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ABSTRACT:Milling machine is one of the most versatile conventional and computerized 

(CNC) machine tools with wide range of metal cutting capabilities. Many complicated 

operations such as indexing, gang milling, and straddle milling etc. can be carried out on a 

milling machine. A spindle is a rotating member of the machine tool, sometimes it’s simply 

shaft is a rotating component that is used to hold and drive cutting toolson lathe, milling and 

other machine tools. In this paper, high speed motorized spindle is designed and analyzed under 

the given load conditions. The spindle is used to work in a milling machine. The 3D modeling of 

spindle is designed in CREO. In this work, different materials are analyzed for spindle. EN8 steel 

and carbon fiber are replaced with steel. By replacing the steel with carbon fiber, the weight of 

the spindle decreases. Structural and Dynamic analyses was carried out using ANSYS software. 

Modal analysis also is done to determine the frequencies. 
 

Keywords: high speed motorized spindle, CREO, static analysis, dynamic analysis, model 

analysis. 

 

1. INTRODUCTION 

Milling machine is one of the most 

versatile conventional machine tools with a 

wide range of metal cutting capability. Many 

complicated operations such as indexing, gang 

milling, and straddle milling etc. can be 

carried out on a milling machine. Milling 

machines were first invented and developed 

by Eli Whitney to mass produce 

interchangeable musket parts. Although crude, 

these machines assisted man in maintaining 

accuracy and uniformity while duplicating 

parts that could not be manufactured with the 

use of a file.  Development and improvements 

of the milling machine and components 

continued, which resulted in the 

manufacturing of heavier arbors and high- 

speed steel and carbide cutters.  These 

components allowed the operator to remove 

metal faster, and with more accuracy, than 

previous machines. Variations of milling 

machines were also developed to perform 

special milling operations.  During this era, 

computerized machines have been developed 

to removing the errors and provide better 

quality in the finished product. This chapter 

deals with the types of milling machines and 

various types of milling processes. 

1.1 Spindle 

In machine tools, a spindle is a rotating 

axis of the machine, which often has a shaft at 

its heart. The shaft itself is called a spindle, 

but also, in shop-floor practice, the word often 

is used metonymically to refer to the entire 
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rotary unit, including not only the shaft itself, 

but its bearings and anything attached to it 

(chuck, etc.).Machine tool spindles are 

rotating components that are used to hold 

anddrive cutting tools or work pieces on 

lathes, milling machines 

and other machine tools. They use belt, gear, 

motorized, hydraulic or pneumatic drives and 

are available in a variety of configurations.A 

machine tool may have several spindles, such 

as the headstock and tailstock spindles on a 

bench lathe. The main spindle is usually the 

biggest one. References to "the spindle" 

without further qualification imply the main 

spindle. Some machine tools that specialize in 

high-volume mass production have a group of 

4, 6, or even more main spindles. These are 

called multi spindle machines. For example, 

gang drills and many screw machines are 

multispindle machines.  

 

2. LITERATURE SURVEY 

Based on available research papers, a 

different methodology has 

beensuggestedwhich is suitable for analysis of 

spindle through the present work. Osamu 

Maedaet.al.[1] discussed an expert spindle 

design system strategy which is based on the 

efficient utilization of the laws of machine 

design, dynamics and metal cutting 

mechanics. They found the Frequency 

Response Functions (FRF) of the spindle at 

the tool tip using the Finite Element Method 

(FEM). They predicted the cutting operation at 

the required speed and depth of cut for 

different flutes of cutters. High speed spindle 

technology is critical to the implementation of 

High speed machining (HSM). The author 

presents an integrated model with 

experimental validation and sensitivity 

analysis for studying various thermo 

mechanical dynamic spindle behaviors at high 

speeds and the following effects are observed 

that is the bearing preload effects on bearing 

stiffness, and overall spindle dynamics, high 

speed rotational effects [2-5]. Few other 

researchers presented their work to develop a 

methodology for simulating and predicting 

chip flow, cutting process in flat end milling, 

operation cutting forces, temperatures and tool 

stresses using finite element analysis 

(FEA)[6]. Sahil et al. [7] presented their work 

on Static, fatigue and modal analysis of 

connecting rod under different loading 

conditions.  

 

R. A. Gujar et al. [8]presented paper 

on Shaft design under fatigue loading by using 

modified Goodman method. In this work, 

shaft was used in an inertia dynamometer 

rotated at 1000 rpm. Considering the different 

parameters like torque acting on a shaft, forces 

it helps to calculate the stresses induced. With 

the help of FEA stress analysis carried out and 

the results which were obtained from FEA 

compared with the theoretical values. 

WojciechStachurskiet.al [9] discussed the 

effect of processing conditions on the value of 

the cutting force (Fc), during straight turning 

operation. The tests were conducted while 

turning C45 carbon steel metal with and 

without the use of cutting fluid and calculated 

cutting forces were determined by using three-

component piezoelectric dynamometer. 

HaciSaglam et.al. [10] Presented a paper on 

the effect of tool geometry and cutting speed 

on main cutting force and tool tip temperature. 

During the tests, the depth of cut and feed rate 

were kept constant and found that rake angle 

was effective on all cutting forces while 

cutting speed was effective on tool tip 

temperature. Y. Lu et al [11- 13] found that 

the thermal characteristics are of great 

significance to increase the accuracy of high-

speed machine tool. In this paper the 

motorized spindle is modeled and its thermal 

characteristics analysis by finite element 

method is done using ANSYS software.  

 

The characterizing and modeling of the 

thermal growth of a motorized high-speed 

spindle are reported by Jenq-Shyong Chen et 
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al [14]. In this paper a new thermal model 

which correlates the spindle thermal growth to 

thermal displacements measured at some 

locations of the rotating spindle shaft has been 

proposed. It was found that the displacement-

based thermal error model has much better 

accuracy and robustness than the temperature-

based model. The integrated model with 

experimental validation and sensitivity 

analysis for studying various thermo-

mechanical-dynamic spindle behaviors at high 

speeds carried out and reported by Chi-Wei 

Lin et al [15]. Jay F. Tu et al [16] were 

investigated the system characteristics, 

particularly thermal effects, reliability of high-

speed spindles to support manufacturing. In 

this paper the finite difference thermal model 

is developed to characterize the power 

distribution of a high- speed motorized 

spindle. A high-speed motorized spindle 

system has been studied through static 

analysis, modal analysis, harmonic response 

analysis and thermal analysis [17]. Nagaraj et 

al [18] was investigated in high-speed 

machining, the maximum stable depth of cut 

at any spindle rotating frequency depends on 

the spindle holder-tool dynamic stiffness as 

reflected at the tool’s free end. Because this 

dynamic stiffness can vary with rotating 

frequency, we have modeled the spindle 

dynamic response using a finite element-based 

rotor dynamics approach. 

 

3. GEOMETRY AND MATERIALS OF 

SPINDLE 

In milling machines, spindle is an 

important element in influencing the accuracy 

of the machining and the productivity.The 

geometric quality of high-precision parts is 

highly dependent on the dynamic performance 

of the entire machining system which is 

determined by the interrelated dynamics of 

machine tool mechanical structure and cutting 

process. In 2D model spindle, length 450mm, 

diameters of spindle 230mm and 60mm. 

Materials used for spindle analyses are 

AISI1050 steel, EN8 steel, EN32 steel, 

Al7075 Carbon fiber.  

 
Fig: 3.1.2D model of spindle 

3.1 Mechanical Properties of Materials 

Table: 3.1 Mechanical properties of selected materials 

Materials Young’s 

modulu

s(Mpa) 

Tensile 

strength

(Mpa) 

Poisson’s 

ratio 

Density(kg/

mm3) 

AISI1050  700000 690 0.29 0.00000785 

EN8 steel 190000 465 0.3 0.00000078 

EN32 206000 430 0.29 0.00000070 

Al7075 71700 280 0.33 0.00000028 

Carbon 

fiber 

70000 3900 0.30 0.00000020 
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3.2. Spindle Speed  
Spindle speed in revolution per 

minute (R.P.M.) for the cutter can be 

calculated from the 

Equation 

N = 
𝐶𝑆×1000

𝜋×𝑑
 

where   N = R.P.M. of the cutter 

CS = Linear Cutting Speed of material in 

m/min.  

 d = Diameter of cutter in mm  

 

3.3Feed Rate  

Feed rate (F) is defined as the rate of 

travel of the workpiece in mm/min. But most 

tool suppliers recommend it as the movement 

per tooth of the cutter (f). Thus,   

 F = f × u × N where   F = table feed in 

mm/min  

 f = movement per tooth of cutter in mm  

u = number of teeth of cutter 

 N = R.P.M. of the cutter;  

 

3.4 Depth of Cut   

Depth of cut is directly related to the 

efficiency of the cutting process. The deeper 

the cut the faster will be the production rate. 

Yet, it still depends on the strength of the 

cutter and the material to be cut. 

3.5Power Calculations
 

PC =
𝑨𝒑×  𝑨𝒆 ×𝑽𝒇 ×𝑲𝒄

𝟔𝟎×𝟏𝟎𝟔×𝝁

 

WherePC=Actual cutting power (Kw) 

AP   = depth of cut- 1.5mm 

Ae   = cutting width- 75mm 

Vf   = feed rate-250mm/min 

Kc   = specific cutting forces with respect to 

material 

μ   = machine coefficientcutting power 

calculations for carbon fiber, 

 N -spindle speed 

N   =
1000× 75

𝜋×250
 = 95.49/min 

 Fz – feed per tooth 

Fz=
𝑉𝐹

𝑍×𝑁
   =

250

12×95.49   
 = 0.217mm/tooth 

 PC   =
𝑨𝒑×  𝑨𝒆 ×𝑽𝒇 ×𝑲𝒄

𝟔𝟎×𝟏𝟎𝟔×𝝁
 

=
1.5×75×250×565

0.8×60×106
 

PC    =     0.33 Kw 

 

 

 

3.6Cutting Force Calculation: 
According to mechanistic approach, 

one can evaluate cutting forces for given chip 

thickness using cutting force coefficients for 

the specified material. 

Fn = kC ah +kea 

Here are tangential and normal cutting forces,  

h=  un-deformed chip thickness,  

a = chip width, and 

kc,keare cutting force coefficients.  

Values ofkc and ke are 1200N/mm
2
 , 

8.3 N/mm
2
 

Fn=1200×75×1.5+(8.3×75)= 1356.22N 

For carbon fiber, 

Area A= 
𝜋

4
× 𝑑2 = 

𝝅

𝟒
× 𝟔𝟎𝟐= 282.7mm

2
 

Deformation     𝛿 = 
𝐹𝑙

𝐴𝐸
 

Where   F- force (N), l -length(mm), A- 

area(mm2), E- young’s modulus(Mpa) 

𝛿 = 
565×450

282.7×70000
=  0.012mm 

Stress    𝜎 = 
𝐸

𝑅
 × y; Where    E- young’s 

modulus(Mpa), R- radius(mm),  

y- distance 

𝜎   = 
70000

30
 × 450 = 10.50Mpa 

Strain  𝜺 = 
change in length

oroginal length
   = 

450.29015

450
 = 

0.00064 

 

4. MODELING AND ANALYSIS OF 

THE SPINDLE 

4.1 Modeling of High- Speed Motorized 

Spindle 

A high- speed spindle that will be 

used in a metal cutting machine tool must be 

designed to provide the required performance 

features. High speed spindle is a capable to 

increasing productivity and reducing 

production costs. Compared to conventional 

spindles, motorized spindles are equipped 

with built-in motors for better power 
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transmission and balancing to achieve high-

speed operation. 

 

4.2 Meshing of the Spindle 

The high-speed motorized spindle has 

been modeled in CREO modeling software as 

per the given geometric values (Fig: 4.1). 

Then this model was imported into ANSYS 

to carry out the meshing and analysis (Fig: 

4.2). While analyses was carried out the 

mechanical properties of different selected 

spindle materials have been used in the 

software to obtain the static, dynamic and 

model analyses results and optimized those 

results. 

 

 
Fig:4.1 Spindle model with boundary 

conditions 

 
Fig: 4.2 Meshing of spindle model 

 

5. RESULTS AND DISCUSSIONS 

5.1 Static Analysis of the Spindle 

Static Analyses have been carried out 

for different materials selected for spindle at 

respective speeds and obtained their 

minimum and maximum deformations, 

stresses, and strains. The tables: 5.1- 5.6(Fig: 

5.1 – 5.3) show the values of the static 

analysis of the spindle at different speeds. It 

is observed that, spindle at 8000rpm, the 

values of deformation, strain values of the 

AISI1050 steel, EN8, EN32, and Al7075 

material are low compare to the spindle made 

of carbon fiber. Stress value of Carbon fiber 

is high when compare to the other materials. 

Similarly in all other cases, the spindle with 

carbon fiber is giving best results suitable for 

high speed motorized spindles. 

 
Fig:5.1   Total deformation of spindle 

 
Fig:5.2 Equivalent stress of the spindle 
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Fig:5.3 Equivalent strain of the spindle 

Table 5.1 - Case-1: AISI1050 Steel 

Speed (rpm) 8000 12000 16000 

Minimum Maximum Minimum Maximum Minimum Maximum 

Deformation 

(mm) 

0.001163 0.016773 0.0041932 0.037739 0.0074547 0.067092 

Stress 
(N/mm

2
) 

0.61961 20.983 0.61961 47.224 2.4785 83.954 

Strain 5.27e-6 0.0001024 1.186e-5 0.0002304 2.1094e-5 0.0004095 

Table 5.2 - Case -2 EN8 Steel 

Speed (rpm) 8000 12000 16000 

Minimum Maximum Minimum Maximum Minimum Maximum 

Deformation 

(mm) 

0.0020587 0.018529 0.0046322 0.04169 0.002351 0.07416 

Stress 
(N/mm

2
) 

0.62251 20.774 1.4007 46.741 2.4901 83.096 

Strain 5.506e-6 0.00010934 1.239e-5 0.00024601 2.2027e-5 0.00043736 

Table 5.3 - Case -3 EN32 steel 

Speed (rpm) 8000 12000 16000 

Minimum Maximum Minimum Maximum Minimum Maximum 

Deformation 

(mm) 

0.001841 0.016569 0.0041463 0.037317 0.0073712 0.066341 

Stress 
(N/mm

2
) 

0.61507 20.835 1.3853 46.924 2.4627 83.42 

Strain 5.2095e-6 0.00010114 1.1733e-5 0.00022779 2.0858e-5 0.00040496 

Table 5.4 - Case -4 Aluminum alloy 7075 

Speed (rpm) 8000 12000 16000 

Minimum Maximum Minimum Maximum Minimum Maximum 

Deformation 

(mm) 

0.001238 0.019258 0.0048146 0.043332 0.0085593 0.077034 

Stress 
(N/mm

2
) 

0.23141 7.3917 0.52069 16.632 0.92566 29.567 

Strain 4.81e-6 0.00010309 1.084e-5 0.00023197 1.084e-5 0.00023197 

Table 5.5 - Case -5 Carbon fiber 

Speed (rpm) 8000 12000 16000 

Minimum Maximum Minimum Maximum Minimum Maximum 

Deformation 0.014238 0.12895 0.032239 0.29015 0.057314 0.51583 
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(mm) 

Stress 
(N/mm

2
) 

1.5962 53.266 3.5915 119.85 6.3848 213.07 

Strain 3.8325e-5 0.00076096 8.6233e-5 0.00017122 0.0001533 0.0030439 

 

Table:5.6 Static Analysis of the Spindle 

Material Speed Deformation 

(mm) 

Stress 

(N/mm
2
) 

Strain 

AISI-1050 

Steel  

8000 0.016773 20.988 0.00010238 

12000 0.037739 47.224 0.00023037 

16000 0.067092 83.954 0.00040954 

EN8 steel 8000 0.018529 20.774 0.00010934 

12000 0.04169 46.741 0.00024601 

16000 0.074116 83.096 0.00043736 

EN32 

steel 

8000 0.01659 20.835 0.00010114 

12000 0.037317 46.924 0.00022779 

16000 0.066341 83.42 0.00040496 

Al7075 8000 0.019258 7.3917 0.00010309 

12000 0.04332 16.632 0.00023197 

16000 0.077034 29.567 0.00041239 

Carbon 

fiber 

8000 0.12895 53.266 0.00076096 

12000 0.29015 119.85 0.0017122 

16000 0.51583 213.07 0.0030439 

5.2 Model Analysis of the Spindle 

Model analyses have been conducted 

using ANSYS software for all selected 

materials of the spindle. The table 5.7 shows 

the values of frequency at different modes for 

different materials of the spindle. In the 

above table it is observe that, the values 

frequency of the carbon fiber material at 

three modes are high when compare to the 

other materials. Carbon fiber frequency value 

at mode-3 was obtained as 463.23.  So it is 

concluded that carbon fiber having the high 

frequencies compare to the other materials. 

Table:5.7 Model Analysis of the Spindle 

Material  Mode-1 Frequency  Mode-2 Frequency  Mode-3 Frequency  

AISI 1050 

Steel 

6.8928 111.14 6.8924 111.15 5.3796 401.7 

EN8 steel 6.9146 107.44 6.9142 107.46 5.3968 386.47 

EN32 

steel 

6.9149 111.77 6.9144 111.78 5.3961 403.97 

AL 7075 11.519 110.31 11.519 110.33 8.9915 391.07 

Carbon 

fiber 

13.655 128.79 13.654 128.81 10.658 463.26 
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5.3 Dynamic Analysis of the spindle 

The dynamic analyses have been 

carried out on all five selected spindle 

materials. The table 5.8 shows the values of 

the dynamic analysis of the spindle at 

different materials with respect to time. From 

the above table it is observed that, at time 10 

sec, values of deformation, stress and strain 

of the material carbon fiber are high when 

compare to the other materials like EN 8 

steel, EN32, Al7075, AISI1050 steel. It is 

concluded that carbon fiber having the low 

stress values, carbon fiber suitable for 

material for the high- speed spindle. 

Table: 5.8 Dynamic Analysis of the spindle 

Material Duration 

(seconds) 

Deformation 

(mm) 

Stress 

(N/mm
2
) 

Strain 

AISI1050 

Steel 

10 0.01612 20.109 9.8095E-5 

20 0.037197 46.564 0.00022715 

30 0.067075 83.97 0.00040962 

EN8 steel 10 0.017777 19.903 0.00010476 

20 0.041092 46.088 0.00024258 

30 0.0741 83.113 0.00043745 

EN32 steel 10 0.015465 20.056 9.7363E-5 

20 0.035661 46.442 0.00022545 

30 0.064306 83.749 0.00040656 

AL7075 10 0.01739 71.703 0.00010244 

20 0.040181 16.604 0.0002372 

30 0.72457 29.442 0.00042775 

Carbon 

fiber 

10 0.057543 5.1065 2.5097E-5 

20 0.029441 11.817 0.00017379 

30 0.03241 21.31 0.00031339 

 
Fig: 5.1. Deformation at different materials 

and spindle speeds 

 
Fig:5.2 Stress at different materials and spindle 

speeds 
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Fig:5.3. Strain at different materials and 

spindle speeds 

 
Fig: 5.4. Frequency at different materials 

 

The above graphs(Fig: 5.1– 5.2) show 

the values of the deformation of the spindle of 

different materials with different speeds. It is 

observed that, deformation values of the 

materials AISI 1050 steel, EN8 steel, EN32 

steel, Al7075 are low compare to the spindle 

materials with carbon fiber. It is also observed 

that, stress values of the carbon fiber are high 

when compared to the spindle made of other 

materials. The stress value of carbon fiber at 

8000rpm is 53 and stress increased by 

increasing the spindle speed. The graph (Fig: 

5.3) shows the values of the strain at different 

materials with different speeds of the spindle. 

It is observed that, strain values of the carbon 

fiber material are high when comparing to the 

other materials at different speeds of the 

spindle. The graph (Fig: 5.4) shows the values 

of the frequency of different materials. It is 

observed that frequency of carbon fiber 

material high when compare to the other 

materials like AISI1050 steel, EN8 steel, 

EN32 steel, Al7075. 

 

6. CONCLUSION 

In this work, different selected 

materials are analyzed for spindle. Structural 

and Dynamic analyses were carried out using 

FE approach to optimize the tool. The spindles 

made of EN8 and EN32 mild steels, Al7075 

and AISI1050 steel can be replaced by spindle 

made of carbon fiber materials. By replacing 

the steel with carbon fiber, the weight of the 

spindle decreases. Modal   analysis also is 

studied to determine the frequencies. By 

observing the static and dynamic analysis, the 

stress increases by increasing spindle speeds 

and stresses decreasing for carbon fiber than 

EN8, EN32 steels. It is also observed that in 

the dynamic analysis, the stress increase by 

increasing spindle speed and stresses 

decreasing for carbon fiber than EN8, EN32 

steels. It is concluded that in the modal 

analysis, the deformation increases and 

frequency increasing for carbon fiber than 

steelsand optimized that the suitable material 

for highspeed motorized spindle is carbon 

fiber. 

 

REFERENCES  

 

1.Finite Element Analysis of High-Speed 

Motorized Spindle Based on ANSYS Deping 

Liu* Hang Zhang, Zheng Tao and YufengSu 

2. Dynamic and warm investigation of 

high - speed mechanized shaft.  

3. Dynamic qualities investigation of fast 

mechanized shaft  1,2. branch of mechanical 

building, psg school of innovation, coimbatore 

– 641 004, india 3 park school of designing 

and innovation, coimbatore, india 

4. Enhancement of fast machine apparatus 

axle to limit the warm mutilation Srinivas N. 

Grama* ,Ashvarya Mathur, Ramesh 

Aralaguppi, Subramanian T.Dr. Kalam place 

for advancement, Bharat Fritz Werner R&D, 

Off TumkurRoad, Bengaluru,560022, India.  

0

0.001

0.002

0.003

0.004

8000 12000 16000

St
ra

in
  

Speed(Rpm) 

AISI 1050 steel
EN 8 steel
EN 32 STEEL
AL 7075
CARBON FIBER

300
350
400
450
500

fr
e

q
u

e
n

cy
 (

H
Z)

 Frequency  

Frequency

http://jespublication.com/


Vol 10, Issue 11, Nov / 2019 

ISSN NO: 0377-9254                                  

  

 

 

www.jespublication.com Page No:78 

  

 
 

 

5.Cutting Forces Calculation and 

Experimental Measurement for 5-axisBall End 

Milling S. Bolsunovskya, V. Vermela, G. 

Gubanova*aCentral Aerodynamics Institute 

(TsAGI), Science also, Production Center, 

building 1, Zhukovsky Street, Zhukovsky, 

Moscow Region, Russia  

6.Y. Lu Y.X. Yao and W.Z. Xie "Limited 

Element Analysis ofDynamic Characteristics 

of High- speed Motorized Spindle"Applied 

Mechanics and Materials Vols. 10-12 pp 900-

904(2008)  

 

http://jespublication.com/

