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Abstract 

Thermally induced deviations are a key issue in the development of machine tools, especially when considering the actual trends of 
high performance and dry cutting. The interactions between the cutting process and the machine tool structure are significant 
boundary conditions for the numerical prediction of the thermomechanical machine behavior. Within this paper an approach for the 
holistic modeling of process effects is presented, including process heat, cutting forces and increased load on feed and main drives. 
The modeling approach is supported by experimental investigations on a lathe to provide empiric data for the link between cutting 
forces and active drive power. 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Prof. Eiji Shamoto. 
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1. Introduction 

 The accuracy of machine tools is mainly limited by 
thermally induced deviations. This effect is of increasing 
importance, especially considering the actual trends of 
high performance and dry cutting. The thermo-
mechanical machine behavior is strongly influenced by 
inner heat sources and environmental effects. Being 
subject to interactions with the machine tool structure 
and the machining task, the cutting process plays a 
leading role for the thermally induced deviations. 
Thereby, the process effects on the machine tool have to 
be considered from a holistic point of view, including 
the heat input, the cutting forces and the additional loads 
on the main and feed drives. 

Regarding the complexity and number of influences, 
the determination of the thermomechanical machine tool 
behavior is highly challenging. The finite element 
analysis (FEA) is an approved numerical method for the 
approximated solution of mechanical and thermal 
structural problems [1, 2, 3, 4, 5]. The determination of 
thermomechanical deviations is carried out in two steps. 
The thermal solver calculates a temperature distribution 

based on the discretized Fourier differential equation. 
Subsequently the heat expansion coefficients in the 
mechanical model lead to thermally induced deviations. 
This procedure can be performed for the entire time 
range or within each time step (quasi-coupled solution). 
The accuracy of the temperature calculation is strongly 
dependent on the definition of the boundary conditions. 
These can be convective or emissive terms (e. g. for 
ambient conditions), temperature values or heat fluxes 
(i. e. for heat sources) [6]. 

The cutting process plays a key role for the thermal 
machine behavior and therefore is a critical part for the 
definition of boundary conditions. However, existing 
approaches mostly consider only individual effects like 
the cutting heat for the application in finite element 
models [5]. In order to achieve an appropriate 
representation of the process, this paper shows an 
integral modeling approach of the process impact that is 
incorporating all relevant process effects for thermal 
finite element analyses of machine tools. The work 
focuses a turning process and its influence on the 
structure of a lathe. 

Therefore, an approach for the holistic process 
modeling is developed. The process model includes 
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multiple modules for the description of the particular 
interactions with the machining task or the structure. The 
process heat and the cutting forces are calculated on the 
basis of empiric relations. Using existing approaches, the 
process model is supported by substantial experimental 
investigations made on a lathe. The determined cutting 
forces are significant inputs for the drive module. Based 
on the operating position and the geometry of the 
machine, the resulting loads on elements like the 
bearings, the ball screw drives, or the electric drives are 
derived. The paper will thereby focus the impact from 
cutting forces and the drive module. The resulting heat 
fluxes and heat impact zones can directly be used in 
thermal FEA of machine tools. 

The experimental work in this paper provides empiric 
data supporting the modeling of forces and power and is 
done on a 3-axis lathe (Spinner TC 600, cf. Fig. 1). The 
lathe is equipped with a motorized spindle (1), three feed 
drives for x- (2), y- (3) and z-direction (4) as well as a 
tool changer (5). Drives in y-direction are performed by 
a combined motion of the x- and y-feed drive.  

 

 

Fig. 1. Model of the lathe used for experimental investigations 

2. Modeling of boundary conditions 

2.1. Boundary condition model 

A numerical approach for the prediction of thermally 
induced deviations is always dependent on the modeling 
quality of boundary conditions. The machine tool 
structure is influenced by environmental impact, such as 
a change of ambient temperature, and internal heat 
sources, such as feed drives or the cutting process. The 
internal heat impact can be classified as dependent or 
independent of the machining task. Independent heat 
sources are mostly aggregates like control cabinets that 
have continuous heat losses. These can be modeled by 
constant heat fluxes into the machine tool structure. The 
description of the task dependent heat sources is by far 
more complex with the heat fluxes being time dependent 
(and in certain cases at moving positions). Fig. 2 shows a 
thermal effect chain that leads to heat impact into the 
machine tool. Based on the numerical control (NC) 
program, the machine tool’s kinematics define 
movements of the machine specific axes as well as the 
rotational speed of the main spindle.  On the one hand, 
these movements are an important input for the 

modeling of the drive systems with the velocity 
determining the heat loss in mechanical components, 
such as bearings. On the other hand, they are the basis 
for the behavior of the cutting process. Latter is essential 
for the determination of the thermal boundary conditions. 
First, the cutting heat is transferred into the work piece, 
the tool and the chips, which leads to a heat impact on 
the machine tool structure. Second, the cutting process is 
indirectly influencing the boundary conditions with the 
resulting cutting forces significantly increasing the load 
on the drives and bearings. 

The heat sources as well as the ambience determine a 
time dependent temperature field and, in combination 
with thermal expansion coefficients, are subsequently 
leading to thermally induced deviations. The latter 
eventually are limiting the machining accuracy. 
Additionally, these deviations have an impact on the 
process and drive system input as they are distorting the 
real positions. Concerning the bearings, they can even 
lead to higher loads and therefore heat losses.  

 

 

Fig. 2. Machining task dependent heat sources in machine tools 

2.2. Cutting force model 

The modeling of thermal boundary conditions 
requires static mean values for the cutting process forces. 
Thus, the calculation can be done using the well-proven 
relations of KIENZLE & VICTOR [7, 8]. As there are 
correction factors and data for the most common 
materials, processes and parameters those empiric 
equations provide good predictability for static cutting 
and feed forces. 

The cutting force FC can be calculated from the width 
of cut b, the thickness of cut h, the main value of the 
specific cutting force kC1.1 and the rising parameter of the 
specific cutting force 1-mC as follows: 
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The determination of the feed force FF can be done in 
an analog way using the specific feed force kf1.1: 

11
1

.F
m

F khbF F  (4) 

These equations provide a basis for the calculation of 
boundary conditions for thermal machine tool 
simulations. 

2.3. Cutting heat model 

The cutting heat model is based on the empiric 
cutting force model and benefits from the fact that nearly 
the entire cutting energy is transformed into heat [8]. 
The active process power PA is the sum of the cutting 
power PC and the feed power PF:  

FCA PPP  (4) 

The cutting power can be calculated as product of 
cutting force FC and cutting speed vC, the feed power as 
product of feed force FF and feed rate vF. Assuming that 
the active process power is approximately equal to the 
heat impact, it is possible to determine the heat sources. 
For steel it is widely acknowledged that the cutting heat 
is roughly divided into three parts: 
 75 % of the heat is carried away by the chips, 
 18 % of the heat goes into the tool and 
 7 % of the heat is affecting the work piece. 

Thus, an estimated modeling of the cutting heat is 
possible with respect to a thermal machine tool 
simulation. 

2.4. Drive module 

The drive model defines how to calculate the electric 
power and heat loss from the kinematics’ output and the 
cutting forces. Fig. 3 shows the relevant thermal aspects 
of a generic feed axis. 

Inputs are the position x, the velocity v, the 
acceleration a and the cutting force FC. Starting with the 
cutting force, there are several effects inside the axis 
which affect the actual force that has to be delivered by 
the motor. Inertia forces have to be added or subtracted 
when accelerating or decelerating the axis. Based on the 
machine tool’s geometry several axes can be subject to 
gravity effects, like the x- and y-axis of the examined 
lathe. The downhill-slope force therefore effects all 
motions of those axes and cannot be ignored (cf. section 
4.1). The velocity and the resulting force are the 
important inputs for the calculation of friction in the 
guideways, the bearings and the ball screw, which leads 
to a direct heat impact on the machine tool structure. 
Additionally, this friction increases the load on the drive 

motor. Subsequently, the final motor load as well as the 
degree of efficiency determine the heat impact from the 
motor. Regarding the main drive the approach is quite 
similar, except for the friction from guideways and ball 
screw as well as the gravity effects can be ignored. 
 

  

Fig. 3. Relevant thermal aspects of a generic feed axis 

3. Experimental setup 

The modeling of thermal boundary conditions is 
supported by experimental investigations. The paper will 
focus on cutting forces as well as main and feed drive 
power. The determination of the distribution of cutting 
heat into the work piece, the tool and the chips is 
currently planned. The aim of these investigations is to 
get a direct link between the cutting parameters, forces, 
heat and especially the necessary electrical power. Only 
this direct link can assure a holistic view on the 
machining task dependent boundary conditions. 

The measurements provide data for chosen parameter 
sets for longitudinal and for face turning and cover 
different machining conditions as follows: 
 Idle running of feed and main drives at different 

velocities 
 Varying depths of cut ap from 0.5 to 1.5 mm 
 Varying feed rates f from 0.1 to 0.3 mm/rotation 
 Varying cutting speeds vC from 120 to 180 m/min 

All experimental investigations were done with a 
lathe tool with changeable cutting plates of type DC-T, 
probes of C45E steel (1.1191) with an original diameter 
of 45 mm and using constant cutting speeds within each 
parameter test. 

3.1. Cutting forces 

In order to measure the cutting forces, the lathe was 
equipped with a 3-axes dynamometer (Kistler type 9121 
for lathes), mounted on the tool holder. This allows the 
simultaneous acquisition of cutting, feed and passive 
forces. Fig. 4 shows an exemplary force diagram for 
longitudinal turning.  

Regarding the first 0.3 s it can be seen that the cutting 
forces increase until reaching an approximately constant 
value. The data is subsequently processed to determine a 
mean value within the constant range of the force trend. 

Feed axis

FC

Motor

x, v, a

Heat impact
(depending on 
degree of efficiency)

Inertia Gravity
(axis angle)

Friction
guideway

Friction
bearings

Friction
ball screw



76   Tobias Maier and Michael F. Zaeh  /  Procedia CIRP   4  ( 2012 )  73 – 78 

 

 

 

  

Fig. 4. Exemplary smoothed cutting force diagram for longitudinal 
turning (parameters: ap = 0.5 mm, f = 0.2 mm/rotation, vC = 150 m/min) 

An analog chart for face turning can be found in 
Fig. 5. Aside from the similar starting and constant 
sections, it can be clearly seen that the cutting forces 
increase at the end of the test. This is resulting from the 
rotational speed limit that was defined by the lathe and 
the used jaw chuck (2000 rotations/min). With 
decreasing diameter (time range from 2.5 to 4 s) the 
constant cutting speed can not longer be guaranteed 
which leads to rising cutting forces. Consequently, only 
the constant section of the force trend was used for the 
following data processing. 

 

 

Fig. 5. Exemplary smoothed cutting force diagram for face turning 
(parameters: ap = 1.5 mm, f = 0.2 mm/rotation, vC = 150 m/min) 

3.2. Electrical drive power 

The experimental investigation of the electrical power 
in feed and main drives is more complex. Power 
measurements for the whole machine tool are benefitting 
from the fact that most power analyzers are designed to 
work at net frequencies of 50 or 60 Hz. As the central 
power supply represents the usage of all drives and 
aggregates combined, this does not seem appropriate for 
the analysis of the process effects on single drives. 
Therefore, it is necessary to measure the electrical power 
between the intermediate direct current link and the 
drive motor itself. The current and the pulse width 
modulated voltage of all three phases were 
simultaneously recorded by current clamps (Tektronix 
A6303) and differential probes (Testec TT-SI 9002) 
attached to an oscilloscope (Yokogawa DL 708E) 
sampling with 100 kHz. Fig. 6 (left) shows an exemplary 
voltage chart for a short time range, clearly indicating 
that the pulses are sampled with sufficient resolution. 
The resulting voltage causes a sinusoidal current trend 
which is presented in Fig. 6 (right).  

 

 

Fig. 6. Exemplary voltage chart, showing the pulse duration 
modulation and exemplary current chart, resulting from the voltage 

As both signals are recorded in high resolution it is 
possible to calculate the active electrical power as 
product of voltage and current and subsequently the 
active energy, as can be seen exemplarily in Fig. 7. The 
energy chart is useful for the calculation of mean power 
values as it shows wether the active power is constant 
over the examined time range. 

 

 

Fig. 7. Exemplary active electrical energy, indicating near constant 
power for the examined time range 

4. Results 

4.1. Idle running of feed and main drive 

In a first step the feed and main drives were examined 
while running idle, delivering a basis for the following 
investigations of the process charged drives. The x-axis 
feed drive behavior is of special interest as it is charged 
by an axis that is subject to gravitation (cf. Fig. 1). Fig. 8 
shows the active power resulting from a rapid traverse 
motion in x-direction. The first peak results from the 
downward drive, the second from the upward drive. It 
can be clearly seen that the influence of gravitation (see 
section 2.4) cannot be neglected. Fig. 9 shows the 
dependency of the main spindle’s active power on the 
rotational speed. It can be seen that a linear behavior 
cannot be assumed over the complete speed range. 

 

 

Fig. 8. Active power of the x-feed drive for a rapid travers motion in x-
direction (first downwards, second upwards) 
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Fig. 9. Active power of the main spindle for idle running at different 
rotational speeds 

4.2. Longitudinal turning 

When considering the additional loads of the drives 
due to process forces, the cutting and the feed forces are 
of highest interest as they have to be provided by the 
main and feed drives. For longitudinal turning the 
additional feed power is linked to the z-feed drive, the 
cutting power to the main spindle. Fig. 10 presents the 
process forces as well as the active power of the main 
and the z-feed drive for different cutting parameters. 
  

 

Fig. 10. Process forces (a) as well as active power (b) of main and z-
feed drives for different depths of cut (f = 0.2 mm/rotation, vC = 
150 m/min); process forces (c) as well as active power (d) of main and 
z-feed drives for different feed rates (ap = 1 mm, vC = 150 m/min); 
process forces (e) as well as active power (f) of main and z-feed drives 
for different cutting speeds (ap = 1 mm, f = 0.2 mm/rotation) 

 The charts show the behavior predicted by the 
equations in section 2.2 like the approximately linear 
relation between cutting force and depth of cut. The 
active power of both drives is nearly proportional to the 
force trends with the cutting power being significantly 

higher than the feed power, which is a typical 
phenomenon for turning processes. Regarding Fig. 10 
(e) and (f) the relation between cutting force and power 
seems different. This results from the increasing cutting 
speed which is also affecting the cutting power. 

4.3. Face turning 

In contrast to the longitudinal turning the feed motion 
for the face turning process is performed by the x-axis 
feed drive. The x-axis on the examined lathe is subject to 
gravity effects as it is sloped. This leads to complex 
resulting loads on the drive motor as presented in 
section 2.3. Fig. 11 shows the forces and the active 
power of the x-feed drive. While the measured forces 
reflect the predicted behavior, the active power shows 
quite different trends. The negative power values 
indicate that the motor is recuperating energy. This 
effect results from the gravity load on the x-axis. 
However, the process parameters are influencing this 
value as well. The increasing cutting force over the 
depth of cut leads to a decrease of recuperation. Higher 
feed rates and cutting speeds are leading to a higher axis 
velocity, and therefore to an increasing recuperation. 
This complex behavior shows the need for a detailed 
thermal modeling of the drive systems. 

 

 

Fig. 11. Process forces (a) as well as active power (b) of the x-feed 
drive for different depths of cut (f = 0.2 mm/rotation, vC = 150 m/min); 
process forces (c) as well as active power (d) of the x-feed drive for 
different feed rates (ap = 1 mm, vC = 150 m/min); process forces (e) as 
well as active power (f) of the x-feed drive for different cutting speeds 
(ap = 1 mm, f = 0.2 mm/rotation) 
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Concerning face turning, the main spindle is 
accelerating during the feed motion as it is providing a 
constant cutting speed over a decreasing diameter. Mean 
power values are therefore not significant. Fig. 12 shows 
the transient active power of the main drive for different 
feeds. Similar measurements were performed for varying 
depths of cut and cutting speeds. Expectedly, the power 
shows a disproportionately high increase for rising feed 
rates. This results from the rotational speed to power 
relation in Fig. 9. 

 

 

Fig. 12. Active power of the main drive for different feeds 

The experimental results show that the existing 
equations are appropriate for the cutting force 
calculation for the use in thermal boundary condition 
modeling. The link between forces and electrical power 
provides empirical fitting data for the drive modeling.  

4.4. FE analysis for different parameters 

Boundary conditions that are calculated by the 
approach of section 2 and supported by the empiric 
results of chapter 4 are directly usable for thermal FEA. 
For the lathe a FE model is existing, build from volume 
and shell elements (ca. 290000 elements total) and 
capable for thermal and mechanical calculations. All 
relevant surfaces are loaded by film coefficients to 
represent convection and emission to the ambience.  
While other thermal effects (like cooling or friction of 
bearings) are ignored, the model of the lathe is loaded 
with heat fluxes for feed and main drives, representing 
the process parameters (feed rates of 0.1 and 
0.3 mm/rotation (ap = 1 mm, vC = 150 m/min)) as well as 
a couple of traverse motions of the feed drives. The 
simulation is performed by serial processing, so at first a 
temperature distribution is calculated from heat fluxes as 
well as ambient boundary conditions. On this basis the 
thermally induced deviations of the machine tool 
structure is simulated. 
Fig. 13 shows the transient relative displacement results 
between tool and work piece (normalized to the 
maximum due to confidentiality reasons) of the FE 
simulation. The chart shows clear differences between 
both parameter sets, indicating the importance of the 
integral process effect modeling. 

 

Fig. 13. Thermomechanical relative displacements between tool and 
workpiece, simulated through a FEA for two different cutting 
parameter sets 

5. Conclusions and perspectives 

Within this paper an approach for the holistic 
modeling of  thermal boundary conditions due to process 
effects is presented. The experimental investigations 
provide empiric data for the link of cutting forces and 
power and subsequently the heat loss. Thus, the basis for 
thermal FEA of machine tools is extended to include the 
cutting process with the relevant effects. 

Investigations in the near future will reveal wether the 
cutting heat modeling as presented here is a good 
approximation. Therefore, temperature measurements of 
tool, work piece and chips are planned. 
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