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Abstract
In order to enhance the accuracy and productivity of CNC machine tools, the finite element method (FEM) is utilized for 
analyzing machining operations and machine tool structures. Through this approach, it becomes possible to assess and reduce 
machining errors, thereby improving the precision of machined parts. Additionally, by subjecting machine tool components to 
the analysis of stress and deformations under real operating conditions, the overall performance and lifespan of the machine 
tool structures can be augmented. This study focuses on the implementation of finite element methods for the analysis and 
optimization of CNC machine tool operations and structure. In this study, a virtual model of the Good Way CNC turning 
machine was used to study the machine’s behavior. The first three vibrational modes analyzed through a modal analysis 
were 108.2 Hz, 133.4 Hz, and 191.7 Hz, which were experimentally validated using modal tests. The design precision was 
supported by the harmonic response. For an applied external load of 500 N on the head chuck, the tool turret's transient 
response was established through transient analysis at 0.4 s. However, after the static analysis, the maximum deformation of 
the machine at the same external applied load on the tool turret was upheld at 7.6 μm. The spatial position analysis rectified 
the modal performance of the machine at a variety of set working positions. As the principal cause of rigidity originates 
from the base of the machine, three sets of ground support combinations were claimed to test the machine's rigidity. After 
the topology optimization analysis was achieved, a better-optimized version of the design was suggested. The old and new 
models were compared, and an increase of 1.5% in the first three modal frequencies was observed.
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Abbreviations
m	� mass of the system (kg)
k	� stiffness coefficient (N/m)
c	� damping coefficient (Ns/m)
ω	� angular frequency (rad/s)
f(t)	� applied force as a function of time (N)
u(t)	� displacement as a function of time (m)
x(f)	� frequency domain representation of displacement 

(m/Hz)
Φ	� mode shape vector

1  Introduction

The design of the CNC machine determines its precision and 
accuracy. When working with very small tolerances, vari-
ous physical factors, such as vibrations, the static stiffness 
provided by the machine, the reaction force at the time of 
impact with the workpiece, tool deflection, etc., can signifi-
cantly impact the final quality of machining. To estimate the 
range or period of disturbances caused by such factors, the 
main focus of this research is to find the elements involved 
in causing such disturbances and provide an optimal solution 
by improving the design. Experimental modal analysis, oper-
ational modal analysis, and numerical model analysis are the 
three types of modal analysis available. Impact tests and an 
excited mechanical structure using a hammer or shaker are 
the foundations of experimental modal analysis techniques. 
The frequency response functions are calculated, and the 
modes and modal damping are estimated. Numerical model 
analysis was made using the ANSYS FEA software pack-
age. The finite element approach can be useful to determine 
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which physical attributes of a machine are required and 
which can be ignored. FEA could be a powerful tool to uti-
lize for its time-saving ability and economic benefits [1]. 
Commercial CAE software for use in manufacturing engi-
neering education was offered by Doyle et al. [2]. Zaeh et al. 
[3] utilized the finite element technique (FEM) to simulate 
and predict the massive deformation behavior of machine 
tools. Mackerle [4] examined the 1976–1996 machining 
analysis and simulation using FEM.

The dynamic properties of machine tool structures are 
highly correlated with the operating speed [5]. Besharati 
et al. [6] investigated a gantry-type machine tool using FEA 
for structural optimization and cost-cutting procedures. They 
experimentally validated the design using impact hammer 
modal tests and a genetic decision-making algorithm. Tunc 
et al. [7] found that the effect of a lower-order frequency 
is hardly experienced by a milling machine even at lower 
cutting depths, as the machine governs stability, resulting 
in a completely different behavior. To verify the influence 
of natural frequencies and structural characteristics on the 
processing quality, Chan et al. [8, 9] implemented FEA to 
extract the static and dynamic features of the machine. An 
AIM polynomial was used to establish a prediction model 
for the quality processing of a five-axis machine. Several 
modal analysis techniques are widely used to investigate 
a structure’s dynamic properties by identifying the modal 
parameters. Mbarek et al. [10] proposed a comparison of 
an experimental modal analysis (EMA) test, an operational 
modal analysis (OMA) test, and an order-based modal analy-
sis (OBMA) test performed on a planetary gear for recircu-
lating energy. Yang et al. [11] suggested a method that is 
a general kinematic modeling technique with primary use 
in the study of motion and machining accuracy analysis of 
multi-axis CNC machine tools. The kinematics equation 
form is the same whether one is modeling the motion of a 
multi-axis CNC machine tool using the motion shaft model 
or the POE model of the motion system. Wang et al. [12] 
used the Taguchi experimental design approach to produce 
the components with varying specifications by orthogo-
nalization of the dimensional parameters, and an IDM of 
dimensional parameters and structural topology is proposed 
based on the improved stiffness-mass metamodeling to fill 
the gaps in the model. Chauhan et al. [13] proposed the 
dynamic description of a wind turbine transmission. They 
used a finite element model to identify its mode shapes and 
compared the numerical mode shapes to those acquired 
experimentally. Experimental modal analysis and transient 
analysis in the ANSYS workbench were utilized to verify 
the precision of a moving column grinding machine. Chen 
et al. [14] and Wu et al. [15] evaluated the same dynamic 
and static parameters for a hydrostatic spindle and a machine 
tool, respectively. Harmonic response analysis was imple-
mented in the ANSYS workbench to evaluate the design 

response to an externally excited frequency. The acquired 
results are sufficient to prove the modal frequency of the 
machine obtained by modal analysis and the probability 
of resonance while working. Lu et al. [16] verified a gan-
try machine tool crossbeam using FEA and concluded the 
effect of frequency on the rigid behavior of the machine. A 
high-speed five-axis machine tool was tested for its internal 
frequencies, stiffness in static conditions, and variable posi-
tion, and was evaluated for its transient response. Based on 
the results, the bed was redesigned to improve the results 
further [17].

It is preferable to reduce the majority of the weight of 
the CNC machine while maintaining sufficient stress to 
withstand external loads during the research process. Hong 
et al. [18] used CAE with commercial software as a research 
method to analyze the linear static construction, stress, and 
deformation for the secondary shaft system, primary shaft 
system, and machinery bed in a large five-axis turning-mill-
ing complex CNC machine. Chan et al. [19] used topol-
ogy optimization to create effective structural optimization 
designs. The best topology optimization conditions included 
lightweight structures, which resulted in less structural 
deformation and higher natural frequency. Huo et al. [20] 
used simulation modeling to evaluate the analytical features 
and thereby used an integrated design. The machine was 
tested for both open- and closed-frame configurations using 
ANSYS, and the results provide scope for design optimiza-
tion. Li et al. [21] optimized a crossbeam of a CNC milling 
machine using the NSGA-II algorithm. The process helped 
to reduce the deformation by 3.08% and increase the modal 
frequency by 0.42%, improving the machine’s resistance to 
resonance. Using the orthogonal experimentation method, 
Deng et al. [22] increased the optimization efficiency. Qiu 
et al. [23] analyzed the torque-angle characteristics of LAL-
CTFH, the four-bar linkage PRBM (FB-PRBM) for LAL-
CTFH was proposed as an enhanced pseudo-rigid-body 
model (PRBM) technique. By using finite element analysis 
(FEA), the method was validated. The LAL-CTFH’s con-
stant-torque output characteristics were also improved. The 
optimized model is put through theoretical analysis, FEA, 
physical prototype manufacture, and experimental testing, 
respectively. The findings demonstrate that the proportion of 
constant-torque output can increase to more than 65% in the 
0–40° range and that the average error between theoretical 
value and test value is less than 5%. This validates the viabil-
ity of the design strategy and the accuracy of the theoreti-
cal analysis. Further preceding investigation on innovative 
optimization techniques has been discussed in an orderly 
fashion.

Using a structural design optimization of surface method 
(RSM), a new hybrid algorithm that integrates simulated 
annealing (SA) and particle swarm optimization (PSO) 
algorithm is developed to solve the structural optimization 
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problem. The maximum lightweight results in a reduction 
of energy consumption by 3.22% and moving component 
mass by 8.14%, whereas it increases the first natural fre-
quency from 298.23 Hz to 306.9 Hz by a factor of 2.91%, 
and increases maximum deformation and stress values for 
the part in consideration [24]. Zhong et al. [25] investigated 
multi-objective optimization and finite element analysis and 
developed the code for this method. The structural stiffness 
of the optimized framework increased by 89% compared 
with the original, despite the 6% increase in mass and 9% 
increase in material costs. Park et al. [26] established a new 
approach in Analytical methodologies and experimentally 
validated this comprehensive strategy. A penalty function 
for the tiny milling machine was calculated using the math-
ematical model to identify the ideal structure. The optimal 
size of the machine tool structure determined by analytical 
and FEA approaches differed by 10%. Wang et al. [27] used 
Taguchi’s method, the FEM, and Gray relational analysis 
(GRA). The ideal target structure in his investigation had 
a maximum dynamic deformation of 486 μm at 35.9 Hz, 
compared to 148 μm at 40 Hz. Ibrahim et al. [28] utilized 
discrete derivatives, computational differentiation, overall 
finite differences, and continuum derivatives. The test find-
ings supported the accuracy of the finite element analysis, 
with a stress level deviance ranging from 7.75 to 10.24% 
when compared to the numerical values.

Previous studies’ findings not only encourage further 
lightweight design of CNC machine tool components but 
also give several helpful references for this paper’s investi-
gation. In this paper, we advance the state of the art beyond 
the single-goal optimization of large datasets and the direct 
use of existing optimization techniques within ANSYS. 
This paper aims to implement FE analysis and proceed with 
modal, static structural, transient, and harmonic response 
analysis to investigate the dynamic and static characteristics 
of the GA-3300 horizontal turning slant bed CNC machine. 
The computer-aided design is validated through a modal test 
experiment performed using an impact hammer, an accel-
erometer sensor, and a digital FFT analyzer. The paper also 
includes spatial position analysis, performed by moving the 
parts to distant locations and observing the changes in the 
machine’s internal vibrations and static stiffness. Based on 
the results, the machine bed, being the prominent cause of 
rigidity and the heaviest of all the parts, is redesigned to 
further improve the solutions of static and modal analyses. 
The ground supports provide a reasonable amount of rigid-
ity to the machine, and various combinations are tried to 
improve the machine’s stiffness. The topology optimization 
module in ANSYS provides an optimal solution without 
affecting the base configuration’s ability to withstand the 
externally applied loads. As shown in Fig. 1, the basic struc-
ture of the turning CNC machine tool is configured with 
three axes (x-, y-, and z-axis), and the suggested technique 

can appropriately describe the static and dynamic properties 
of machine tools.

2 � Methodology

Several books have presented the fundamentals of finite ele-
ment analysis, including Zienkiewicz et al. [29] and Bathe 
et al. [30]. White et al. [31] used the intermediate-complex 
method, which is more efficient than a fully resolved finite 
element simulation but more general than beam theory or 
homogenization. Gil et al. [32] present a general method for 
computing the dynamic response of periodic infinite struc-
tures under a moving load. In this study, the CAD model is 
imported into the ANSYS workbench for FEA characteris-
tics and to validate the aforementioned analysis technique, 
which is illustrated in Fig. 1. It is examined using FEA and 
theoretical calculations. where [k], is the element stiffness 
matrix, [δ] is the nodal displacement vector of the element, 
and [F] is the modal force vector. These element qualities 
can be formulated using one of four methods: the direct tech-
nique, the variation method, the weighted residual method, 
or the energy balance method. After putting together the 
characteristics of an element using any of these approaches, 
the variation method is widely used in the field of solid 
mechanics to construct stiffness matrices and nodal force 
vectors (constant loads). System equations are constructed 
using global/structure properties that are assembled using 
element properties.

Therefore, the finite element analysis consists of the fol-
lowing stages:

• Determine which field vari-
ables and ingredients will work 
best.

• Condemn the continuum.
• Pick out some interpolation 

routines.
• Identify the features of the 

element.
• Put together local attributes 

of individual elements to get 
global ones.

• Put the boundaries in place, as 
required by

• Get the nodal unknowns by 
solving the system equations.

• Perform the further computa-
tions necessary to obtain the 
specified values.

2.1 � Material properties

The machine model is imported into the ANSYS software 
interface, and the process begins by assigning the materi-
als associated with the parts. Grey cast iron is chosen for 
most of the parts because of its lower density compared with 
structural steel and smaller expense. The physical machine 
also uses the same material for its heavy parts, accounting 

(1)[K]e{�}e = [F]e
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for less structural weight. The tool turret and the head chuck 
have structural steel (SS) properties, which are listed in 
Table 1.

2.2 � Mesh sensitivity and mesh independence study

The generated CAD models were transferred to the ANSYS 
Workbench to create finite element models. The first stage step 
was the meshing procedure. The mesh-generation process is 
critical to finite element analysis. The calculation’s precision 

is proportional to the size of the mesh utilized. The results can 
be recognized more if the mesh is smaller, but this comes at 
a large cost in processing time. To begin, a preliminary mesh 

Fig. 1   Framework of the machine model and the working methods

Table 1   Material properties

Property Structural steel Grey cast iron

Density (kg/m3) 7850 7200
Young’s modulus (Pa) 2*1011 1.1*1011

Poisson’s ratio 0.3 0.28
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generation is performed to determine the best balance of mesh 
quality and processing time. The mesh of the model is sepa-
rated into several components during the analysis. The patch-
confirming algorithm in the software is used to produce a finer 
and more accurate mesh. The tetrahedron method is applied due 
to the fact that the machine contains multiple solid shapes and 
curves. An element’s degree of freedom should not be compro-
mised in order for the solution to converge with the experimen-
tal results. With a quadratic element order, the grid around the 
body has the greatest number of nodes and elements. Starting 
from 70 mm, the element size is brought down by 1 mm each 
time to find the best fit for the overall analysis. The meshing 
was successful at an element size of 25 mm. The mesh metrics 
of the nodes and the number of elements are given in Table 2.

The slider contacts are bonded joints between the parts 
and rails. The contact region detection setting is changed 
from the default “program controlled” to “nodal normal 
to target,” and the normal stiffness factor is changed from 
the default of “1” to “0.2.” This setting provides a solution 
that converges with the experimental data with less error. 

In order to ensure that the FE analysis was accurate for 
each situation, mesh convergence tests were conducted. 
Results from mesh convergence tests were analyzed to 
see how directional deformation, total deformation, prin-
cipal elastic strain, and equivalent elastic stress changed 
throughout a range of element matters. Figure 2 shows 
how the values of directional deformation, total deforma-
tion, principal elastic strain, and equivalent elastic stress 
changed as the number of mesh elements increased. After 
the ninth point, however, the deformation variation stabi-
lized. Therefore, a procedure for the element size meshed 
in finite element analysis (FEA) was established, and the 
converged mesh number was determined; this allowed the 
natural frequency to fall within the 1% convergent range 
in the convergent analysis of the three-dimensional geo-
metrical models of the individual subsystems.

3 � Validation

To graphically test the machine, the CAD model should 
be harmonized with the physical model. Properties such 
as weight and materials can be assigned, but to tone with 
the characteristics, at least one analytical measure should 
match the experimental results within a certain span of 

Table 2   Mesh metrics Nodes Elements

1,872,232 1,188,584

Fig. 2   The finite element 
model’s mesh convergence test 
results
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error. In this study, the experimental results of vibration 
testing are compared with the modal analysis results of 
computer-aided design. This process validates the resem-
blance of features, allowing us to proceed with further 
studies on the machine, sketching, and remodeling if pos-
sible. To correctly detect the internal frequencies of a 
system, it is important that the size and shape of the body 
represent the physical geometry.

3.1 � Modal analysis

A preliminary modal analysis is carried out on the static 
machine considered to be at rest in order to find the free 
vibrations of the machine. The modes of vibration depend 
on the system mass, stiffness, and spatial distribution of 
parts. For structures, the damping amount is generally 
neglected if it is below 10% and if it is considered that 
there is no external loading. The generalized equation of 
the motion of a body is as follows:

When the damping and external loading are ignored, 
Eq. (1) changes to

Along with the parameters of the boundary conditions 
in Sect. 2, the range of frequencies in the analysis is set 
to a minimum of 0 Hz and a maximum of 500 Hz, and 
the first 10 modes of frequency are evaluated. Damping 
and loading are ignored. The modal shape deformation 
of each frequency range is illustrated in Fig. 3 and the 
frequency response along with its mode shape is shown in 
Table 3. The 10 modes of natural frequency generated in 
the ANSYS workbench, considering the first three modes 
in the frequency table for evaluation as the frequency 
ranges from the fourth mode, directly affect the base of 
the machine. Such a disturbance due to vibration tends to 
move the machine completely and damage the workpiece, 
resulting in machining errors. When machining chatter 
occurs, it leads to poor surface quality, a higher rate of 
parts and tools being thrown away, and high economic 
losses [33].

3.2 � Experimental setup

In a previous study, a back-to-back impact hammer exami-
nation was utilized by Bias et al. [34]. The external exci-
tation of a structure using an impact hammer is the pre-
eminent method for finding natural frequencies in an easy 
and inexpensive way [35]. To check the convergence of 

(2)[M]
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the results, an impact hammer modal test experiment is 
performed on the physical machine. To find the mechani-
cal excitation of a structure, an external impulse is pro-
vided to the machine using a hammer. The hammer comes 
with a configurable tip made of rubber and an extender 
weight. The sensitivity configuration is adjusted as shown 
in Table 4 (Hammer). An accelerometer sensor with three-
axis calibration is used to record the vibration signals at 
different points. It contains a piezoelectric crystal generat-
ing a force that generates a high-impedance electric charge 
proportional to the applied impulse and acceleration. The 
sensitivity calibration is given in Table 4 (Accelerometer). 
Both of these devices are connected to a Signal Condition-
ing and Data Acquisition (SCADAS) unit, which is con-
nected to the NOVIAN computer program. The SCADAS/
Spectrum analyzer comes with four channels of input and 
a single output signal. The signal contains coherence, an 
auto spectrum, a time waveform, and a frequency response 
function (FRF). The FRF holds the machine’s response to 
an excited frequency. An outline of the process and physi-
cal modal testing is shown in Fig. 4.

3.3 � Data processing

To evaluate the CAD model, the physical model is tested 
for its excitation frequency by providing an external 
impulse with a hammer and recording the generated 
data. FRF is filtered out using the software features and 
imported to ME’scope software. ME’scope is a post-pro-
cessing software that can evaluate the natural excitations 
of a structure and animate the mode shapes, with built-in 
calculus functions. A shape table is formed for the first 
three modes of frequencies and compared with the modal 
frequency generated in ANSYS. The signals are collected 
from the machine area that is visible and able to be reached 
by the sensor, as shown in Fig. 5a. A total of 96 points 
are drawn from all over the machine, with an average of 
three impulse hits for each data point. The sensor is cali-
brated with the sensitivity as directed as per the manual 
provided by the manufacturer. The machine is positioned 
similarly to the CAD model, and the experiment is carried 
out. FRF displays the peaks occurring at a certain range 
of frequency when plotted. ME’scope software is used to 
perform the curve fitting and modal shape evaluation, as 
shown in Fig. 5b.

3.4 � Result and discussion

To confirm that the CAD model replicates the physical 
design, the results from the analytical solution and experi-
mental solutions are compared, as shown in Fig. 6a–c. This 
is an important step in the research study as it certifies the 
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computer sketch and relates all of the parameters set in 
the analysis. If the results do not agree with each other the 
model is remade and the simulation settings are changed. If 
the results match, the set parameters resemble the boundary 

conditions of the physical machine, allowing further studies 
based on computer-aided engineering (CAE). The acquired 
results of static analysis on the same design can be consid-
ered accurate and trustworthy.

Fig. 3   Deformation at 10 mode shapes
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As shown in Table 5 and Fig. 7, the first three modal 
shape results from the FEA and experiments have an 
error of 0.7%, 1.2%, and 0.2%, respectively. Having an 
error of less than 10% verifies that the parameters set for 
analysis are in accordance with the real condition. The 
model is confirmed to relate to the physical machine, 
allowing the research to proceed to the analytical study 
of the machine, where the machine is tested for its static 
characteristics.

4 � Analytical study

Hong et al. [18] carried out static structural analysis on a turn-
ing milling complex CNC machine to verify the uniqueness 
of the design and suggested an optimal possibility to reduce 
the weight of the machine to further improve its machining 
process. This paper adapts a similar approach to evaluate the 
design characteristics using FEA. The effect of steady-state 
loading conditions under the influence of standard gravity 
without a time constraint is evaluated in static structural analy-
sis carried out on the machine to find the displacement of the 
parts, and the static rigidity of the machine is evaluated. The 
machine is tested for its behavior when an external force of 
500 N is applied to the tool. The machine’s response to time-
dependent loads is evaluated using transient structural analysis. 
To study the vibrational excitations under the applied load, 
the harmonic response of the tool turret is observed, as the 
machining involves the effect of force on the tool.

4.1 � Harmonic analysis

Similar to the modal testing procedure, the machine is 
excited and its response recorded, and such excitation 

Table 3   Modal frequency and 
mode shapes

Modal frequency table

Mode Frequency (Hz) Mode shape

1 108.2 The axel assembly vibrates along the x-axis.
2 133.4 The axel assembly vibrates along the z-axis.
3 191.7 The tail stock oscillates along the x-axis with small movement on the axel.
4 207.05 The axel twist and the tail stock oscillate along the x-axis.
5 210.9 The head and tail stocks and the axel vibrate along the z-axis.
6 223.13 It has the same movement as the previous mode with a small diagonal 

motion of the parts.
7 257.24 Along with all the parts the base of the machine has a movement w.r.t parts.
8 277.59 The axel and the headstock twist upward in the y-axis direction.
9 318.47 All 3 parts twist upward disturbing the base.
10 328.6 Twisting motion in all the parts in the direction of the y-axis.

Table 4   Sensitivity configuration

Hammer
Configuration Tip Grey-9912
Sensitivity at 100 Hz mV/N 0.193
Sensitivity ratio at 100 Hz N/g 53.69
Accelerometer
Sensor axis Sensitivity
x 103.9 mV/g
y 104.0 mV/g
z 104.6 mV/g

Fig. 4   Experimental setup
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is carried out by applying an amount of force using the 
ANSYS workbench. The point of impact of the force is 
similar to the experimental testing point, considering that 
the point sufficiently excites the machine. The part is the 
same as that used in modal analysis because the excita-
tion range is used to form the results of modal analysis. 
The range of operation is from 100 to 350 Hz, taken from 
the modal analysis results. The frequency response of the 
tool turret is measured. A total of 250 solution intervals 
are plotted, representing a unit hertz of frequency. The 
machine responds at a certain frequency, observed through 
a change in phase angle, as shown in Fig. 8.

Clear peaks around 100 Hz, 150 Hz, and 200 Hz represent 
the excitation of the machine at a certain frequency, which 
is similar to the frequency results generated in the modal 
analysis. The results verify the modal analysis and the accu-
racy of the results obtained.

4.2 � Structural analysis

The solid body analysis deals with the equilibrium of the sys-
tem in global coordinates. The method of finite element analy-
sis solves for the displacement, induced stresses, and strains 
due to applied loads using the ANSYS software. The static 

(b)

Fig. 5   Model analysis ME’scope



2978	 The International Journal of Advanced Manufacturing Technology (2023) 129:2969–2987

1 3

analysis ignores the factors of damping and time-variant loads. 
The governing equations can be given as follows:

(4)
��x

�x

+
��xy

�y

+
��xz

�z

= 0

Where σx, σy, and σz are the normal stress components 
and τxz and τyz are the shearing stress components. For the 
finite element method, the same computations are carried 
out in the matrix form;

where [K] is the element stiffness matrix, {δ} contains the 
nodal displacement vectors of elements u, v, and w regard-
ing the global coordinates in the x-, y-, and z-axes, and {F} 
represents the nodal forces element vector in the x-, y-, and 
z-axes. The total displacement (deformation) due to the 
applied load on the tool turret is 7.6 μm, as shown in Fig. 9. 
The maximum occurs on the tool turret and the minimum 
on the base of the machine.

4.3 � Transient analysis

A restoring force is developed to optimize the externally 
occurring force in a body. This phenomenon is also seen in 
vibration, as the body tends to rest after a certain amount of 
time. For a machine of a given weight and dimensions, the 
program is set to observe for a second. Since the applied 
force and the obtained result cannot be in the same time 
slot, a four-step procedure is set. The time slot of 1 s is 
divided into 0.02 s elements. A force of 500 N is applied to 
the machine in the first slot, and the number of seconds the 
machine requires to adjust to the force is observed. Step 2 
takes place at 0.04 s, step 3 at 0.5 s, and the fourth step ends 
at 1 s. Besides the setting of the time steps, all other bound-
ary conditions are identical. The time taken to converge to 
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Fig. 6   Modal analysis; a–c modal test—ME’scope

Table 5   Test comparison and error

Impact hammer test and ANSYS result comparison

Mode Workbench (Hz) Me’scope (Hz) Error (%)

1 108.2 109 0.7
2 133.4 135 1.2
3 191.7 192 0.2

Fig. 7   Comparison between the FE results and the experimental 
results
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a linear deformation is 0.42 s, which falls within the range 
of many such machines. The curve is portrayed in Fig. 10.

4.4 � Spatial analysis

The performance of the machine changes with respect to the 
position of the parts. To check the variations caused due to 
the motion of the parts, the mobile parts are moved to dif-
ferent positions along the guideway and tested for changes 
in internal frequencies and static rigidity. This procedure is 
referred to as spatial analysis, as shown in Fig. 11, demon-
strating the changes occurring within the machine. There are 
three moving parts whose position can be altered depending 
on the physical condition: the axel (A), the tailstock (B), 
and the tool turret (C). These parts are varied based on the 
work piece and the operation. The model has a total of 27 
spatial positions to which the machine parts can be moved, 
providing a graphical representation of the behavior of the 
machine at its natural frequency. The conditions applied are 
at the initial point (A1, B1, and C1), a middling point (A2, 
B2, and C2), and the extreme endpoint the parts can reach 
(A3, B3, and C3). The points taken are the edge-to-edge 

Fig. 8   Harmonic response

Fig. 9   Total deformation, according to static structural analysis
Fig. 10   Transient response

Fig. 11   Spatial positioning plane
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distance rather than the midpoint of the part. The machine 
has no y-axis motion.

All possible combinations of the positions are applied 
and analyzed for their vibrational and static structural sta-
bility. The parts are moved from their initial position (start-
ing/working point) to their extreme end position (resting/
no work point). The placement of the parts is given below 
in Table 6.

From (A1, B1, and C1) to (A3, B3, and C3), the thread 
lines drawn on the plot represent a decrease in the internal 
frequency. For the first nine models, where the parts are 
close to each other as if in a working position placement, 
the machine has higher range of vibration, which is healthy 
for a machine to avoid resonance. This also indicates that 
the concentration of the mass of the parts has a noticeable 
effect on the dynamic properties of a complex mechanical 
design. The machine’s internal frequency changes for mode 
1, 2, and 3 are shown in Fig. 12. From the above study, the properties of the machine 

under loading and spatial displacement are clearly under-
stood, and this clearly implies that the machine design 
is sustainable under almost all machining conditions. 
Since the CAD model also resembles the physical one, 
slight improvements can be made in terms of increasing 
the rigidity with a weight-reducing principle and cutting 
the costs of manufacturing. To improve the rigidity, two 
methods were considered, which are discussed below. The 
biggest and heaviest part of the machine is the base. All of 
the parts rest on the base, and stability is achieved, with 
structural benefits provided by the bed of the CNC. This 
research mainly focuses on changing or improving the 
bed design. Ground support is the key factor in providing 
a rigid platform.

4.5 � Rigidity analysis

To increase the static rigidity of the machine, the type of 
ground support upon which the machine is rested is changed. 
The change in the range of frequencies is found by perform-
ing a modal analysis on each of the models. Structural analy-
sis is performed to evaluate the machine’s rigidity.

4.5.1 � Modal analysis—changed base supports

The machine is evaluated for its virtual design, and moving 
forward, the machine is tested for its behavior when the type 
of ground support is changed. Three conditions are consid-
ered: First, when the whole machine is placed on the ground, 
the amount of surface coming into contact with the ground 
increases, as shown in Fig. 13, which reflects the increasing 
static rigidity of the machine. In the second condition, the 
machine has eight ground supports in the physical form, as 
shown in Fig. 14. The third condition increases the number 
of supports to 10, evenly spread across the surface area of 

Table 6   Spatial position-part placement

Part-placement

Model Axel (mm) Tailstock (mm) Tool turret (mm)

[A] [B] [C]

1 230[A1] 150[B1] 104[C1]
2 230 150 204[C2]
3 230 150 304[C3]
4 530[A2] 150 104
5 530 150 204
6 530 150 304
7 730[A3] 150 104
8 730 150 204
9 730 150 304
10 230 350[B2] 104
11 230 350 204
12 230 350 304
13 530 350 104
14 530 350 204
15 530 350 304
16 730 350 104
17 730 350 204
18 730 350 304
19 230 500[B3] 104
20 230 500 204
21 230 500 304
 22 530 500 104
23 530 500 204
24 530 500 304
25 730 500 104
26 730 500 204
27 730 500 304

Fig. 12   Machine’s internal frequency changes for modes 1, 2, and 3
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the base, as shown in Fig. 15. Although the first condition 
is not possible, it is tested in order to compare the results. 
The three sets of ground supports are shown below, and their 
frequencies are given in Tables 7, 8, and 9.

When the ground supports are removed, the machine lies 
completely on the ground. In this condition, a large amount 
of surface area is in contact with the ground. The internal 
frequencies are shown in Table 7. The actual model has 
unevenly spread supports, balancing the major parts of the 
machine. When the fixation method is changed, according 
to the results of model (1), the machine is more rigid com-
pared with the real model. For a design with evenly spread 
fixation supports, there is a nominal increase in the internal 
frequencies. A comparative graph of the three tables shows 
that the distinctive vibrations developed due to changes, 
as shown in Fig. 16. The noticeable change among the 10 
modes of frequency suggests the effect of fixation on the 
rigid behavior of the machine, as shown in Fig. 16. As pre-
dicted, a machining center is fixed to the ground in order to 
keep up with the vibrations, displacements, and fluctuations 
during the process. An increase in the surface area of the 
fixtures makes them stable enough to withstand the chatter. 
The same principle is applied and the number of ground 

supports is increased, which results in an increase in the 
natural vibrations of the machine.

4.5.2 � Static structural analysis—modified design

The machine is analyzed in static condition, and the parts 
are maintained in the resting position, similar to the analysis 
earlier. All of the conditions are identical, except for the 
fixed-support region. The boundary conditions, such as grav-
ity and the amount of externally applied force, are one and 
the same. Model (2) was tested earlier, and the results are 
displayed in Fig. 17b. The total deformation of the system 
is 7. 61 μm. Model (1), with a plain base, has a static defor-
mation of 5.8 μm under same loading condition of 500 N 
external force on the tool turret. The obtained solution is 
displayed in Fig. 17.

The base is firmly fixed to the ground, avoiding any minor 
movement to a large extent. The total deformation demon-
strates a great decline compared with the original model. 
As the machine rigidity increases with the increase in the 
surface area in contact with the ground, the final condition of 
having more supports to fix the base would be an appropri-
ate possible design modification for future advancements. 
Model (3) has an increased number of ground fixtures, and 

Fig. 13   Model (1)—without ground supports Fig. 14   Model (2)—8 ground supports
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the static deformation is given in Fig. 15. The obtained 
result is anticipated by the preceding result. The machine 
has a total deformation of 6.8 μm, with a stable base com-
pared with the original construction. The results are plotted 
together to provide comprehensive detail of the solutions, 
as shown in Fig. 18.

The displacement of the components decreases with 
an increase in the number of ground fixtures, allowing the 
machine to sustain greater loading conditions. Gao et al. [36] 

using the topology optimization module in ANSYS work-
bench, improved the static and dynamic performance of a 
work table by reducing its overall weight by 23.2 kg. This 

Fig. 15   Model (3)—10 ground supports

Table 7   Frequency table, model 
(1)

Mode Frequency (Hz)

1 118.2
2 139.7
3 200.7
4 213.7
5 246.2
6 255.7
7 292.8
8 325.8
9 350.1
10 359.7

Table 8   Frequency table, model 
(2)

Mode Frequency (Hz)

1 108.2
2 133.4
3 191.7
4 207.1
5 210.9
6 223.1
7 2257.2
8 277.6
9 318.5
10 328.6

Table 9   Frequency table, model 
(3)

Mode Frequency (Hz)

1 110.0
2 136.6
3 196.5
4 211.5
5 221.6
6 236.0
7 273.1
8 300.8
9 332.7
10 350.4

Fig. 16   Comparison study of the frequency versus mode data of the 
three different models
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research adapts the same module to optimize the bed of the 
machine in order to improve its dynamic performance.

4.6 � Topology optimization

To show an overview of a methodology that incorporates 
analysis and optimization procedures based on nonlinear 
dynamic finite element analysis. Woytowitz et al. [37] stud-
ied that dynamic nonlinear finite element analysis can ana-
lyze and optimize structures undergoing huge motions. It 
is rigorous and computationally efficient. The methodology 
uses a broad objective function and constraint definition. 
Cheng et al. [38] used FEA to simulate SWG meshing and 
a two-step optimization technique to increase SWG per-
formance. A Tcl script integrated a mathematical model, 
mesh creation program (Visual C++ codes), FEA solver, 
and optimization solver during optimization. According to 
simulations, optimization decreased the SWG's torsional 
angle by 9.76%, hysteresis loss by 17.63%, maximum stress 
on the FS’s tooth surface by 22.24%, fatigue safety factor 
by 24.19%, and peak-to-peak gearbox error by 23.64%. 

However, intriguing studies on structural optimization uti-
lizing the Absolute Nodal Coordinates Formulation (ANCF) 
have been published [39–43]. In this study, an alternative 
way to increase the rigidity of the base is to utilize topol-
ogy optimization analysis in the ANSYS workbench. The 
base of the machine is analyzed for modal frequencies and 
stress–strain contours. Topology optimization reduces the 
weight of the machine without affecting its design character-
istics. The analysis is set to restrain 90% of the actual mass 
as a preliminary precaution to not change too much of the 
design analysis, which displays the area that is not influenced 
by any stress due to the weight of the parts lying on it. The 
marked area can be cleared using an engineering design; the 
modified design is reanalyzed, and the results are compared. 
This study’s computer-aided design and optimization proce-
dure can enhance the structure of industrial machines using 
the workflow of topology optimization shown in Fig. 19.

4.6.1 � Pre‑modification (machine bed)

Typically, the empirical procedure is utilized to design 
machine-tool castings. If not optimized, there may be an 
excess of materials. To attain high speed and accuracy, the 
structure is computer-optimized, resulting in significant 
material savings. Unnecessary material removal improves 
mechanical properties and reduces the cost of the machine 
tool. Using topology optimization, the structure of the 
machine tool was optimized in this investigation. The opti-
mization objectives included maximization of rigidity, 
enhancement of natural frequency, and quality. Maximizing 
rigidity was the objective here. The model was then modified 
based on the optimized results, and both the original and 
optimized models were incorporated into the software for 
static analysis using finite element analysis. Comparative 
modal analyses were also conducted. Finally, a comparison 
was made between the results of the modified model and the 
entire machine analysis. In this study, a novel computational 
approach is developed for the gradient-based stress-based 

Fig. 17   Static structural analysis—modified design a model 1, b model 2, and c model 3

Fig. 18   Static deformation comparison, model (1, 2, 3)
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topology optimization method, in which the volume is mini-
mized in accordance with locally defined stress constraints 
of static failure criteria within the framework of custom-
ized finite element (FE) software without direct access to 
an internal finite element information database. For stress-
based topology optimization with solid isotropic material 
and penalized methods, tailored finite elements that require 
substantial understanding and modification and do not 
explicitly provide internal finite element information have 
been used infrequently. Modal analysis is applied to the 
machine bed to find the internal excitation of the bed alone. 
The weight of the part is 4987.7 kg, as given in the proper-
ties section of the ANSYS workbench. The obtained fre-
quencies are displayed in Fig. 20. Static structural analysis 
is carried out to determine the stress and strain contours due 
to the weight of the parts lying on the bed. A representation 

of the weight acting on the bed due to the parts lying on the 
slider rails is displayed in Fig. 21.

The analysis is set to restrain 90% of the mass, as men-
tioned earlier, and the optimization region is described as 
shown in Fig. 22. Torstenfelt et al. [44] proposed an effec-
tive pre-3D CAD tool for optimizing structural parameters 
of modules shared by-products in the same product family 
platform. This type of analysis will help determine the prod-
uct’s most significant load-carrying structural components’ 
cross-sectional qualities in the first 3D CAD model.

The important sections that, when altered, directly affect 
the dynamic characteristics of the machine are excluded 
from the analysis. For the above-mentioned boundary set-
ting, the optimized results are shown in Fig. 23.

4.6.2 � Post‑modification

It has long been assumed that doing topology optimization 
while considering local stress limitations in the scope of 
customized finite element code with only basic post-pro-
cessing information is difficult or impossible. To disprove 
this notion, we created a novel approach that uses only 
basic finite element post-processing data for stress-based 
topology optimization, decreasing the volume while con-
sidering local stress limitations. The machine bed is rede-
signed, and the weight of the body is reduced to 4940.6 kg, 
which is a mass reduction of 47.1 kg. The body is reana-
lyzed using modal and structural analysis and checked for 
improvements. The results are displayed in Figs. 24 and 25.

The contours remain unchanged after the modifica-
tion, and the frequency range is increased, making the 
bed more rigid than in the earlier version. The design 
space, objectives, and variables (also known as the opti-
mization parameters) are presented from a computational 
perspective. The machine was considered when using the 
compliance objective. The outcomes were improved by 
sub-modeling. Both center- and off-center-loaded situ-
ations were taken into consideration. New designs for 
the machine bed were created based on the findings. The 
comparison of the optimized and conventional designs 
shows that weight reduction and improvement are pos-
sible (depending on the machine's production process). 

Fig. 19   Workflow of topology optimization

Fig. 20   Stress and strain con-
tours (pre-modification). a Max. 
principal elastic strain; b max. 
principal stress
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The new designs are easier to produce, more cost-effec-
tive, and environmentally friendly. Finally, this was done 
to improve the quality of the surfaces produced by the 
manufacturing procedures.

5 � Conclusions

This study simplified a complex multi-body design into a 
feasible model to extract the static and dynamic character-
istics. Although several other features of the ANSYS work-
bench software, such as damping, were not prioritized in 
this study, it can be an influential platform for engineers 
to design and analyze various mechanical engineering 
problems. The process of FEA started with modal analy-
sis to evaluate the internal frequencies of the machine. The 
influence of the machine frequency in each mode implies a 
certain displacement of a part in the machine, affecting its 
machining process. The feasibility of impact hammer testing 
is adequate for engineering procedures.

The CAD model validated with an error in the sen-
sible range allows us to continue with other analyses. 
The static, harmonic, and transient analyses evaluate the 
machine under various loading conditions, describing the 
machine’s performance. The dynamic and static analy-
ses show the behavior of the machine under preloaded 
conditions resembling the working state. The closer the 
parts, the lesser the deformation, which is a beneficial 
factor while machining. The variation in the modal fea-
tures varies linearly along with the movement of the 
parts, as displayed by the spatial analysis. When the 

Fig. 21   Weight-induced areas on the base

Fig. 22   Analysis region setting

Fig. 23   Topology optimization result

Fig. 24   Comparison between optimized bed and original internal fre-
quency table
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working conditions are filtered out, the amount of dis-
placement varies with the positioning of the tool turret. 
The effect of gravity and the externally applied force on 
the machine tends to change with respect to the position 
of the parts. Redesigning the bed of the machine helps 
to improve its stability by a small margin, allowing it to 
meet the user’s needs. Evenly spread ground supports 
have slightly higher-order internal vibrations compared 
with the original design. As the surface contact area 
increases, the machine’s rigidity improves, providing a 
firm base. The model that is fully placed on the ground 
is more rigid than other models. This condition can be 
predicted, as the more ground contact, the more stable 
the body will be.

The modal analysis result increased by 2.16% on average 
for the first three modes. The static deformation exhibited a 
10.2% decrease in the amount of total displacement in the 
moving components. The topology optimization of the base 
improved the internal frequencies of the base without affect-
ing its original features. An increase in the vibration range 
reduces the likelihood of the machine experiencing reso-
nance that could disturb the machining. The body weight of 
the CNC bed is reduced by 0.9% without drastically chang-
ing its shape, and the results improved by 1.03%, 1.9%, 
and 1.6% for the first three modes of the natural frequency. 
An average increase of 1.51% in the stability of the base 
improves the rigidity of the whole machine. A reduction 
of 45 kg in weight has a noticeable benefit for the structure 
without affecting its originality. The factors of rigidity, stiff-
ness, and deformation are ideal for any operating mecha-
nism. The extent of these features has a noticeable effect on 
the processing quality of the machine. Dynamic feature eval-
uation helps us learn about such machines. A lathe machine 
is used in surface finishing and in making assembly fixtures, 
which demands the best possible accuracy.
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