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A B S T R A C T   

Approximately 70% of the errors in machining processes are attributed to thermal deformation. In this regard, 
the compensation scheme is effective in canceling out thermal deformation and maintaining good machining 
quality, but it requires a fine measurement of the temperature distribution of the machine structure. Thus, in this 
study, a structural component for machine tools with a large-scale array of temperature sensors interconnected in 
series (LATSIS) is proposed. The three-dimensional temperature distribution is obtained by the embedded 
LATSIS, which potentially realizes thermal error compensation with excellent accuracy. The main purpose of this 
research is to evaluate the potential superiority of the proposed composite material compared to conventional 
materials, such as damping properties, weight, and thermal compensation capability. Moreover, a block-shaped 
structural component made of polymer concrete (PC) embedded in a steel shell was designed. The LATSIS was 
also embedded in the PC. For comparison, another structure was designed with cast iron to have a similar rigidity 
and fit in a design space similar to that of the proposed component. Intermittent heating experiments were 
conducted using components fixed as a cantilever. The temperature and displacement changes at the edges of 
each cantilever were collected using LATSIS and laser displacement meters, respectively. By interpolating the 
temperature data and obtaining the temperature distributions, the thermal deformations using thermal finite 
element method analysis were predicted. The results indicated that the thermal deformation could be predicted 
more accurately in the structure made with the proposed composite material compared to that made of cast iron.   

1. Introduction 

The main requirements for machine tools are the ability to achieve 
high-precision and high-efficiency machining. For higher precision, it is 
necessary to improve the static rigidity, dynamic rigidity, and thermal 
stability to suppress the deformation and vibration of the structure. For 
higher efficiency, increasing the movement speed of moving parts of the 
structure, such as spindles, and increasing the cutting feed rate and 
depth of cut, without enhancing the deformation or vibration, are 
required. Therefore, it is important to improve the three aforementioned 
characteristics. In addition, the moving parts of the structure must be 
lighter to realize high-speed movements. 

Although various materials have been applied to machine tool 
structures such as ceramics, polymer concrete (PC), metal foam, and 
reinforced plastics, it is difficult to satisfy all the required properties 
with structures made of a single material [1]. Thus, composite materials 
are usually considered as solutions, and this study also proposes the idea 
of a composite structure component. 

We focused on compensating for errors related to thermal deforma-
tion for two reasons. First, because 70% of the errors in machining 
processes are attributed to thermal deformation [2], its compensation 
should be effective for improving the machining accuracy. Second, 
because novel materials applicable to machine tool structures have been 
introduced recently, composite materials utilizing them have the po-
tential to solve the major difficulties of machine tool structures. Heat 
generated by spindle motors, frictional heat from guides and ball screws, 
and heat transferred from tool tips heated by cutting and grinding can 
become heat sources in machine tools, which may cause complex ther-
mal deformation. The possibility of complex geometrical and temporal 
thermal deformations has been reported [3]. Thus, detailed thermal 
sensing, including the inside of structures, has the potential for precise 
compensation based on three-dimensional temperature distribution, for 
example, considering the thermal displacement error of the tool center 
point and running the machine tool to correct the error with additional 
actuation. However, installing sensors inside the material without 
breaking down the sensors is quite difficult, because conventional 
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machine tool structures mainly comprise metal materials, which require 
high temperatures during manufacturing. In addition, it is difficult to 
install a large number of sensors without complex wiring. 

The main objective of this research is to introduce a new composite 
structural component that has ideal features for machine tools, and to 
evaluate its potential superiority compared to conventional materials. 
First, a structural component that enables the multi-point measurement 
of temperature, named large-scale array of temperature sensors inter-
connected in series (LATSIS), was introduced. Then, a composite ma-
terial comprising PC, steel pipe, and LATSIS was realized as a block- 
shaped test piece (hereinafter referred to as LATSIS composite). Three 
experiments were conducted on the test piece, and another test piece 
made of cast iron was used to compare the material properties. 

The remainder of this paper is organized as follows: First, the moti-
vation for material selection and the manufacturing process of the 
introduced composite structure material are explained in detail. In the 
second section, the methods of the four experiments conducted, three- 
point bending test, hammering test, heating test, circuit current, and 
voltage measurement are described. In addition, simulations related to 
some experiments are explained. The third section presents the results of 
each experiment and simulations to evaluate the properties of the pro-
posed structural composite compared to the cast iron structure. Finally, 
the possibility of thermal error compensation with the produced mate-
rial and other remarkable characteristics will be discussed in future 
studies. 

2. Method 

2.1. Design of the structural component 

In this section, the materials selected for the LATSIS composite are 
explained in detail, with an overview of the representative materials 
utilized for machine tool structures. Furthermore, the features and 
installation method of LATSIS, a new thermal sensing system, are briefly 
explained. 

2.1.1. Base component selection 
For the LATSIS composite, materials that can attain the following 

specifications were sought: higher damping performance compared to 
conventional materials and the capability to mount the LATSIS inside 
the structure without damage. 

Materials can be classified into nonmetals and metals, such as cast 
iron, steel, aluminum, and invar. Cast iron contains 2.5%–3.67% carbon 
and 1%–3% silicon, and is commonly utilized as a material for machine 
tools. Typical examples include gray cast iron and ductile iron. Gray cast 
iron contains fragments of graphite in the iron, and the larger the 
graphite fragments, the higher the damping at the cost of significant 
strength reduction. Ductile iron is inferior to gray cast iron in terms of 
damping performance, but has higher strength and damping compared 
to carbon steel [4]. However, owing to its higher density and lower 
damping when compared to nonmetal materials and composites, such as 
granite or PC, it is commonly replaced to improve damping. 

Although steel is also an iron that contains carbon, it has a carbon 
ratio lower than 2%, being inferior to that of cast iron. Therefore, it has 
excellent strength and rigidity, but low damping properties. Machine 
tools may also be utilized to reduce the weight of moving objects by 
taking advantage of their high rigidity. 

Aluminum is an extremely lightweight metal, but its rigidity is low. 
In addition, the heat expansion coefficient of aluminum is two times 
those of the iron-based materials above, and its damping property is 
relatively low. These factors lead to the deterioration of dynamic rigidity 
and thermal stability when utilized in machine tools. Therefore, 
aluminum is considered unsuitable for machine tools. 

Invar is an alloy of iron and nickel that has an extremely low coef-
ficient of thermal expansion compared to common iron-based materials 
and alloys. Super-invar, a modified version of invar, has a coefficient of 

thermal expansion of nearly zero. However, heat accumulates during 
cutting and grinding owing to its low thermal conductivity. Conse-
quently, thermal distortion occurs, which hinders the obtainment of 
complex shapes. Castable invars have been developed to improve the 
moldability [5], but their level of damping is equivalent to that of a 
general cast iron such as gray cast iron, and no improvement in damping 
can be expected. 

Nonmetals, ceramics, granite, PC, and carbon fiber reinforced plastic 
(CFRP) are often utilized in machine tools. Ceramics, such as alumina, 
zirconia, and aluminum nitride, are fabricated by sintering clay. 
Although they have low density, low thermal expansion, and high ri-
gidity, they have very low damping properties and are difficult to cut 
because of the restrictions imposed by sintering during the forming 
process. As an example of their application to machine tools, an ultra- 
precision machine using alumina was developed [6]; however, the 
application of ceramics machine tools is considered difficult because 
they generate large cutting forces and are subject to vibration. 

Granite is mainly composed of quartz and feldspar. This material has 
approximately 40% of the density of cast iron, half of its rigidity, 2–3 
times larger logarithmic damping rate, and a 20% lower linear expan-
sion coefficient than that of iron. Although it has been utilized to take 
advantage of these properties [7], granite is difficult to cut and has poor 
formability. 

PC is a type of concrete that utilizes a thermo-setting resin as the 
binder, water, or inorganic cement [8,9]. Sands with relatively large and 
small grain sizes are used as fine aggregates. Accordingly, the filling 
ratio of the fine aggregate to the total material increases, achieving a 
structure that disperses applied external forces [10]. The compressive, 
flexural, and tensile strengths of PC are approximately five times higher 
than those of cement concrete, which is mainly utilized as a building 
material (Table 1). Moreover, owing to the high damping property of the 
resin used as binder, the damping property of PC is approximately 5–10 
times higher than that of cast iron. However, the coefficient of thermal 
expansion is generally 2–3 times that of cast iron or steel, owing to the 
large coefficient of thermal expansion of the resin. 

CFRP is a carbon fiber hardened with a thermosetting resin. It has 
excellent material properties such as light weight, high rigidity, high 
damping, low thermal expansion, and high strength, and has been uti-
lized in various products such as aircrafts. However, because it is a fiber 
material, CFRP has anisotropy, and the properties of resin become 
dominant in directions other than the fiber direction, which results in 
lower stiffness and strength. In addition, the swelling property makes it 
unsuitable for use in areas with large amounts of water, it has a negative 
linear expansion coefficient in the fiber direction, and shrinks as the 
temperature increases. 

Table 2 summarizes the characteristics of the aforementioned ma-
terials and highlights their advantageous features. From this table, we 
selected PC as the base component because of its weight, relatively low 
heat expansion coefficient, high damping performance, and significant 
advantage in moldability. Specifically, PC can be molded at room tem-
perature, enabling the installation of various components, which is 
difficult using conventional materials such as cast iron, because it must 
be heated to a high temperature during molding. However, PC lacks 
rigidity if utilized alone and localized deformation can occur because the 
heat does not spread owing to the low heat transfer coefficient. 

Table 1 
Properties of PC compared with cement concrete.   

PC Cement concrete 

Density  
[g/cm3]

2.3 2.3 

Compressive strength [GPa] 100–150 20–40 
Flexural strength [GPa] 20–35 4–8 
Tensile strength [GPa] 8–15 1–3  
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Therefore, steel was selected to provide rigidity, and heat dispersion was 
expected. In summary, the new composite structure is basically PC 
reinforced with steel. 

2.1.2. Installation of LATSIS 
Most of the materials expand with temperature, which is also the 

case with PC and steel. Therefore, thermal error compensation schemes 
have been evaluated as a concept for improving thermal properties. To 
accurately estimate the thermal fields generated by multiple, unsteady, 
and intermittent heat sources inside and outside the structure, the sur-
face and internal temperature data should be measured. Although the 
fiber Bragg grating (FBG) sensor was utilized in the studies of Aggogeri 
et al. [11] and Huang et al. [12], the measurement was restricted to a 
single direction and surfaces that were not affected by the internal force 
of the material. These limitations are caused by the nature of the strain, 
which is a tensor. Thus, in our case, the FBG sensor should be installed in 
several directions for every measuring point. Consequently, we consid-
ered that this sensor was not the most appropriate for internal installa-
tion. In another study by Huanglin et al. [13], machine learning with a 
neural network was utilized for thermal error compensation, and the 
error was within − 27.58–35.42 μm, which is still large for the 
compensation scheme. 

LATSIS was introduced as a solution for a better compensation 

scheme, including internal temperature measurements. This is a system 
developed in our laboratory that consists of a small-sized temperature 
sensor and cables for power supply and data communication (Fig. 1.). 
Owing to its low power consumption, the sensor can be connected in 
series up to a number of 100 with a data collection rate of 0.1 Hz, which 
is sufficiently high for the experiment conducted in this study [14]. 

The accuracy of the thermal compensation strongly depends on the 
arrangement of the sensor. Thus, before installing LATSIS in the com-
posite structure, the arrangement should be evaluated based on the 
expected thermal deformation. To determine the arrangement, a ther-
mal displacement coupled analysis comprising three steps was con-
ducted using MATLAB and finite element method (FEM) on Abaqus. In 
the analysis, intermittent heating was assumed, which is explained in 
detail in the experimental section. 

Two types of FEM analyses were conducted in this study: complete 
and interpolation analyses. In the interpolation analysis, only the tem-
perature data from the nodes that corresponded to the locations where 
the sensors were installed were given as the initial temperature condi-
tion. The temperature distribution between the selected nodes was 
predicted using a linear interpolation based on MATLAB. The interpo-
lated temperature distribution was substituted into Abaqus analysis 
through the user subroutine, and the “virtual prediction” of the thermal 
displacement was calculated. 

The outline of the simulations prior to the experiments is illustrated 
in Fig. 2. First, a complete analysis assuming the conditions of the 
experiment was conducted to estimate the tendency of the deformation 
and to define the theoretical temperature distribution as the basis of 
“virtual predictions.” Next, interpolation analysis with two patterns of 
sensor arrangement (surface and inner arrangements) was conducted to 
evaluate the benefit of the inner arrangement (comparison analysis). 
Interpolation analysis was then conducted to determine a good sensor 
arrangement for fine prediction. Finally, the results from the complete 
and interpolation analyses were compared to evaluate the expected 
accuracy, and the sensor arrangement was determined. The overall 
analysis assumed intermittent heating to the upper and tip surfaces of 
the test pieces (Fig. 3(a)), which can be considered as the simulations of 
the heating test described in a following section of this study. 

Table 2 
Properties of common materials for machine tools.   

Density 
[g/
cm3]

Young’s 
modulus 
[GPa]

Thermal 
expansion 
coefficient 
[ × 10− 6/K]

Logarithmic 
decrement 
[ × 10− 3]

Formability 

Cast iron 7.3 130 12 1–3 ◎ 
Steel 7.8 200 11 0.5 ○ 

Aluminum 2.8 72 27 0.1–1 ○ 

Invar 7.5 120 0.0 0.5–2 △ 
Ceramics 4.0 370 7.0 0.6 △ 
CFRP 1.5 130–400 − 0.6 10 △ 
Granite 2.8 60–100 8.3 6 ○ 

PC 2.0–2.5 30–40 4.9–12 20–30 ◎  

Fig. 1. Overview of latsis  
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The arrangement of LATSIS in the comparison analysis is illustrated 
in Fig. 3(c). In the interpolation analysis, only the temperature data from 
the indicated nodes are referred. A total of 54 nodes were chosen from 
the surface and inner regions of the structure for each arrangement. The 
numerical results for the predicted thermal deformation are listed in 

Table 3. 
According to this comparison analysis, an interpolation analysis with 

54 nodes selected mainly from the areas close to the heating surface was 
selected for the prediction. The result of the complete analysis (Fig. 3(b)) 
indicates that these areas also exhibit steep gradient tendencies. 

Fig. 2. Outline of simulations conducted before experiments.  

Fig. 3. (a) Heating and fixed surfaces for the complete analysis. (b) Result of complete analysis (center cross section). (c) Selected nodes for comparison analysis.  

T. Inoue et al.                                                                                                                                                                                                                                    



Precision Engineering 75 (2022) 153–166

157

Fig. 4(a) illustrates the results of the complete and virtual pre-
dictions. As shown in the figure, the virtual prediction based on the trial 
placement provides a fine reproduction of the temperature field, which 
is essential for thermal compensation. 

For effective comparison and evaluation, two test pieces that could 
be clamped to a lathe were designed. One was made of cast iron, the 
representative material for machine tools, and the other was made of the 
proposed structural component. EPUMENT 130/3 was selected as the PC 
material. Both were designed to fit in a space that can be divided into 

beam and clamping sections (Fig. 4(b)). The cast iron test piece had an 
H-shaped cross section and some holes, such as to resemble the common 
design of machine tools (Fig. 4(c)). Although boxed shapes with holes to 
remove the sand used as a casting mold are common when cast iron is 
applied to machine tool structures, the fabrication process was difficult. 
Thus, the H-shape was adopted as it has the same aspect in terms of the 
moment of inertia. In contrast, the test piece of the proposed component 
was solid. 

While pouring the PC mixture into the steel pipe, we inserted LATSIS 
into the planned locations (Fig. 5(a)). The locations were fine-adjusted 
using two thin rods, as shown in Fig. 5(b). A steel ring was imple-
mented to prevent cracking of the clamping section. The completed test 
piece is shown in Fig. 6. 

Using Phoenix V|tome|x L300, a computed axial tomography (CAT) 
scan of the entire test piece was performed (Fig. 7(a)). From the obtained 
result of the CAT scan (Fig. 7(b)), the positions of the 54 sensors were 
determined, and the positions of the nodes to substitute the experi-
mental temperature data were revised from those illustrated in Fig. 2(b). 

Table 3 
Numerical results (maximum vertical displacement) calculated in the compari-
son analysis.   

Surface Inner region Complete analysis 

t = 1000 [s] 130 [μm] 110 [μm] 119 [μm]

t = 2000 [s] 21.9 [μm] 29.4 [μm] 24.8 [μm]

t = 3000 [s] 142 [μm] 136 [μm] 132 [μm]

Fig. 4. (a) Comparison of complete analysis and virtual prediction, (b) Outer shape of test pieces. (c) Cast iron test piece design in detail.  
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The cast iron test piece had 20.3 kg, whereas the LATSIS composite 
test piece had 12.9 kg. 

2.2. Assessment of mechanical properties of the proposed structure 

In this study, four experiments were conducted to evaluate the me-
chanical properties of the proposed components. Three-point bending, 
hammering, and heating tests were performed for static rigidity, 
damping, thermal stability, and heat flux estimation from power 
calculations. 

2.2.1. Three-point bending test 
For comparison and evaluation of static rigidity, a three-point 

bending test of the beam section of the test pieces was conducted. 
Fig. 8 illustrates the experimental system. Loads of approximately 30 kN 
were applied with a universal testing machine, and the displacements 
were calculated from the difference between the no-load stamping and 
three-point bending results. 

2.2.2. Hammering test 
The test pieces were hung and hammered to compare and evaluate 

their damping properties. Accelerometers were attached to measure the 
acceleration in the direction vertical to the top surface of the test pieces. 
Considering the dynamic performance of the test pieces as beam struc-
tures, a hammering direction vertical to the longitudinal axis is appro-
priate. Furthermore, the H-shape has a larger moment of inertia when 
the parallel parts are vertical against the force. Thus, coaxial impacts 
were applied to a point close to the clamping section, as indicated in 
Fig. 9. Finally, the data obtained were analyzed using the PULSE 
LabShop. 

2.2.3. Heating test 
To quantitatively evaluate the thermal deformation and obtain the 

temperature distribution data for the thermal compensation analysis of 
the LATSIS composite, heating tests were conducted. The test pieces 
were clamped to an NTJ-100 machine tool (Nakamura-Tome). For 
heating, two heaters were attached to the surfaces of the test pieces 
(Fig. 10). These heaters were heated with a circuit whose diagram is 
presented in Fig. 11. To increase the heat conductivity and realize uni-
form heating of the surfaces, thermal grease and thin aluminum sheets 

Fig. 5. (a) Installation of LATSIS. LATSIS was planned to be installed at the position illustrated in Fig. 2(b) Inner region. (b) Image of fine adjustment using thin rods 
for narrow access. 

Fig. 6. Appearance of the LATSIS composite test piece.  
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were applied in the order of heater, grease, aluminum sheet, grease, and 
test piece surface between the heaters and surfaces. For the displace-
ment measurement, HL-G103-A-C5, compact laser displacement meters 
(Panasonic) were utilized. Two of them were fixed using an original jig. 
Because the displacement measurement does not require contact and 
can be conducted from a distance, the thermal deformation of the jig 
hardly occurs. Therefore, a jig made of aluminum alloy A2017 was used, 
as illustrated in Fig. 12. 

The experimental system is illustrated in Fig. 13. The surface of the 
heaters was covered with Styrofoam to prevent heat emission from the 
free surface. In the heating test, the power (on/off) button of the heating 
circuit was switched every 1000 s, that is, turned on at t = 0 s and 2000 s, 
and turned off at t = 1000 s and 3000 s. The time was managed using a 
conventional timer application. The temperature inside the composite 

and the displacements of the tip of the beam sections were measured, as 
well as the room temperature and surface temperature of each test piece. 
For the surface temperature measurement, InfReC R300, a thermog-
raphy by Japan Abionics, was utilized. For accurate thermographic 
measurements, the sides of each test piece were colored with a black-
body spray. 

2.2.4. Heat flux estimation from power calculation 
The objective of this experiment was to calculate the actual amount 

of heat flux by measuring the electric current and voltage applied to the 
heaters. The current and voltage data were obtained using a GR 7000 
(Keyence). The current was measured with i30s by FLUKE, which con-
verts the magnetic field generated by the current into voltage, and the 
voltage was recorded by connecting the GR 7000 directly to the circuit. 

Fig. 7. (a) Appearance of the CAT scan for the LATSIS composite test piece. (b) Result of the CAT scan. Located sensors and pores can be observed.  
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The measurement devices were connected as illustrated in Fig. 14. The 
measurement was conducted for approximately 1000 s considering that 
the electrical property changes over time because of heating of the re-
sistances and heaters. 

3. Results and discussion 

The results of each assessment are presented in this section. Based on 
the results, property evaluations based on simulations with values ob-
tained from the experiments were conducted. Finally, the ability of the 
LATSIS composite is discussed. 

3.1. Results 

3.1.1. Three-point bending test 
The load versus displacement curves are illustrated in Fig. 15. 

Assuming that the linear parts of the results represent the elastic 
deformation of each test piece, the results indicate that the LATSIS 
composite has a lower elastic modulus, which is approximately half that 
of cast iron. 

3.1.2. Hammering test 
The results of the dynamic compliance spectra are shown in Fig. 16. 

A summary of the damping properties is presented in Table 4. According 
to the results, both the 1st and the 2nd resonance frequency of the 
LATSIS composite was twice as large, and the damping rate was higher 
than that of cast iron. 

3.1.3. Heating test 
The displacement changes at the tip of each beam section are shown 

in Fig. 17(a). As observed in the figure, the proposed component has 
twice the thermal displacement as that of cast iron. Fig. 17(b) shows the 
representative temperature data during the heating test measured by 
LATSIS, indicating that the temperature changes inside the composite 
exhibits various tendencies depending on its spatial position. 

The results of the thermal displacement calculated in the interpola-
tion analysis and the actual thermal displacement measured in the 
heating test are compared in Fig. 18. The thermal displacement was 
calculated every 100 s. 

3.1.4. Heat flux estimation from power calculation 
The maximum amplitudes of the electric current I and voltage V 

applied to each heater are illustrated in Fig. 19(a). As time progressed, 
although the current amplitude decreased slightly, no changes in the 
voltage were observed. From these results, the power P of each heater 
can be calculated as follows: 

P=
I
̅̅̅
2

√ ×
V
̅̅̅
2

√ =
IV
2 

Assuming complete insulation by Styrofoam, the heat flux, p, given 
to the test piece is equal to the power per unit area. Therefore: 

p=
P
A
=

IV
2A  

where A denotes the heater area. The calculated results are shown in 
Fig. 19(b). Table 5 summarizes the heat flux calculation. Accordingly, 
the actual heat flux was approximately similar to the heat flux set in the 
initial FEM analysis. 

4. Discussion 

In this section, the potential of the LATSIS composite is evaluated 
based on the data obtained from the results of each experiment. It is 
difficult to identify the actual heat flux from the power consumption of 
the heater alone. In other words, it is reasonable to identify the heat flux 
and other error factors through the mediation of thermal displacement. 
Considering the actual position of LATSIS measured by a CAT scan and 
the measured temperature, additional simulations to predict the thermal 
displacement and “fitting analysis” to fit the thermal displacement with 
experimental results by altering the heat flux value were conducted. The 

Fig. 8. Experimental system of three-point bending tests.  

Fig. 9. Experimental system of hammering tests.  

T. Inoue et al.                                                                                                                                                                                                                                    



Precision Engineering 75 (2022) 153–166

161

fitting was achieved by changing the heat flux values to input in the 
Abaqus analysis repeatedly with the comparison of displacement data of 
the simulation and the heating experiment. Simulations for cast iron 
were also conducted to fit the displacement to the experimental data and 
to obtain the prediction data for comparison. The entire outline of the 
simulations conducted after the experiments is presented in Fig. 20. 
After the displacement data of cast iron and the LATSIS composite were 
obtained by the fitting analysis and heating experiment, an interpolation 
analysis was conducted based on the limited temperature data from the 
fitting analysis or the experimental temperature data obtained by LAT-
SIS. The error in the predicted maximum vertical displacement was then 
compared with the actual displacement data. 

According to the three-point bending test, the static rigidity of the 

cast iron is higher than the estimation, and the LATSIS composite has 
only half of the rigidity compared to that of cast iron. This can be 
attributed to the structural defects caused by air mixing in the mineral 
cast during molding and LATSIS, and the structural defects caused by the 
existence of LATSIS itself. Visible pores on the CAT scan (Fig. 21(b)) 
were generated as a result of mixing air with the mineral cast 

Fig. 10. Attachment of two heaters to each test piece.  

Fig. 11. Diagram of the circuit to operate the heaters.  

Fig. 12. Appearance of the jig to adjust laser displacement meters.  
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ingredients. It is difficult to remove the pores while pouring the mineral 
cast into the mold and placing the LATSIS in parallel. Therefore, it is 
desirable to apply vibration while pouring the mineral cast. Wire frames 
can be utilized as a specific method to fix LATSIS. After the positioning is 

completed, the mineral cast can be poured into the mold while vibration 
is applied. For the structural defects caused directly by LATSIS, 
modeling them independently from the mineral cast can be effective for 
a more accurate estimation of rigidity. 

The hammering test indicated that the resonance frequency was 
considerably higher and the resonance damping ratio of the LATSIS 
composite was 4.4 times larger than that of cast iron at the 2nd peak 
frequency. Considering the attached direction of the accelerometer and 
the impact direction, this result demonstrates the damping property 
when the beam structure is subjected to vibration vertical to the longi-
tudinal direction. Moreover, the results indicate the successful integra-
tion of the fine damping effect of the mineral cast. 

The heating test and additional simulations indicated an improve-
ment in the thermal properties. Although Fig. 17(a) indicates that the 
proposed structure resulted in a larger thermal displacement, the result 
of Fig. 18 represents the excellent thermal compensation potential of the 
proposed structure. This can be considered as a result of the solid 
structure, which is contrary to the conventional cast iron structure. The 
simple structure enabled high-quality linear interpolation of the tem-
perature field and achieved fine thermal compensation. The various 
tendencies of temperature changes seen in Fig. 17(b) can be the reason 
why the inner temperature data should be obtained. In the case of actual 
machine tool structures, the temperature distribution can become more 
complicated and difficult to predict. The LATSIS composite is a suitable 
solution to this problem. 

The result in Fig. 18 cannot be described as a complete thermal 
compensation because of some errors in the displacement prediction. 
The following are the reasons and possible solutions: Because the CAT 
scan for the LATSIS position determination had to be taken a few times 
with the scanning area divided, the coordinates for some sensors were 
inaccurate. The length of the beam section was also overestimated by 4 
mm, which may have caused the overestimation of the maximum 
displacement. Considering the difficulty of LATSIS position determina-
tion after implementation, firm fixation during implementation can be a 
solution. This can be realized by fixing the LATSIS with a wire frame, as 
previously proposed. With this method, the structure becomes rein-
forced concrete, and suppressing the thermal strain without placing steel 
on the surface is possible. 

For the comparison of the thermal compensation ability between cast 

Fig. 13. Experimental system.  

Fig. 14. Circuit diagram for electric measurement apparatuses attachment.  

Fig. 15. Result of three-point bending tests.  

Fig. 16. Result of vibration analysis.  

Table 4 
Summary of the damping properties.  

Material Category 1st peak 2nd peak 

Cast iron Resonance frequency 1040 [Hz] 2000 [Hz] 
Resonance damping ratio 0.280 [%] 0.151 [%] 

LATSIS composite Resonance frequency 2072 [Hz] 4448 [Hz] 
Resonance damping ratio 0.488 [%] 0.664 [%]  
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iron and the LATSIS composite, a fitting analysis of cast iron was con-
ducted, that is, setting the heat flux value for the maximum displace-
ment to be calculated in a similar manner as the experimental results. 
Based on the analysis data, the interpolation analysis described in sec-
tion 2.1.2 was conducted. Thermal compensation analysis of cast iron 
did not utilize actual temperature data, but the calculated temperature 
was extracted from the fitting analysis and conducted virtually. The 
main results of the analysis are summarized in Table 6. Although the 
maximum error of the predicted displacement for the LATSIS composite 
was 33.8 μ m, 90% of the calculated prediction (27 out of 30) had an 
error of less than 20 μ m. Thus, it can be determined that the thermal 
compensation of the LATSIS composite is more stable than that of cast 
iron. 

Several causes of errors between the experiments and simulations 

were observed from the fitting of the heat flux in the additional simu-
lation. Table 7 indicates the heat flux values calculated by the fitting 
analysis, after fitting with the experimental results based on maximum 
thermal displacements. Comparing the values with those in Table 5, the 
heat flux for the cast iron simulation was larger than that in the exper-
iment, whereas the heat flux for the LATSIS composite was smaller than 
that in the experiment. Regarding cast iron, soft jaws expanded with 
heat from the test piece and became unfixed, and the beam section hung 
down. The twist of the beam section (Fig. 21) was observed from the 
displacement data in Fig. 17(a), and the difference in the displacement 
of both sides expanded, which is evidence of distortion. Thus, the actual 
displacement was larger than that assuming complete fixation of the 
clamping section. In contrast, the LATSIS composite required less heat 
flux for a similar amount of deformation compared to the experimental 

Fig. 17. (a) Displacement changes at the tip of each beam section. (b) Representative temperature data during the heating test measured by LATSIS.  
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results. This result can be attributed to two factors. One is the incom-
plete thermal contact between the test piece and heaters, caused by the 
aluminum plate, which was slightly bent during the process of re-pasting 
from the cast iron test piece to the LATSIS composite. The other is the 
incomplete insulation of Styrofoam, which can also be true in the case of 
cast iron; however, the expansion of the soft jaws was a major factor. 

The cast iron and LATSIS composite test pieces had 20.3 kg and 12.9 
kg, which means that the LATSIS composite structure was 36% lighter 

than that of cast iron. However, the static rigidity was not equal. 
Therefore, a revised cast iron test piece with static rigidity similar to that 
of the LATSIS composite was virtually designed, and the mass was 
calculated using computer-aided design software. The result was 14.7 
kg; consequently, the LATSIS composite structure was still 12% lighter 
than the cast iron structure. 

5. Conclusion 

The proposed structure comprises steel, mineral cast, and LATSIS. 
Excellent thermal compensation can be realized with better damping 
properties and lighter mass compared to cast iron, which is the con-
ventional material. However, the test pieces utilized in the experiments 
and the experimental methods applied in this study can be improved. 
For example, the adulteration of bubbles should occur both in the 
LATSIS composite and in the process of other types of composites. Fig. 18. Comparison of the experimental data and calculated predictions.  

Fig. 19. (a) Maximum amplitude of current and voltage applied to the heaters (b) Theoretical heat flux (equivalent to power consumption of the heaters) calculated 
from the current and voltage. 

Table 5 
Summary of the calculated heat flux.   

400 mm × 100 mm 100 mm × 100 mm 

Maximum 0.101 [W/ cm2]  0.115 [W/ cm2]  
Minimum 0.091 [W/ cm2]  0.102 [W/ cm2]  
Average 0.097 [W/ cm2]  0.109 [W/ cm2]   
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Therefore, it is important to conduct an analysis that can accurately 
reproduce composite material properties for research on an ideal ma-
chine tool structure. 
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Fig. 20. Outline of simulations conducted after the experiments.  

Fig. 21. Illustration of distortion of the cast iron beam section due to the 
expansion of soft jaws. 

Table 6 
Main results of displacements in the entire analysis.   

Cast iron LATSIS composite 

Actual disp. (fitting analysis) Predicted disp. Error Actual disp. (experiment) Predicted disp. Error 

t = 1000 [s] 61.5 [μm] 86.4 [μm] 25 [μm] 108 [μm] 126 [μm] 18 [μm]

t = 2000 [s] 7.7 [μm] 9.5 [μm] 1.8 [μm] 24.0 [μm] 33.0 [μm] 9.0 [μm]

t = 3000 [s] 65.8 [μm] 91.4 [μm] 26 [μm] 124 [μm] 144 [μm] 20 [μm]

Table 7 
Heat flux values calculated by the fitting analysis.  

Heat flux after fitting Cast iron LATSIS composite 

1.31 [W/ cm2]  0.945 [W/ cm2]  

Simulation Experiment Simulation Experiment 

Disp. at t = 1000 [s] 61.5 [μm] 59.6 [μm] 113 [μm] 108 [μm]

Disp. at t = 2000 [s] 7.7 [μm] 9.6 [μm] 23.4 [μm] 24.0 [μm]

Disp. at t = 3000 [s] 65.8 [μm] 62.9 [μm] 125 [μm] 124 [μm]
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the work reported in this paper. 
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