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Abstract Structural Integrity and its response to the subjected cutting forces during machining,

plays a vital role in the performance and the life of the machine tool. The machine tool must meet

the demands of the stiffness and easy maintenance; in absence of this the desired machining accu-

racy during cutting operation is not achieved. While at the same time the machine structure cannot

be made heavy which increases the manufacturing cost. The use of stiffener plates is a solution to

this problem. However, the selection of the appropriate locations of stiffener plates based on only

designer’s design knowledge and experience may not lead to desired results. Hence, Structural anal-

ysis in conjunction with the structural optimization methods are employed for getting optimized

structures. In this paper, experimental results obtained from the cutting force measuring machine

which was manufactured for the experiment were used to analyse and optimize the structure of

machine tool. The analysis and optimization were done with the help of Finite element methods

technique (Optistruct solver) and modelling being done in Hypermesh. The optimized structure with

stiffeners, led to the decrease in the maximum displacement thus increasing the stiffness of the

machine structure while avoiding resonance.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Static and dynamic stiffness are crucial parameters in machine
tool construction. The machine’s output, accuracy, and speed
are all affected by these parameters. This means that the design
of the machine itself has a negative impact on its efficiency
[1,2]. When it comes to high-precision machining, a problem

that has recently emerged is the dynamic nature of machine
tools, particularly vibration brought on by a lack of rigidity.
Many researchers have examined the issue of machining error

caused by the reduced rigidity of the machine frame and con-
cluded that it is a significant barrier to achieving precise
machining [3–5]. Machine tools during manufacturing

processes, faces many issues due to weight of its own assem-
bled components, handling and operating large volumes of
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material, and forces due to dynamic loading caused during cut-
ting operations. This causes several problems, including stres-
ses, strains, resonance, chatter, etc. For the sake of safety and

extending the machine tool’s lifespan, it is essential to maintain
these stresses and strains below the permissible limits. To pre-
vent machine tool failure and regular maintenance expenses,

the machine tool’s design and material must be carefully cho-
sen. The research carried out by numerous researchers makes
the significance of the material choice obvious [6–8].

Since the structure’s configuration significantly affects the
machine tool’s dynamic properties, it’s important to investi-
gate it early in the design process. Conversely, only few manu-
facturers make use of advance technology and instruments to

check out different design configurations due to its high cost
involved and large time consumption. Therefore, there is a
need for easy-to-use and dependable simulation software to

avoid these problems. The two main examples of simulation
approaches for machine tools are the finite element method
(FEM) and the rigid multi-body simulation (MBS) [9]. The

FEM is a popular and commonly used model in industry. Sev-
eral researches have been carried out using the FEM to model
machine components [10]. Experimental evaluation for stabil-

ity of cutter blade in ANSYS (Analysis of systems) revealed
that machine structure design played a significant role in it
[11]. Other different research in FEM software [12–14] has
revealed that the structural design and optimization is a crucial

component for cutting tool stability and the reduction in mass
and volume. Lightweight and high stiffness designs are possi-
ble with the help of the careful and judicious use of the opti-

mization methods [15]. It is possible by elimination of the
redundant elements leading to reduction in the material uti-
lized to a great extent [16]. Design is motivated by the

designer’s intent, the purpose for which the machine is made.
The decisions are based on the resources’ availability, cost,
and need. In order to get the desired results, a good design

must employ the fewest resources possible. The right material
must be chosen and used to its full potential when the
machine’s design is cost constrained. They can be accom-
plished via the material choice, structural design, and CNC

machine tool control system [17]. Today, a large range of
materials, including steels, cast irons, and reinforced composite
materials, are available. Additionally, there are currently new

intelligent and smart materials on the market that have sensors
and actuators. Due to the costs involved in such alterations, it
might not always be possible to replace the material totally

[18]. The utilization of components like ribs is beneficial when
lightweight components and material cost are important in
product development. The machine tool construction is made
stiffer by the inclusion of ribs. To determine a rib pattern’s

appropriateness and ability as a machine component, a thor-
ough investigation of the various rib patterns is necessary
[19]. Even when the designer’s expertise and analytical research

produce well-calculated outcomes, it could not be the ideal
answer. To make the machine more flexible and less redun-
dant, it is preferred that the location of these components be

determined by the loads that machine is experiencing. This
issue might have a solution in topology optimization. It is
the kind of structural optimization that is most versatile. To

achieve the specified purpose, it seeks to identify the ideal
material distribution within the design area. It satisfies the
greatest design purpose, which may be followed by design
fine-tuning to provide other design improvements [20,21].
1.1. Machine tools and cutting forces in wood

Research on evaluating the mechanical characteristics of wood
has been ongoing for a long time. Numerous techniques have
been employed to assess the orthotropic characteristics of

wood. To estimate these parameters many researchers has use-
d an off-axis tension test using digital image correlation exper-
iments [22]. A few non-destructive techniques have also been
used on culturally significant specimens [23]. The anisotropic

property of wood causes the variance in cutting force. Accord-
ing to research on the handsaw’s cutting mechanism for wood-
working, the mechanism for cutting across and along the grain

is different [24]. The many cutting processes include bending,
shearing, and chiseling. Therefore, proper consideration is
needed while calculating cutting forces. Dynamometers are fre-

quently employed to determine these forces. The studies were
carried out for cuts of varying depths on the same workpiece
as well as cuts of the same depth on several workpieces which

revealed that in terms of tool life and power usage, cutting
force is crucial [25–27]. It was also found that the variation
in estimated angle between tangential and cutting force affects
tool wear [26]. For determining the cutting force, there are

other additional techniques, such as density models and
mechanical features. The best explanation for wood machining
was found due to the elastic nature of wood [28]. Wood, it

seems from what we were able to determine from our literature
review, is a highly anisotropic material, with material qualities
varying in each direction of grains. Species differ in their abil-

ity to cut because each has its own unique mechanical feature;
this makes the cutting operation non-homogeneous and makes
the prediction of cutting force difficult. CNC machine used for
carving of wood is now days modeled using finite element anal-

ysis (FEA), and the results are reviewed, analyzed, and opti-
mized based on the tasks they will do. The input parameter
in design of these wood carving CNC machines starts from

the cutting force which the system should withstand. Addition-
ally, analytical techniques for component selection and stabil-
ity calculation are investigated using the cutting force. The

necessity for calculating cutting forces of wood is due to man-
ufacturing of light weight CNC machines for carving in differ-
ent woods.

1.2. Structural analysis and topology optimization

Analysis, both static and dynamic, is essential for determining
how machine tool structure behaves. These analyses have been

used in many different types of research to forecast how

machine tools will perform [29–32]. For example, in the study
of the optical aspherical machine [30], it was discovered that

the stiffness was significantly lower in the horizontal than in
the vertical direction for the grinding process. The ram (z-
axis guideway) when subjected to modal analysis, the initial

natural frequency was discovered to be greater than twice that
of the maximum spindle speed [30]. Numerous other studies
have carried out on structural analyses of lathe beds [29], tool

beds [33], and CNC router [34]. One of the latest engineering
design methodologies, structural optimization has helped
to create new products with increased stiffness and reduced
weight. Structural optimization can be classified into three cat-

egories namely topology, size, and shape optimization based
on the type of design variables. Size optimization is used when
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the shape and topology of the structure are known. The thick-
ness of the members is treated as the design variable. Shape
optimization, on the other hand, is used when the topology

of the structure is known and one must find the appropriate
shape of geometry like the holes, fillets, etc. Topology opti-
mization is used to find appropriate material topology that ful-

fills the given design criteria. These three categories of
optimization refer to different stages of the design process
[35]. Topology optimization, also known as the conceptual

design, is followed in early design stages. Size and shape opti-
mization are collectively known as design fine-tuning that is
used in later stages of the design cycle [36]. It was also found
from previous study that few researchers have employed these

three optimizations’ techniques in a single step. This helps in
maximum utilization of design space and leads to better results
[37–40]. Topology Optimization is one of the latest optimiza-

tion techniques and is one of the best option for the creation
of innovative products [41]. The use of these techniques has
been widely appreciated in many industries including aeronau-

tics, automotive etc. [42]. The advances in the field of additive
manufacturing have encouraged the use of optimization in var-
ious fields. For instance, topology optimization with Additive

Manufacturing (AM) was used for the creation of the module
of a humanoid robot. The robot was designed for football
championship for which mobility and hence low weight was
the design objective. Topology optimization was done for three

different materials and was manufactured using AM. It was
found that the topology optimized parts were better in strength
as compared to the initial design. However, Aluminum alloy

offered more advantage due to its low weight even outperform-
ing the initial component load bearing capabilities with similar
material properties [43]. Topology optimization problem may

be based on many different optimization methods [44]. The
research carried out by using three different software for an
optimization problem with same loads, materials, and con-

straints, it was found out that due to different algorithms used
by these software’s they obtained different final topologies.
The differences in them being the way they treat the design
domain [45]. The topology optimization is classified into two

groups: soft skill and hard skill methods. Soft skill methods
allow for partial material densities whereas ESO (Evolutionary
Structural Optimization) which is a hard skill method itera-

tively removes or adds a finite amount of material. The soft
skill methods like level set methods; soft skill options (SKO)
and evolutionary algorithms (EA) require further research to

be more acceptable as design tool. It was found that Solid Iso-
tropic Microstructure with Penalization (SIMP) which is one
of the soft skill methods is the most researched and imple-
mented method. The effectiveness of this method has been pro-

ven by various researches done in the field of structural
optimization. SIMP topology optimization technique was used
for the optimization of a perforated beam web opening. It was

found that the topology optimized design performed better at
stiffness, shear buckling load and yield load [46]. The optimiza-
tion’s value as a design tool has been confirmed by several

researchers. One of the researchers optimized the lathe bed
using ANSYS software. To confirm that the optimized section
functioned better than the original bed, they used the Finite

Element Method (FEM) to do static and dynamic analysis.
Topology optimization requires the selection of suitable con-
straints. On the topology optimization problem, it was discov-
ered that manufacturing constraints lead to greater compliance
values. The type of manufacturing process, size, and shape all
affect how the manufacturing constraints are implemented;

however, this kind of constraint is not necessary because opti-
mal solutions typically form self-supporting structures [47,48].
From the literature review it has been found that although

topology optimization is the effective tool for machine struc-
ture manufacturing, but a very few literatures related has
found to use it with dynamic loading conditions of cutting tool

operation for avoiding bending stiffness in structure to achieve
high machining precision. Secondly the conjunction of struc-
tural analysis and optimization simultaneously using FEM
(Hypermesh and Optistruct) software is today’s design require-

ment. In the present work, topology optimization is used for
finding best topology under the given set of the load conditions
for which the cutting force measuring machine has been

designed specifically because in many studies the actual load-
ing is not involved in analysis as found. The optimal topology
finally obtained for cutting force measuring machine was com-

pared with originally fabricated structure to see the effect of
the design modifications using FEM. Also, the present
research is based on energy method for measurement of force,

which can be further advanced to measure actual cutting force
measurement without providing any compensation consider-
ing the flexibility of the workpiece. In many cases, traditional
direct measuring devices cannot be used because they would

disrupt the cutting process. Both the cutting forces and the sur-
face roughness are nonlinear with increasing cutting tool diam-
eter. The response characteristics are highly sensitive to the

diameter of the tool. In energy method the tool diameter factor
is not required. The product available in market such as Lathe
Tool Dynamometer, Piezoelectric force measuring systems

etc., for cutting force measuring operations start from 5 to 6
times costlier than current proposed model in this study. The
present research is a step to fabricate indigenous cutting force

measuring machine which apart from measuring the cutting
force combined apply the topology optimization on the struc-
ture against these forces. There are several other methods for
indirect calculation of cutting forces like chip thickness accu-

mulation, Mathematical modelling of flexibility matrix etc.,
but these requires further processes like scanning electron
microscope testing and other validation techniques. Topology

optimization is used in the initial phase of the design to which
is obtained from the functional specifications to optimally dis-
tribute material inside the available volume of a structure.

Also, it has the biggest optimization potential and thus a major
influence on the behaviour of the final structure and its quality
of response. Conceptually, topology optimization is a mathe-
matical technique used in design development. This strategy

was developed to distribute the available resources more
evenly across the model. A design is generated by the pro-
gramme considering the designer’s constraints, the applied

load, and the available space. To put it simply, topology opti-
mization is the process of making a design space out of a 3D
model. To make the design more effective, it then eliminates

or relocates internal components. The novelty of the present
work is that the method is suitable for mini and micro indus-
tries and research for modelling and manufacturing of small

CNC machines for wood carving, where the present research
work provides two important inputs i.e., cutting force data
and topology optimization. The present study is helpful for



Table 1 Cutter specifications for experimental investigation

of wood.

Cutter type Circular Saw

Cutter material Aluminum body with titanium cutter teeth

Number of teeth 40

Cutter diameter 102 mm

Table 2 Specimens used for wood cutting.

Wood Dimensions (mm) Moisture Content by weight (%)

Teak 150 � 50 � 20 9.19 %

Sal 150 � 50 � 20 12 %

Mindi 150 � 50 � 20 13.78 %

Deodar 150 � 50 � 20 8.28 %

Sheesham 150 � 50 � 20 10 %

Table 3 Cutter specifications for experimental investigation

of metal.

Cutter type Parting wheel

Cutter material Aluminum oxide

Cutter diameter 102 mm
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designers, manufacturer, and researchers to design and modify
the new and existing machine tool structure and its fabrication
using this approach at low cost and simple in calculation.

2. Methodology

Machine tools are subjected to high vibration during cutting

operation. Therefore, it requires high static and dynamic stiff-
ness. The objective of current investigation is to find appropri-
ate topology for stiffener plates avoiding resonance condition.

The cutting force calculated from experimental results is used
for the topology optimization and structural analysis for
design validation.

2.1. Experimental analysis for finding the cutting force

The cutting experiments were performed in the two directions

perpendicular and parallel to the grain for the wood. Five
wood samples were chosen for the analysis: Teak, Deodar,
Mindi, Sheesham and Sal wood. In which two are softwoods
(Mindi and Deodar) and three are hardwoods (Teak, Shee-

sham and Sal). A constant feed rate of 714 mm/min was used
for the experimentation. Wood is orthotropic in nature which
leads to variation in the cutting force in the three perpendicu-

lar directions. The cutting force was investigated in two direc-
tions. Five observations were taken for each wood in
tangential and radial directions for investigation to see the

variation of cutting force in these two directions. Fig. 1 shows
the three views of cutting force measuring machine. The work-
piece is held in G-Clamp. The scissor jack is used for feed
whereas cutting power is provided by the motor. A 180 W

AC motor is installed in the machine. Voltammeter displays
the reading of the current and voltage supplied to the motor.

Table 1 and Table 2 give the cutter specifications for the

experimental investigation of wood and information about
the wood samples, respectively.

The aluminum sample was also investigated using a similar

experimental setup with parting wheel as the cutting tool. An

L-shaped specimen (25 mm � 25 mm � 2 mm) was used. The

cutting was done perpendicular to the cross-section of the
workpiece. Table 3 gives information about the cutter
specifications.
Fig. 1 Front, top and side view of the cutting force measuring

machine.
2.2. Finite element model of the machine

The finite element model of the machine tool was prepared in
Hypermesh. The model was based on three assumptions.
Firstly, the machine was fixed at bottom and not allowed to

move in any direction. Secondly, all the components of the
model were homogeneous and isotropic. Lastly, motor was
replaced by a concentrated point mass placed at its centre of

gravity. Centre of gravity of the motor was calculated by care-
ful examination of the geometry of the motor.
2.2.1. Materials and loads

Machine tool structure, scissor jack, bearing housing, spindle
was made up of mild steel, alloy steel, cast iron and mild steel
respectively. The cutter was made up of aluminum with tita-

nium teeth. G-clamp and pulley material was taken as cast
iron. Two loading cases were setup one considering the static
load and other considering the dynamic cutting forces. The

loads were applied to the workpiece and on the cutter teeth
in contact with the workpiece. The force was uniformly dis-
tributed between the cutter teeth in the direction tangential

to the cutter. The loads were variable as cutting forces vary
with the wood and direction of cutting. Hence, the maximum
force that was experienced during the experimentation was
treated as the load for the current analysis. Fig. 2 shows mesh

strucure with loading and boundary conditions with mesh
element.



Fig. 2 Finite element model of cutting force measuring machine.
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2.2.2. Geometric constraints

The constraints were applied on machine tool to restrict the
motion of the machine tool structure. The feet of the structure
were assumed to be fixed in all three directions not allowing

any movement in any direction.

2.2.3. Element size

Element size plays a very important role in the structural anal-

ysis. Element size must be sufficiently small for required accu-
racy on the solution. Smaller size elements, however, increase
the solution time. Average element size of 1.5 mm was used.

Hexahedral solid elements were used for three dimensional
components whereas quad shell elements were used for two
dimensional structures. Machine tool structure is modeled by

quad shell elements while all other components by hexahedral
elements. The number of pentahedral and triangular elements
which comes with the hexahedral element was kept below 4 %.
Rigid elements, RBE2 were used to connect mass element

CONM2 i.e., motor with machine frame. Sixteen elements
were used for modeling the hole. The local mesh refinement
was done to have stress results with accuracy of ±0.001 N/

mm2. Table 4 shows the types of elements for the present
FEM analysis.

2.3. Finite element analysis

The FEA analysis was done with the help of Optistruct soft-
ware. Three different analyses were performed using the simi-
lar constraints. First, linear static analysis was done by

considering the body forces only. No loads whatsoever were
Table 4 Type of element for FEM analysis.

Type of elements Element information Value

Quad shell elements Number of nodes 73,561

Number of elements 71,422

Hexahedral solid elements Number of nodes 398,620

Number of elements 303,484

Rigid body elements Number of nodes 42

Number of elements 1

Mass element Number of elements 1
acting on the machine except gravity. The static analysis
reveals the stresses setup in machine tool due to the body
weight of machine and its components. Then a linear dynamic

analysis was performed by considering the dynamic forces i.e.,
cutting forces. It was assumed that the cutting forces act tan-
gential to the cutter. The cutting forces were applied on the

cutter as well as the workpiece. It helps us to find the nature
and type of stresses acting on different components while cut-
ting. Lastly, a modal analysis was done to reveal the different

modes of vibration and check for condition of resonance. The
rated motor rpm was found to be 1440, which was verified with
the help of a tachometer. However, the rpm was variable dur-
ing cutting, the minimum being 1330. The former was consid-

ered for analysis and evaluation. The frequency of the motor
was hence calculated to be 24 Hz from Eq. (1). For safety,
24 ± 10 Hz frequencies of the structure were restricted during

optimization.

f ¼ N

60
ð1Þ

Where, f is the frequency of the motor in Hz or cycles per
second and N is the rpm of the motor.

2.4. Topology optimization

Appropriate location of the stiffener plates in the machine tool
structure used depends upon the experience and design knowl-

edge of engineer. The design hence obtained was good, but it
would be difficult to achieve the best results under given load
conditions. Topology optimization, however, is a powerful

tool in these types of uncertain conditions. The initial dimen-
sion of the machine tool structure as shown in Fig. 3, the
dimensions of the machine tool structure are in millimeters.

Topology optimization helps in finding the right material dis-
tribution that would satisfy the given constraints under given
load conditions. The objective of the current problem was to
maximize the displacement stiffness of the machine tool struc-

ture. Hence, compliance minimization was treated as the objec-
tive of the given problem. The constraints were provided on
the volume of the structure and natural frequencies of the sys-
Fig. 3 Initial dimension of machine tool structure of cutting

force measuring machine.
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tem. The mass constraint was fixed to 35 % of the initial vol-
ume. Natural frequencies ranging from 14 to 34 Hz were con-
strained. Also, manufacturing constraints of minimum

member size of 25 mm were applied to the problem. The Fig. 4-
a-b gives the methodology that was used in the current inves-
tigation and pictorial representation of the steps.

The mathematical expression for the minimum compliance
optimization is given in Eq. (2).

Minimize : C x; uð Þ ¼ 1
2
uTKu

subjectto : Ku ¼ f

V xð Þ ¼ R
X xdX � Vc

ð2Þ

Where, C(x, u) is the global compliance, K is the global
stiffness matrix, x is the density vector, u and f is global dis-
placement and global load vector, O is the design domain;
Vc is the volume constraint [35]. Optistruct uses the SIMP

optimization method for the Topology optimization. It allows
the material densities to have fractional densities from 0.001
(least important) to 1 (most important) for any given location

in design domain. It informs the designer which parts are nec-
essary and one that can be eradicated. The fractional densities
are multiplied with the young’s modulus using a suitable penal-

ization factor for getting modulus values at any given location
given by Eq. (3) and Eq. (4):

0:001 � xi � 1 ð3Þ

EðxÞ ¼ xpE0 ð4Þ
Fig. 4 (a) Methodology followed in the
Where, xi is local density vector, p is the penalization fac-
tor, E0 is absolute value of young’s modulus and Ep is Young’s
modulus at any given location [35,49]. Additional constraints

on frequency were applied as given below in Eq. (5).

xi � xn � xj ð5Þ
The xn is the circular natural frequency of nth mode; xi and

xj are the upper and lower limits of the restricted circular nat-
ural frequencies. It is calculated through modal analysis, by
solving the free vibration equation as given in Eq. (6). The

solution of which is given in Eq. (7).

M€xþ Kx ¼ 0 ð6Þ

K� xn
2M

� �
Wn ¼ 0 ð7Þ

Where M is the mass matrix, K is the global stiffness
matrix, €x and � is the acceleration and displacement vectors;

Wn is the Eigen vector or mode shape of nth mode [32,50].

3. Results

3.1. Experimental analysis for finding the cutting force

Experimental investigation of wood cutting on the machine
was done to determine realistic loads acting on the machine
tool structure. The difference in power utilized by machine

during cutting and idle condition was used for the estimation
of the cutting force. The power developed by motor is calcu-
lated by Eq. (8).
present work, and (b) Pictorial view.
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P ¼ VICosU ð8Þ
Where P is the power developed by motor in Watts, V is the

Voltage in volts, I is the Current in amperes and U is the phase

angle between voltage and current. Cos U is termed as power
factor, measure of true power absorbed by the motor. The true
power developed by the motor is a function of the motor
power factor. It is zero at no load condition [51]. Hence, suit-

able power factor correction factor must be applied to estimate
the power output [52,53]. However, the power factor of the
single-phase domestic motor is low in comparison to the

three-phase motors used in industries [54]. It was assumed that
the power factor variation with load is linear. This assumption
is good for estimation of power factor at loads greater than

50 % of full motor output. However, at lower loads the rela-
tion between the two is highly non-linear which gives inaccu-
rate power factor values and hence cutting force values may

be incorrect. The power factor for the motor was calculated
to be variable from 0.16 to 0.248 for half and full loads respec-
tively [55]. The cutting force was calculated from equation
(10), and the maximum value was used further in analysis

and optimization results that were obtained being given in
Tables 5-9.

Tlb�ft ¼ P� 7:043

N
ð9Þ

FC ¼ Tlb�ft � 1:356

r
ð10Þ
Table 5 Cutting forces estimation for softwood in tangential cuttin

Wood Observation Cutter speed (rpm)

Mindi 1 1372

2 1387

3 1383

4 1372

5 1375

Deodar 1 1374

2 1374

3 1361

4 1380

5 1378

Table 6 Cutting forces estimation for softwood in radial cutting.

Wood Observation Cutter speed (rpm)

Mindi 1 1372

2 1398

3 1387

4 1372

5 1375

Deodar 1 1387

2 1391

3 1361

4 1380

5 1378
Where Tlb-ft is the calculated torque in lb-ft, N is speed of
motor in rpm, r is the radius of cutter in mm and Fc is cutting
force in Newton. Torque is a direct function of the power

developed by the motor and rpm of the motor. As the rpm
of the motor does not vary much during the process of cutting,
torque is mainly dependent on the power delivered by the

motor. The cutting force delivered is a function of cutter diam-
eter and torque, but the cutter diameter is same in all cases.
This implies that the cutting force is primarily the function

of the power delivered by motor only.
The cutting force was calculated for different wood samples

along the tangential and radial directions. It was found that
the cutting force required for cutting was not only dependent

on the material but also on the direction of cutting for wood.
It is due to orthotropic nature of wood. The cutting force how-
ever, for the aluminum remained same along all directions.

Hence, it was not found necessary to conduct the experiment
in different orientation of workpiece. Table 5 and 6 shows
the values calculated of cutting forces for softwood in tangen-

tial and radial direction, Table 7 and 8 shows the values calcu-
lated of cutting forces for hardwood in tangential and radial
direction and Table 9 shows the value of cutting force for

Aluminum.
It was seen that the maximum cutting force was found for

cutting of aluminum which was equal to 25.436 N. It was also
observed that in this case motor was running at full load i.e.,

180 W. It is the maximum cutting power the machine tool
could deliver, maximum loads that it will ever encounter while
g.

Cutting power (W) Cutting force (N)

101.205 14.12

81.432 11.20

100.34 13.92

80.388 11.20

81.432 11.28

98.1775 13.70

81.420 11.30

80.736 11.30

80.388 11.14

100.340 13.96

Cutting power (W) Cutting force (N)

65.136 9.06

65.964 9.02

40.832 5.62

63.756 8.88

64.584 8.98

84.564 11.64

65.964 9.06

80.736 11.32

63.756 8.82

64.032 8.88



Table 8 Cutting forces estimation for hardwood in radial cutting.

Wood Observation Cutter speed (rpm) Cutting power (W) Cutting force (N)

Teak 1 1389 64.310 8.84

2 1391 66.516 9.14

3 1382 79.344 10.96

4 1380 80.040 11.08

5 1391 66.792 9.18

Sal 1 1374 81.432 11.32

2 1381 81.432 11.26

3 1354 64.584 9.10

4 1362 81.432 11.42

5 1364 81.432 9.04

Sheesham 1 1365 101.200 14.16

2 1370 81.430 11.36

3 1355 81.430 11.48

4 1362 81.430 11.42

5 1374 101.210 14.06

Table 7 Cutting forces estimation for hardwood in tangential cutting.

Wood Observation Cutter speed (rpm) Cutting power (W) Cutting force (N)

Teak 1 1382 63.480 8.76

2 1385 80.040 11.00

3 1382 79.344 10.92

4 1384 76.692 11.00

5 1386 75.7045 10.50

Sal 1 1387 84.564 11.64

2 1391 65.964 9.06

3 1361 80.736 11.32

4 1380 63.756 8.82

5 1378 64.032 8.88

Sheesham 1 1360 162.489 22.84

2 1348 145.314 20.60

3 1330 162.489 23.34

4 1350 152.668 21.64

5 1350 144.072 20.36
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cutting. Hence, it was used further in analysis and optimiza-
tion. A low value of feed was used for the case of aluminum

as cutting at such high feeds was not possible with the
machine. This force was used for the structural analysis of
machine before and after optimization. The cutting force data

that was obtained from the experiments was analyzed using the
line diagram as shown in Fig. 5.
Table 9 Cutting forces estimation for aluminium.

Observation Cutter speed

(rpm)

Cutting power

(W)

Cutting force

(N)

1 1350 179.800 25.44

2 1365 179.700 25.15

3 1352 179.800 25.34

4 1340 178.360 25.19

5 1358 179.800 25.28
It was found that the maximum cutting force variation was
in the case of the tangential cutting of Sal wood. It was also

observed that the cutting force variation was less in the radial
direction for different observations of the given wood sample.
The results of the maximum cutting force for the tangential

and radial cutting are seen in Fig. 6. It was observed that the
results for the radial cutting of both types of wood were found
to be lower than tangential cutting. The maximum cutting

force of all cases was found in aluminum.

3.2. Analysis of cutting force measuring machine

The analysis of the cutting force measuring machine was done

for the case of static and dynamic loads. The force varies for
different material samples; hence the maximum value of load
obtained from the experimentation was used in the dynamic

analysis. Whereas static loads, on the contrary, remains con-
stant for all cases. Modal analysis was also performed on the
finite element model to find the natural frequencies of the



Fig. 5 Cutting force diagram for (a) tangential and (b) radial cutting of various wood samples.

Fig. 6 Maximum cutting force for different directions of the different categories of samples.
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machine tool. Fig. 7 gives the Von-Mises stress results for the
static and dynamic analysis of the cutting force measuring
machine.
Fig. 7 Von-Mises stress results for (a) static and (b) dy
It was found that the stresses due to the static loads were
much higher in comparison to the dynamic loads. It is due
to larger value of maximum load in static condition i.e.,
namic analysis of cutting force measuring machine.



Fig. 8 Density plot (a) Front, (b) Left and (c) Right views of cutting force measuring machine after topology optimization.

Fig. 9 Density plot (a) Top, (b) Left views of cutting force measuring machine after topology optimization near left support of scissor

jack.
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35.28 N as compared to dynamic load of 25.44 N. Also, in the
previous case the load is concentrated at point and in the lat-

ter; it is distributed over cutter perimeter [56]. The maximum
stress was found near the motor mounting location in case
of the static analysis and near the right end of the scissor jack

support beam when looking from the front in the case of the
dynamic analysis.
3.3. Topology optimization

Topology optimization of machine tool structure was used to
improve the behavior of machine tool. Although a minimum
member size of 25 mm was used, members with dimension con-

siderably less than the given value were also obtained. These
members are essential for the load transmission to constrained



Fig. 10 Density plot (a) Top, (b) Right views of cutting force measuring machine after topology optimization near right support of

scissor jack.

Fig. 11 Von-mises stress results for (a) static and (b) dynamic analysis for optimized cutting force measuring machine.

Fig. 12 Displacement results for the static and dynamic analysis

of the original and optimized structure.

Table 10 Modal frequencies of the original and optimized

structure.

Mode Original

Structure (Hz)

Optimized

Structure (Hz)

Increase in modal

frequency (%)

1 8.1 9.3 14.8

2 9.5 12.2 28.4

3 49.8 65.0 30.5

4 56.4 75.1 33.2

5 64.4 77.8 20.8
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location, hence were not completely eradicated. The mass of
the structure after optimization was found out by multiplying

the final volume by density. The mass of optimized part was
found to be 1.93 kg. Figs. 8-10 shows the density plots for
topology optimization of the stiffener plates of cutting force
measuring machine.
3.4. Reanalysis

Reanalysis was done using similar loads and constraints to see

improvement in the results of the analysis by the addition of
the stiffener plates. The results that were obtained are shown
in Fig. 11, which demonstrate a significant improvement in

both the static and dynamic stress results.
The displacement results were also studied for the case of

the static and dynamic analysis as shown in Fig. 12. The
Fig. 12 shows decrease in the displacement for both static



Fig. 13 Comparison of modal frequencies of original and optimized structure.
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and dynamic loading. The displacement for the case of the sta-

tic loads was found to be 1.278 mm and 1.001 mm for original
and optimized structures respectively. Also, for the dynamic
loads, the values were found to be 0.01375 mm and
0.01202 mm for both the structures.

The results of the modal analysis are given in Table 10,
which reveals that the constraints of the topology optimization
problem have been satisfied. Here, first five modes of cutting

machine were considered to see improvements in modal fre-
quencies due to optimization.

A comparison was made between the modal frequencies of

the original structure and optimized structure as shown in
Fig. 13. There was a significant increase in modal frequency
of third, fourth and fifth modes. However, there was not much

difference in the first two modes.
4. Conclusions

The current study used FEM to examine the structural opti-
mization of a machine tool. The issue of the structure’s stabil-
ity under the influence of the cutting force was found to be
extremely crucial for obtaining machining accuracy. To begin

the investigation, a machine tool structure was created and
cutting forces for various samples of wood and Aluminum
was estimated using the energy method. Hypermesh software

was used to model the structure, while Optistruct was used
for analysis and optimization. The initial structure was stati-
cally and dynamically analyzed, and value of maximum dis-

placement and modal frequency were recorded. The structure
than was optimized with the mass constraint fixed to 35 %
of the initial volume using stiffener plates. The optimized

structure was reanalyzed, and the maximum displacement
was found to reduce by 21.6 % and 14.5 % for static and
dynamic forces respectively. Moreover, the modal frequency
of optimized structure was increased as compared with original

structure by a maximum value of 33.2 %, thus increasing the
gap with excitation frequency and hence will avoid condition
of resonance. The study attempts to provide some insight into

the optimization of the machine tool structure by using FEM
technique to increase the stability of the machine tool structure
by analyzing the location of stiffener plates to reduce overall
weight.

5. Future scope and limitation of the study

The results are based on the element size and type, as the size
of the element is reduced, the accuracy is increased and ele-
ment type selected will also affects the result, but the factors
like limitation of computer system configuration and optimiza-

tion time should also be considered. Although in the study the
average element size was kept 1.5 mm and the local mesh
refinement was done to have stress results with accuracy of

±0.001 N/mm2. The study can be improved by reducing the
element size and increasing the number of nodes by selection
of hire element type so that even a deflection in structure of

micron can be detected and avoided to have ultra-precision
work.
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