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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

In the precision machining process, ambient temperature is maintained to 20 °C to minimize the thermal deformations. Much energy is consumed 
to maintain ambient temperature. The use of thermal compensation systems can minimize the energy consumption of room cooling systems. 
However, the influence of thermal deformation induced by room temperature upon workpieces is not clear. This paper investigates the effect of 
the linear expansion coefficient difference between a machine tool and workpieces to the thermal deformation induced by room temperature 
change. Machining experiments are conducted for steel and aluminum workpieces. The results agree with the calculation. 
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1. Introduction 

In precision machining, machining is often performed with 
the room temperature kept at 20 °C to ignore the effect of 
thermal displacement caused by changes in room temperature. 
Because, the standard temperature is determined to 20 °C in 
ISO-1 [1]. However, air conditioning in an installation 
environment requires much energy. Jedrzejewski et al. report 
that air conditioning consumes 15% of the energy of the entire 
manufacturing process [2]. By changing the room temperature 
and reducing thermal load, there is a possibility that energy 
consumption can be significantly reduced. Though changing 
room temperature causes thermal displacement, it requires 
compensation in the machining process.  

Many papers studied the thermal displacement induced by 
environmental temperature change. Mayr et al. investigated 
ambient temperature influences on displacement at the tool 
center point (TCP) in the frequency domain [3]. Fujishima et al. 
proposed a deep-learning model using body temperature 
information to estimate the TCP displacement induced by 

ambient temperature change on lathes [4]. A method for a 5-
axis machine tool to estimate error parameters change induced 
by thermal displacement is also proposed [5]. 

However, these conventional studies investigate errors of the 
coordinate space of the machine tool itself [6], and do not 
consider the difference of thermal expansion between the 
workpiece and the machine tool. In order to adjust the 
environmental temperature in precision machining to minimize 
the energy consumption of the production system, it is 
necessary to consider the effect of thermal expansion of the 
workpiece.  

Therefore, this paper investigates the machining error 
caused by the difference in the thermal expansion coefficient 
between the machine and the workpiece, when the machining 
was performed at a temperature different from the standard 
temperature. Based on the thermal error equations, the 
machining error caused by the difference in the thermal 
expansion coefficient between the machine and the workpiece 
was investigated. The calculation was verified by cutting 
experiments using a machining center.   
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2. Thermal displacement by ambient temperature change 

 
Fig. 1. One dimensional thermal displacement model. 

Figure 1 shows the one-directional (y-axis direction) 
thermal displacement model for a vertical machining center. 
The tool center point (TCP) is expressed by the stacks of the 
thermal deformation of machine components from the origin. 

The coordinate of the tool side TCP point yTCP_tool at the 
standard temperature is as follows: 

𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏1 − 𝑦𝑦ℎ𝑏𝑏𝑒𝑒𝑏𝑏 (1) 

where, yA represents the length of component A. When the 
machine is controlled by a full closed-loop control system, the 
coordinate of the workpiece side TCP point yTCP_workpeice is as 
follows: 

𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇_𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑤𝑤𝑏𝑏 = 𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏2 + 𝑦𝑦𝑠𝑠𝑤𝑤𝑒𝑒𝑡𝑡𝑏𝑏 + 𝑦𝑦𝑡𝑡𝑒𝑒𝑏𝑏𝑡𝑡𝑏𝑏 + 𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏  (2) 

When the temperature of the airframe rises uniformly by 1 K, 
thermal displacement changes the coordinates of TCP as 
follows: 

𝑑𝑑𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛼𝛼𝑏𝑏𝑏𝑏𝑏𝑏 ∙ 𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏1 − 𝛼𝛼ℎ𝑏𝑏𝑒𝑒𝑏𝑏 ∙ 𝑦𝑦ℎ𝑏𝑏𝑒𝑒𝑏𝑏  (3) 

𝑑𝑑𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑤𝑤𝑏𝑏 = 𝛼𝛼𝑏𝑏𝑏𝑏𝑏𝑏 ∙ 𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏2 + 𝛼𝛼𝑠𝑠𝑤𝑤𝑒𝑒𝑡𝑡𝑏𝑏 ∙ 𝑦𝑦𝑠𝑠𝑤𝑤𝑒𝑒𝑡𝑡𝑏𝑏   

+𝛼𝛼𝑡𝑡𝑒𝑒𝑏𝑏𝑡𝑡𝑏𝑏 ∙ 𝑦𝑦𝑡𝑡𝑒𝑒𝑏𝑏𝑡𝑡𝑏𝑏 + 𝛼𝛼𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏 ∙ 𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏(4) 

where αx represents the linear expansion coefficient of 
component X. For simplicity, the thermal expansion coefficient 
of the machine components is set to a common value: αmachine. 

𝑑𝑑𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛼𝛼𝑚𝑚𝑒𝑒𝑤𝑤ℎ𝑤𝑤𝑖𝑖𝑏𝑏 ∙ 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  (5) 

𝑑𝑑𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏 = 𝛼𝛼𝑚𝑚𝑒𝑒𝑤𝑤ℎ𝑤𝑤𝑖𝑖𝑏𝑏 ∙ (𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇_𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑤𝑤𝑏𝑏 − 𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏)  

+𝛼𝛼𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏 ∙ 𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏  (6) 

The positioning error is expressed as follows: 

𝑑𝑑𝑦𝑦 = 𝑑𝑑𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑑𝑑𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏 = 𝛼𝛼𝑚𝑚𝑒𝑒𝑤𝑤ℎ𝑤𝑤𝑖𝑖𝑏𝑏 (𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
− (𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇_𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑤𝑤𝑏𝑏 − 𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏)) − 𝛼𝛼𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏 ∙ 𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏  

= (𝛼𝛼𝑚𝑚𝑒𝑒𝑤𝑤ℎ𝑤𝑤𝑖𝑖𝑏𝑏 − 𝛼𝛼𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏) ∙ 𝑦𝑦𝑤𝑤𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏  (7) 

Equation 7 shows that the machining error is determined by 
the difference between the thermal expansion coefficient of the 
machine and the workpiece, and the machining position. 

Next, the thermal displacement that appears as a machining 
error on the workpiece at this time is investigated. Figure 2 
shows the machining error transferred to the workpiece during 
the cutting of block workpiece at position L. Figure 2a shows 
the nominal cutting position. Figure 2b shows the thermal 
displacement during cutting at ambient temperature 20+dT °C.  

In order to cut out the nominal length L (at the standard 
temperature), machining must be performed at the position of  
𝐿𝐿 ∙ (1 + αworkpeice ∙ dT) . However, it is machined at position  
𝐿𝐿 ∙ (1 + αmachine ∙ dT)  due to the difference in the thermal 
expansion coefficient between the machine and the workpiece. 
Thus, the machined workpiece length (cut-out length) at 
20+dT °C, Lcut (dT) is as follows: 

𝐿𝐿𝑤𝑤𝑐𝑐𝑡𝑡(𝑑𝑑𝑑𝑑) = 𝐿𝐿 ∙ (1 + 𝛼𝛼𝑚𝑚𝑒𝑒𝑤𝑤ℎ𝑤𝑤𝑖𝑖𝑏𝑏 ∙ 𝑑𝑑𝑑𝑑) (8) 

Figure 2c shows the workpiece shape when after acclimated 
to the standard temperature (20 °C). In this accumulation, the 
cut-out length changes according to the temperature 
distribution in the workpiece due to the thermal expansion of 
the workpiece. After sufficient accumulation, the cut-out length 
measured at standard temperature Lcut (0) is as follows: 

 (9) 

From equations 8 and 9, the cut-out length at the standard 
temperature 20 °C is summarized as follows: 

 (10) 

 
a) nominal 

 
b) cutting at 20+dT °C 

 
c) measurement at 20 °C 

Fig. 2. Schematics of workpiece deformation around cutting at 20+dT °C.  

TCP

Table

Workpiece

Scale

ybed1

yhead

yscale

ytable

Bed

Head

yTCP_tool

yTCP_workpeice

Tool

yworkpeice

Column

ybed2

Y

Z

X

𝐿𝐿    =
𝐿𝐿    𝑑𝑑

1 + 𝛼𝛼           𝑑𝑑

𝐿𝐿    = 𝐿𝐿  
1 + 𝛼𝛼         𝑑𝑑
1 + 𝛼𝛼           𝑑𝑑

L

tool

workpiece

L

αworkpeice    dT

α  c i e    dT

𝐿𝐿    𝑑𝑑

  α  c i e    dT

𝐿𝐿    



320 Kotaro Mori  et al. / Procedia CIRP 101 (2021) 318–321
 Author name / Procedia CIRP 00 (2019) 000–000  3 

3. Experimental verification 

3.1. Experimental environment and conditions 

Cutting experiments are conducted for the verification of 
section 2. A fixed distance (299.120 mm) was cut out by side 
milling with an end mill. Then, the length error from the 
command value was evaluated at the position shown in Figure 
3. The cutting test was repeated at two different ambient 
temperature conditions 18 °C and 23 °C for two different 
material workpieces (300 mm × 100 mm × 25 mm),  
Steel (ISO C50) and Aluminum (ISO AlMg2.5). Table 1 shows 
the specifications of the machine tool used for the experiment.  

Cutting conditions are summarized in table 2. In order to 
minimize the deformation caused by the process force, the very 
light cutting condition is chosen. The cutting time for one side 
is approximately 30 seconds for each material. Cutting was 
repeated for two times (0.5 mm×2) per side. Although different 
processing conditions are set for steel and aluminum, the focus 
of this paper is the effect of room temperature changes on 
thermal displacement. The cutting conditions are the same in 
the same material, and by performing the warm-up operation to 
bring the machine into a thermal equilibrium state, the effect of 
thermal displacement caused by machine heat generation can 
be eliminated, and it is not necessary to consider it. 

The cutting tests are conducted from the cold start condition 
after 3 hours of warm-up. The ambient temperature is 
controlled between ±1 K of the target temperature. 

It is expected that the clamping conditions will have a large 
effect on thermal expansion. In this paper, in order to minimize 
the impact, after confirming that both the workpiece and the jig 
are acclimated to the ambient temperature, the workpiece was 
set immediately before the warm-up.  

After accommodating the workpiece to 20 °C for more than 
a day, the cut-out length was measured by a coordinate 
measurement machine. The measurement was performed at the 
three locations, as shown in figure 3, and the average was taken 
as the actual cut-out length. 

 

 
Fig. 3. Workpiece schematics and tool path. 

Table 1. Specifications of the machine tool. 

Machine type  Vertical machining center 

Workspace X: 800 mm Y 530 mm Z 510 mm 

Spindle Max power: 18.5 kW [100%ED]  
Max speed: 20,000 min-1 

Y-axis Guideway: Sliding 
Control: Full closed loop 
Encoder: Steal scale 
Positioning Resolution: 1μm 

Table 2. Cutting conditions. 

 Steel Aluminum 

Tool Solid Carbide end mill  
φ12 mm 4 tooth 

Cutting speed 1,300 min-1 900 min-1 

Depth of cut ap/ae 10 mm / 0.5 mm 10 mm / 0.5 mm 

Feed per tooth 0.05 mm 0.07 mm 

Cutting fluid wet (oil) dry 

 

 
Fig. 4. Temperature history during measurement and experiment timings.  

 
a) Aluminum 18 °C 

 
b) Aluminum 23 °C 

Fig. 5. Temperature history during warm-up. 

3.2. Results and discussions 

Figure 4 shows the temperature history during the 
experiments. The machining test was performed under each 
condition at the times shown in the figure. From the figure, the 
bed temperature is the same at room temperature during each 
cutting. The column temperature is always about 1 °C higher 
than the bed temperature. It is considered that this is because 
the room temperature has a gradient and that the higher the 
temperature.  

Figure 5 shows the temperature change of the airframe under 
the condition of aluminum workpieces. From the figure, it can 
be said that the temperature of the spindle is saturated in about 
2 hours, and the machine is in a sufficiently thermal 
equilibrium state after warming up for 3 hours. It can also be 
seen that the temperature distribution of the machine is offset 
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by the offset of the environmental temperature. Similar results 
were obtained under steel conditions. 

Table 3. Measured workpiece length. 

  Cut-out length Length difference 

Material Temperature Measured Measured Calculated 

Steel 18 °C 299120.5 
2.1 1.4 

 23 °C 299118.4 

Aluminum 18 °C 299123.8 
19.7 19.5 

 23 °C 299104.1 

U it: μ  
 
Table 3 summarizes the measured and calculated results. 

Calculated differences of cut-out lengths are obtained from Eq. 
10 as follows: 

Steel: 1.4 μ  = 

 (9) 

Aluminum: 19.5 μ  = 

 (10) 

Where, the thermal expansion coefficient of the machine tool 
was set to that of gray casting iron (ISO 300), 10.8 μ /K. 11.7 
μ /K   d 23.8 μ /K were used for the coefficients of steel and 
aluminum workpieces. 

The measured difference of cut-out lengths between 18 °C 
  d 23 °C  re 2.1 μ  i  steel workpiece w ile 19.7 μ  i  
aluminum. The difference between measured and calculated 
results is less t    1 μ , while still 33% error exists for steel 
results, which is smaller than the positioning resolution of the 
axis (1 μ )   d u  void ble. Thus, it can be said that, for both 
steel and aluminum, the calculated results quantitatively agree 
with measured results.  

4. Conclusion and Outlook 

The effect of the expansion coefficient difference between a 
machine tool and workpieces to the thermal deformation 
induced by room temperature change is investigated. 
According to the model, when the machine and the workpiece 
have different coefficients of thermal expansion, a dimensional 
error occurs in the workpiece while the workpiece is machined 
with the environmental temperature offset. Machining 
experiments are conducted for steel and aluminum workpieces 
to verify this model. As   result,    error of 19.5 μ  occurred 
i   lu i u , w ile it w s 2.1 μ  i  steel. These results agree 
with simulation results. Although the number of samples and 
the number of experimental levels are limited and further 
verification is required, the proposed model is likely to hold. 

The results show that when the difference in the coefficient 
of thermal expansion is significant as in the case of the 
aluminum workpieces, the effect of the machining error caused 
by the difference in the coefficient of thermal expansion cannot 

be ignored. Consideration for transient condition and three-
dimensional workpieces will be our next step. 
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