were reported in literature. A spiral-type
hydrodynamic bearing for machine tool spindles to achieve higher
precision and stability was described in [232]. A high-precision low-
speed hydrodynamic grinding spindle was described in [233] resulting
in roundness and surface roughness of ground bores within 0.02 µm.
Magnetically levitated interfaces

Magnetic bearings rely on the principle of magnetic levitation to
support moving parts of machine tools using a proper arrangement
of electromagnets. Although they can be used in linear slides of preci-
sion instruments, they are mostly used in machine tool high-speed
spindles. A simple rotating magnetic bearing is shown in Fig. 31.

The precise positioning of the rotor axis of rotation is achieved by
feedback control based on displacement sensors observing the position
of the rotor [234] Therefore, in addition to the geometric accuracy of the
target surface (i.e., roundness of the rotor or the flatness of surface for pla-
nar bearings) the level of precision is directly affected by the quality of the
sensor signal and the control algorithm used. Park et al. [235] reported a
self-sensing method to eliminate the need for displacement sensors,
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utilizing the phase difference of the injected current of two opposing
actuators. A comparison of various rotor topologies of radial bearings as
well as associatedmodels and control methods was presented in [236].

Many examples of the use of magnetic bearings in machine tool
applications are covered in [237�240] described an extensive study on
modeling and control of machine tool magnetic spindles. Magnetic bear-
ings were used in a spindle to improve waviness in ultra-position turn-
ing in [241]. The use of linear magnetic bearings in various machine
tools and instruments are described in [70,96,242,243].
4.4. Effects of interfaces on machine tool geometric accuracy

Since the relative position and orientation between machine tool
components and their intended motions are facilitated by the machine
tool interfaces, geometric accuracy of these interfaces have significant
and direct influence on resulting machine tool geometric accuracy.
Additionally, their accuracy degradation due to misalignments and
deformations resulting from the assembly process can be major con-
tributors to machine tool geometric accuracy. The constituents of
machine tool geometric accuracy consist of error motions of individual
moving elements (e.g., straightness, roll, pitch, and yaw) as well as
their positions and orientations with respect to each other (e.g., paral-
lelism and squareness between axes of motion). Measurement meth-
ods of such error motions are well established in industrial standards
[179,244]. A review of geometric error measurements of machine tools
is given in [245]. More recent examples of using telescoping ballbars
and laser interferometers in measuring position and orientation errors
of machine tool components are found in [246�248].

Modeling and experimental efforts to relate the accuracy of inter-
faces to motion errors of machine tool components exist in literature.
Investigations are described in [249,250] developing methods to cal-
culate the straightness and angular errors of a precision linear stages
based on measured profile errors of their guideways. Majda devel-
oped a finite element model of a rolling element linear guideway to
estimate force-displacement characteristics of the contact elements
then extended the model to describe joint kinematic errors of a
machine tool table [251]. Recently, Vogl et al. [252] described the
relationship between ball phases in linear guideways and the result-
ing error motions on the linear slide. A mathematical model of the
effects of linear guideways geometrical errors on the positioning
repeatability of machine tool linear axes was developed in [253]. The
authors carried out a force balance analysis taking into consideration
of straightness errors of the two opposing guideways supporting the
carriage and determined that resulting elastic deformation was not
fully recovered leading to reduced positioning repeatability. They
also developed a method to determine optimum geometric errors for
a desired level of repeatability using genetic algorithm.

Few studies estimated the error motions of a multi-pad type hydro-
static machine tool table using a transfer function of film reaction force
in a hydrostatic pad and the form error of guide rail at various spatial
frequencies obtained by finite element analysis [220]. In a similar
study conducted for aerostatic guideways, Ekinci et al. developed a
system of equations to describe the relationship between the guide-
way geometric errors and the error motions of the linear axis [254].
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Fig. 32. RCF of inner raceway of spherical roller bearing [272].

ARTICLE IN PRESS
JID: CIRP [m191;June 16, 2022;0:46]

E. Budak et al. / CIRP Annals - Manufacturing Technology 00 (2022) 1�24 17
Interfaces of rotating elements have more direct influence on axis
of rotation error motions as shown in [223]. Effects of spindle bearing
errors on machine accuracy for a diamond turning machine were
studied in [255]. Authors in [256] analyzed thermal deformation
error of an air spindle system and provide a method to estimate and
compensate this error. An early effort in spindle bearing error analy-
sis based on industrial standards is presented in [257]. A more up to
date industrial standard describing the methods for measuring and
analyzing axis of rotation error motions is found in [244].

Guo et al. [258] describes the effects of assembly processes in the
presence of geometric errors of components and a method to deter-
mine optimal tolerance allocation for such components based on
machine tool kinematic model. In order to estimate the effects of
interfaces on machine tool performance, load distribution was mod-
eled in ball screw mechanism in [259] and mechanical vibration
effects were studied on the precision of direct-drive system in [260].
Tracking errors were minimized by proposing a workpiece setup
optimization algorithm for a rotary table in [261].

There are also studies developing models of entire machine tools’
geometric errors including the characteristics of interfaces and linkages.
In one such study, the researchers incorporated the models of spindle,
tilting table bearings, and ball screws to develop a holistic model of ther-
mal and dynamic load error for a five-axis machining center [262].
Another holistic modeling effort involved incorporating finite element
modeling of air bearing linear slides into an ultra-precision micro mill-
ing machine design [263]. Authors in [264] developed the concept of
elastically linked systems to correlate machine tool positional and accu-
racy to the geometrical and form errors of the machine parts. Examples
of geometric error modeling using homogeneous coordinate transfor-
mations can be found for a turning center in [265], for a five-axis
machining center [266], and for a grinding machine in [267]. Authors in
[268] used actively controlled compliance device to compensate defor-
mation of the machine tool. Positioning error due to deformation was
analyzed and compensated using integrated fixturing in [269].
5. Defects and failures in contacts

Failures and defects in contacts could result in equipment failure,
lost productivity and revenue, and even human casualties. As a result,
detection of a problem and its location in contacts are critical for the
safe and reliable operation of machinery.

5.1. Interface wear and failure

Many machine tool interfaces experience repeated rolling, sliding,
stick-slip, and skidding motions under high loading conditions that
cause wear and fatigue. Wear mechanisms are hard to predict as
wear modes such as mating materials, working load, relative move-
ments, speed, temperature, and lubrication conditions need to be dis-
tinguished. Bearing wear is commonly observed in machine tools, for
which an international standard was developed [270]. This standard
determines how failure modes are classified for bearing manufac-
turers. Machine tool interfaces are exposed to fatigue wear, contact
fatigue, and fretting fatigue, which are significantly different from
structural fatigue. Unlike structural fatigue, these fatigue types do not
include endurance limits and are inevitable for contacting interfaces.

Wear fatigue term comes from the wear caused by deformations
due to the asperities and surface layers when opposing surfaces con-
tact [271]. Asperity contacts developed by very high local stresses
repeated many times while sliding or rolling, and wear particles are
generated by fatigue propagated cracks. The application of lubrica-
tion alleviates the level of wear during motion. However, fatigue
wear is inevitable for all sliding and rolling contacts.

Contact or surface fatigue or rolling contact fatigue (RCF) terms
describe the surface damage (see Fig. 32) provoked by repeated rolling
contact [272]. It refers to the initial damage on a smooth surface, which
shows the difference compared to fatigue wear [273], is mainly used
for rolling bearings. Several mathematical models have been proposed
throughout the years to predict lifetime of bearing components under
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rolling contact. Statistical and deterministic methods are two techni-
ques employed for the prediction of bearing life.

One of the most-known equations for bearing life is introduced by
Lundberg and Palmgren [273] based on statistical methods which
uses Weibull distribution:

L10 ¼ C
P

� �
P ð13Þ

where L10 is the life of a bearing with a 10% chance of failure, C is the
bearing’s basic dynamic load rating, P is the equivalent load on the bear-
ing, and the exponent p is 3 for ball bearings and 10/3 for roller bear-
ings. This formula establishes the industry's first bearing life standards,
and it has been widely employed since the 1950s. Although this model
is a useful life prediction tool, it does not explicitly account for material
microstructure. On the other hand, the deterministic models estimate
the contact fatigue life based on a homogeneous description of the
material in the contact zone. However, the material microstructure,
which is inherently inhomogeneous due to defects and nonuniform dis-
tribution of material properties, has a significant impact on subsurface-
initiated spalling. This type of spalling is the classic mode of failure in
rolling elements that operate under EHL conditions [274]

Fretting fatigue is an inevitable yet unsolved factor for machine
tools at low stress levels and is caused by micro-slip motion associ-
ated friction. Even solutions of frictional stationary Hertz contact
problems must add micro-slip to represent a complete solution (Cat-
taneo�Mindlin form). The initiating mechanism for fretting fatigue is
short-amplitude reciprocating sliding (micro-slip) between contact-
ing surfaces with many cycles [271]. Some of the contacts are
assumed to have no relative movement, such as interference fits,
which allow micro-slip on the scale of 1 µm when alternating and
oscillating loads are carried. It is very difficult to prevent or eliminate
such movements, and fretting fatigue is present in almost all
mechanical interfaces of machine tools.

Gross-sliding of rolling-elements on raceways causes skidding [275].
Skidding gives rise to significantly high surface shear stresses on the
contact surface and is observed in bearings. Hirono’s rule is extensively
employed while detecting bearing gross-sliding and given in Eq. (14).

Qa

Fc
<10 ð14Þ

where Qa is the axial component of normal force and Fc is the centrifu-
gal force [276]. Raceway control, proposed by Harris et. al., and is gener-
ally valid for high-speed bearings when the traction coefficient at the
ball raceway contacts is high enough to prevent gyroscopic slip [13].
According to the analysis of Liao and Lin, increasing the deformation
applied in the axial direction is an effective way to prevent the bearings
from skidding at high angular velocities [277]. Tong et al. proposed a
new analytical model to predict stiffness matrix of ball guides, which
involves skidding, considering carriage flexibility [278]. Additionally,
Tong and Hong proposed another model for the effect of angular mis-
alignment on the running torques of tapered roller bearings [279].

Since predictive models of failure and wear are challenging to
develop, online monitoring approaches have been suggested as prac-
tical strategies to prevent failures.
5.2. Defect types

Bearing faults are one of the most common mechanical sources of
vibration and noise in machine tool spindles, and bearing failure is
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one of the most frequent types of machine failure. Although bearings
are in general very reliable, they can fail due to inappropriate use,
overloading, or thermal seizure [280]. Bearing faults are classified
into two categories in the literature as localized and extended defects
[281]. Bearing damage in which the amplitude of the ball race contact
force varies constantly and periodically as the bearing rotates is
known as distributed or extended defects. The damage area is large
and the depth is shallow in this sort of defect [282]. Localized defects
are pit or spall on the inner or outer ring, or on a rolling element (see
Fig. 33), and they are the most common type of bearing failure [283].
The goal of bearing condition monitoring is to detect faults as early as
possible. Over the last decades, intensive research has been done
towards detecting and diagnosing bearing defects. The use of vibra-
tion analysis and signal processing to diagnose and prognose rolling
element bearings has aroused a lot of attention [281].
Fig. 33. Different types of spall defect on a)outer race, b)inner race and c)ball part of
the bearing [284].

Fig. 34. Acceleration signal (R: amplitude, L: time duration, P: time period) [295].
Ball screws are also a common failure component in machine
tools due to harsh operating environment and overload. Ball screw
faults include four modes of failure: lubrication starvation, preload
loss, ball nut wear, and re-circulation system failure [285]. Preload
loss is a major issue that has a direct impact on ball screw stiffness
and rigidity, resulting in component degradation [83]. Failure of the
ball screw may lead to equipment breakdown, loss of production,
and even human casualties. Therefore, the fault detection and fault
location of a ball screw system are important and play a curial role
for the reliable operation of rotating machines.
5.3. Monitoring, diagnostics, and prognostics techniques

The early failure of the spindle bearings, as previously discussed,
is one of the major issues that causes the manufacturing line to be
suspended. This is usually accompanied with significant repair costs
and downtime. Bearing damage can be detected and prevented as a
precaution to avoid major problems.

Use of vibration signals is one of the most well-known and widely
used methods for monitoring of bearing conditions. Vogl et al. [286]
pointed out the root-mean-square (RMS) values of spindle housing
vibrations can be compared to predetermined threshold values as one
of the simplest approaches to diagnose the bearing condition [287].
High-frequency resonance [288], envelope spectrum analysis [289],
wavelet transformations [290�292], neural networks [293], and syn-
chronous sampling [294], are some of the more complex approaches.

Monitoring geometrical damages at the rolling surfaces of ball
bearings is a simple and low-cost method for forecasting of bearing
replacement time [295]. Sinking in and out of a cavity gives an accel-
erating signal like the pulsing sinus wave as shown in Fig. 34. The
condition of the bearing can be analyzed using this signal.

Also, condition monitoring techniques like vibration monitoring,
acoustic emission, Shock Pulse Method (SPM) and surface roughness
have been successfully used for fault identification on spindle bear-
ings [296].

As another method of diagnosing ball screw preload loss through
the Hilbert-Huang Transform (HHT) and Multiscale entropy (MSE)
process is proposed. The proposed method can diagnose ball screw
preload loss through vibration signals when the machine tool is in
operation [297]. In a different approach, Yan et al. developed a Princi-
ple Feature Analysis (PFA) wavelet field technique for selecting the
most significant features from a pool of function sets to evaluate the
severity of the spindle bearings defect [292].
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A dynamic model is constructed by Niu et al. for investigation of
high-speed rolling ball bearings with localized surface defects on race-
ways. By comparing the results of the simulation with tests, the model
is proved to be able to effectively forecast the vibrational responses of
defective high speed rolling ball bearings [298]. In other work [299], a
spindle system with faulty bearings is simulated by a FE model. The
vibration responses of a spindle system with various types of faulty
bearings are simulated, and their vibration characteristics are analyzed
and discussed in both time and frequency domains, which may give
useful information for spindle status monitoring and fault diagnosis.

For a low and high-frequency signal detected under a high noise,
either a high frequency of sampling or a great number of sample
points are necessary for the existing large stochastic resonance
(LPSR) models. A novel approach called frequency-shift and re-scal-
ing stochastic resonance (FRSR) is developed [300], in order to over-
come the above constraints and increase the usability of LPSR. The
proposed method is used successfully to the diagnosis of defects of
the spindle bearing outside ring.

Another method for monitoring the conditions of the bearings is
using mounted strain gages in a groove ground around the bearing
outer ring. The fluctuating strain field produced by the rolling motion
of the spindle bearing is analyzed by an elastic model and verified with
experimental data. Based on the model, a conventional sensing scheme
with strain gages mounted in a groove ground around the bearing outer
ring is optimized by selecting proper sensor sizes, locations, and config-
urations such that signal cross-over error is minimized [301].

DEmilia et al. [302], present a reliable methodology for condition
monitoring of components of high-performance centerless grinding
machines. This enables the detection and localization of the defects
on the ball screw. The fault detection is realized using a self-imple-
mented classification algorithm and other pattern recognition algo-
rithms. The diagnosis is based on acceleration and acoustic emission
measurement data performed on an axis test rig using various dam-
aged ball screws at different operating parameters. As another solu-
tion for the detection of faults in ball screws, M€ohring et al. [303]
represented a sensory ball screw double nut system which used
strain gauges or sensory thin layers to assess pre-stress as a wear
indication. Sensor data is processed by integrated electronics and
wirelessly transmitted. A different method to monitor the wear of a
ball screw of a CNC machining center is proposed by Li et al. [304]
using a Bayesian ridge regression technique for simulating the natu-
ral frequency variation of a ball screw drive system. However,
because of time-varying parameters during the machining process,
such as feeding speed, cutting force, and table position, condition
monitoring, and health evaluation of the feed drive system in the
long-term running status are challenging. To overcome this issue a
novel solution is presented by Jia et al. [305] using statistical charac-
teristics of the dynamics of the feed drive system.

In order tomakemonitoring systems feasible, cost-effective, and com-
petitive, the sensorless monitoring system can be applied to monitor the
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health condition of contacts. In order to reach this goal, Verl et al. [306]
presented a sensorless monitoring algorithm based entirely on motor
current signals accessible in position-controlled drives. The program com-
pares current characteristic parameters with those collected when the
machine was fresh. In order to monitor the ball screw preload in opera-
tional mode, Nguyen et al. [307] proposed amethod using the motor cur-
rent signal and the screw nut axial vibration signal. This method can be
utilized as an indicator of the drive system's health.
6. Discussions and conclusions

There are different challenges in each analysis approach used for
modeling of contact interfaces. The first category, analytical methods,
is mostly based on tribology and can be categorized based on the
solution method for predicting contact characteristics of machine
tools. One can claim that there are two main challenges for the ana-
lytical models. Firstly, Hertz's contact theory has been widely
employed in machine tool research, but it is mostly limited to nar-
row, simplified, and well-defined contact problems. Obtaining the
entire components of the contact stress tensor is not possible due to
unsolved complex failure mechanisms that may occur on the contact
surface. Secondly, the calculation of contact angles and contact defor-
mations contains high nonlinearity and requires iterative methods
(generally Newton-Raphson) where convergence could be a problem.
The second category, numerical methods, is based on computational
contact mechanics problem approaches. Signorini's contact problem
expresses the contact interfaces. In computational contact problems,
for the prediction of contact parameters, there are two main chal-
lenges. First, calculation of contact stiffness generally requires the
Newton-Raphson method due to the nonlinear optimization prob-
lem. During the solution, the "no penetration" rule dictated by Hertz-
Signorini-Moreau (HSM) conditions is satisfied by varying the contact
stiffness during a finite solution which causes increased contact stiff-
ness "erroneously" to avoid penetration of the contacting node pairs.
Second, the reliability of solutions varies according to the chosen
computational contact method. The main difficulty in the categories
mentioned above is finding complete stress tensors. However, the
computational burden is another major problem for all. The third cat-
egory is experimental and identification methods. In this category
the most-used method to identify the contact parameters at contact
interfaces is the receptance coupling technique. This technique is
used to identify the contact stiffness and damping parameters at
spindle bearing system, spindle-holder, and tool-holder interfaces.
The most challenging issue in this technique is the identification of
contacts parameters and bearing dynamics under operational condi-
tions where high spindle speed, high cutting forces, and high temper-
atures emerge and thus, affect the contact interface parameters.
However, this technique needs an experimental frequency response
measurement to identify the contact parameters at each assembly.
The fourth category is hybrid methods which combine the other
three methods to overcome the mentioned challenges. That is why
these methods are the most studied ones in machine tool literature.
One can see that contacts at the spindles are significantly influential
on machine tool performance, and they are the most studied ones in
the literature. .Linear guides and feed-drive contact properties are
other crucial parameters for precise machine tool movements, which
have also been investigated in many studies.

The heat generation models at mechanical contacts in the spindle,
guideway, and ball screw are based on several conceptualizations of
the friction mechanism. The PH model employs roll, slide, and spin
associated with the motion conditions of rolling elements. Although
it is straightforward, the model coefficients are not always accurate
for every application. The EHL model is precise in the sense that it
refers to the lubrication mechanism. The calculation requires tribol-
ogy parameters, and it is difficult to confirm the result in a real
machine. The model validation suffers from the difficulty of directly
measuring generated heat, which is diffused in heat conduction, heat
transfer, and radiation. The friction measurement is helpful to check
the calculation and is widely used in research.
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Regarding thermal contact conductance (TCC), the models for con-
formal and non-conformal contacts were presented. Compared to the
Hertz contact, which is typical of the conformal contacts, the non-con-
formal contact has complex features. The calculation with the CMY
model requires the material property, surface integrity, and contact
pressure at the contact surface. The difficulty again arises in model val-
idation. One problem also lies in the difficulty of evaluating TCC in a
real machine. The other problem is that the heat transfer coefficient
(HTC) influences the thermal behavior of the machine. In many stud-
ies, a holistic machine model is constructed with TCCs and HTCs to cal-
culate temperature distribution. Considering boundary condition
change associated with motion in ball screws and guideways is also
essential for the calculation. The uncertainty of the parameters is veri-
fied by comparing the calculation result with the measurement results.
Computing techniques with thermal network and model order reduc-
tion are now being studied to downsize the model degree.

Due to their static nature, any misalignment between the mating
surfaces of static interfaces can easily be corrected, therefore, their
effects on the overall geometric accuracy of the machine tools have
not been studied rigorously. On the other hand, quasi-static interfa-
ces are made up of coupling joints allowing separation and repeat-
able repositioning of machine tool components. Among quasi-static
interfaces, tool holder/spindle interface is one of the most critical
interface since it has a direct influence on the machined part accu-
racy. Kinematic and Hirth couplings, on the other hand, are two
mechanisms used in machine tool components for higher position
accuracy and repeatability. Moving interfaces (linear and rotary) rep-
resent a relatively mature technology. Various modeling and mea-
surement methods are available to characterize and improve their
geometric accuracy. In a broad category they can be divided into con-
tact and non-contact moving interfaces. Sliding and rolling contact
interfaces are examples of contact moving interfaces where the main
concern regarding the geometric accuracy is the friction and the
resulting heat generation. In precision machine tools non-contact
moving interface mechanisms are more common, including aero-
static, hydrostatic, hydrodynamic, as well as magnetic bearings for
linear guideways, rotary tables, and spindles. Geometric accuracy of
machine tool interfaces has a direct influence on overall geometric
accuracy of the machine tools. Measurement methods of error
motion of moving interfaces have been standardized and different
modeling and experimental works have been developed to relate the
accuracy of these interfaces to the motion error of machine tools.

Contact wear and failure mechanisms are hard to predict, which is
the biggest challenge for machine tools. Interface failure mechanisms
are invertible and have no endurance limit. Friction is an essential
catalyzer for tangential stresses and micro-slip, even for very low
stresses at static interfaces. Therefore, bearing fault detection has sig-
nificant importance, especially for spindles, and categorizing them
helps monitor techniques. The wear failure detection is mostly
focused on bearing rolling elements and ball-screw drive system.

7. Future outlook

Advancements on different contact mechanics perspectives of tri-
bology and continuum mechanics shape the future of the machine
tool interfaces. The impact of these advancements on machine tool
research will rely on the adaptability of the advancements to digitali-
zation, which requires fast and accurate prediction of interface prop-
erties. From this point of view, future research should be dedicated to
fast and reliable distinction and rapid assessment of evolving bound-
ary conditions with the possible simplest contact models. Another
need is to avoid convergence problems together with quick evolution
techniques for the nonlinear solution algorithms. In addition to ana-
lytical and numerical modeling approaches, the interface parameter
identification techniques also need to be improved. While most of
the contact parameters are based on idle state and constant tempera-
ture conditions, accurate and applicable methods for varying bound-
ary conditions still need to be enhanced. By means of the digital twin,
active connecting systems can be developed to tune the contact
dynamics of tooling and clamping systems for robust and constant
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tool and workpiece FRF during varying loads under operational con-
ditions. Especially on rotating components such as spindle bearings,
spindle-holder, and holder-tool interfaces where sensor implementa-
tion is not feasible, accurate contact models are needed to tackle the
effect of the varying loads and thermal issue on interface contact
identification. Furthermore, coupling smart machine interfaces with
novel and unconventional sensor systems is required for digital twin
system updates of machine tools. This smart communicative mechan-
ical interface can make feasible the concept of “smart bearings” for
spindle bearings.

Modeling of heat generation and thermal transfer at the mechani-
cal interface has been studied for a long time. Classical research
focused on physical features, and the outcomes have been succeeded
by the research aiming at the design and optimization of the machine
system. High demand from the industry for digital twins motivates
its application for the modeling of actual machines. However, the
mechanical and chemical conditions linked to surrounding elements
and the environment affect the heat generation and diffusion at the
mechanical interface. The modeling and validation techniques that
integrate elements with unknown interfaces are now being focused
on and will be studied continuously, where classical models will be
revisited and extended. Regarding thermal modeling of interfaces,
thermal properties of the components at different working condi-
tions and ambient temperature should be modeled to enhance pre-
diction accuracy. Models need to be improved by considering all
sources of heat transfer through mechanical interfaces where their
effects are not negligible. Considering technological and digitalization
developments, models need to be developed to couple and work with
real data obtained by various new sensors and devices. In this regard,
due to their rapid computational time, analytical models have the
potential to be linked with monitoring systems. The development of
thermal interfaces from design and control viewpoints, which was
not introduced in this keynote, is another field for future research.

Regarding modeling of dynamic aspects of mechanical interface
affecting their precision and accuracy, further improvement is
required to model the damping properties of the structure since
experimental identification cannot be an effective method in future
versatile machine tools.

Rolling element bearings suffer from thermal expansion at high
speeds due to heat generated by the friction. Such thermal expansion
results in preload variations or joint deformations in overly constrained
systems, which are not uncommon in machine tools for increased stiff-
ness. There have been design efforts to maintain constant preload by
floating one end of the bearing and exerting varying external hydraulic
or pneumatic pressure. Such self-compensating designs are needed for
various types of rolling element bearings, including the ones used in
high-speed linear motion. Furthermore, since such interfaces are highly
susceptible to wear, new wear resistant materials/coatings for the con-
tact surfaces are needed to reduce operating costs.

Although demand for more precision leads to more widespread
application of non-contact interfaces, their negative effects on dynamic
performance (low joint damping and pneumatic hammer instability in
aerostatic bearings) require special attention. In non-contact hydro-
static air or oil bearings, the air/oil gap significantly influences dynamic
stiffness. Smaller gaps result in higher stiffness and higher eigenfre-
quencies, but lower load carrying capacity. Furthermore, shear heating
and evaporative cooling of the mating surfaces of such interfaces affect
the overall thermal balance of the machine tool structure. Better
design optimization tools to take into account and to alleviate these
effects are needed. Recent attempts to model bearing characteristics,
employing CFD tools for 3D gas flow models, resistance network
method for squeeze film effects, and multi-rigid-body dynamic model-
ing tools, are promising More sophisticated modeling for these interfa-
ces combining their geometric, thermal, and dynamic characteristics
need special attention in the future.

Advancements in the fusion of sensing and modeling of geometric
accuracy of interfaces as well as new and efficient data analytics tools
provide significant opportunities in improving the accuracy and preci-
sion of machine tool interfaces. Future machine tools will increasingly
utilize integrated monitoring systems. As a result, precision and
Please cite this article as: E. Budak et al., Mechanical interfaces in machin
org/10.1016/j.cirp.2022.05.005
accuracy of mechanical interfaces will improve by embedding
advancedminiaturized sensors and actuators (e.g., magnetic actuators)
to detect and compensate for motion errors in moving components.
With the miniaturization of linear and angular displacement sensors,
it is now possible to integrate many of the off-linemeasurementmeth-
ods and instruments into themachine tool components providing real-
time information about motion accuracies of various linear and rotary
machine axes. Such capabilities will enable better control/error com-
pensation techniques and algorithms. Furthermore, incorporating vari-
ous types of sensors to the machine tool interfaces and applying
advanced data analytics, such as pattern recognition, machine learn-
ing, and artificial intelligence, will enable early and robust detection,
diagnostics, and prognostic of the conditions of these interfaces elimi-
nating unexpected disruptions to production schedules, thus improv-
ing productivity. However, such sensor fusion and machine learning
tools have to be computationally efficient and fast to detect perfor-
mance degradations in real time and should have low false negative
rates to avoid unnecessary disruptions to manufacturing operations,
which counteract any potential productivity gains.

Combination of advanced interface modeling capabilities with
embedded sensing should enable more realistic digital twins of machine
tools reflecting the machine’s real-time performance status for task opti-
mization and effective plant level manufacturing asset management.

Interface wear and failure are inevitable for contacts. Prediction
and distinguishment of wear modes are the most critical missing link
in the literature. Since these mechanisms are inevitable, health moni-
toring systems are a must for enhancement of digitalization and vir-
tual machine tool concepts. Therefore, the easy-to-implement and
reliable monitoring systems will drive the future of machine tool
research. In this regard, the contact interfaces can be monitored in a
real-time manner by employing sensors to identify and detect tribo-
logical and thermal failures under operational conditions.
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