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Abstract 
Cutting force in broaching process is essential information for quality controlling, 
troubleshooting and tool life prediction, yet existing technical bottleneck in prediction 
and acquirement in internal spline holes broaching process. Based on the mechanics of 
orthogonal metal cutting, a numerical model of the cutting force in internal spline 
broaching is constructed by Johnson-Cook material constitutive and failure model 
taking friction on both rake face and flank face into consideration, and is used to 
numerically estimate the cutting forces. A measurement apparatus is developed and 
real-time cutting force is monitored, which contains the effects of structural vibration 
and can be divided into static cutting force and dynamic cutting force. Wavelet 
transform filtering method is therefore employed to separate the static component from 
dynamic component. Calculated value of the cutting force by numerical model is in 
good agreement with the static cutting force by experimental measuring. The model 
and measurement method are feasible in intelligent manufacturing where internal 
broaching process is used. 
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1 Introduction 

Parts of the spline hole are widely used for power transmission in automobile, 
railway and power engine, aircraft industries, as well as in robots, electronic equipment, 
instrument and apparatus, chemical mechanism. Broaching is the main approach to 
manufacture the complex internal and external profiles. One broaching process 
including roughing, semi-finishing, finishing operations usually achieves high surface 
integrity, geometric precision and processing productivity, which results in wide use in 
batch process spline of parts. In the design of fixtures, tools and machine tools for 
internal spline holes broaching process, cutting forces is the essential and necessary 
information been considered. Especially in the design of machine tools, they are the 
key indexes that determine the spindle power and the structural strength of the machine 
tool [1].  

There are two kinds of approaches to explore the cutting force in broaching process, 
namely numerical simulation and experimental measurement. Regarding to the first 
approach, many researchers have proposed various models, such as empirical model[2,3], 
finite element calculation model[4-6] and orthogonal cutting model for the simulation of 
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cutting force during the machining process. Sutherland et al.[7] developed mechanistic 
model for the cutting force system in the gear broaching process. Which is based on a 
description of the instantaneous chip load geometry and a relationship between the chip 
load and the three-dimensional cutting force system. Schroeter et al. [3] presented a 
method for calculation of the cutting forces with the Kienzle equation and the 
kinematics model of turn-broaching process. Schulze et al. [5] studied the influence of 
variable cutting thickness and variable rake angle on cutting force through two-
dimensional (2D) cutting simulations. By introducing a material constitutive model, 
Tounsi et al. [8] derived the expressions of effective stress, strain, strain rate and 
temperature on the main shear plane, and established a new orthogonal cutting 
mechanical model. Hosseini[9] presented a cutting forces model with the cutting edge 
assumed as a B-spline parametric curve for computation of the cutting forces for 
orthogonal and oblique broaching. Ni[10] analyzed the influences of the circular arc 
effect on the cutting force during the machining of the key hole of the inner hole 
considering the geometric and kinematic characteristics of the broaching, and proposed 
a cutting force model for the inner hole.  

The efforts performed in the literature so far have focused on surface broaching 
that widely used in manufacture fir tree or dove tail slots for turbine disc process, while 
few literatures are reported about cutting force modelling for internal spline hole 
broaching[1,11,12]. Because the broaches used in internal spline holes process has the 
characteristics of cylindrical geometry, which causing a radial cancellation of cutting 
forces. In addition, due to multiple tooth on the circumference of the spline broach, a 
lot of heat is generated in the cutting process, which makes the temperature of the 
workpiece rise and causes the friction between the expansion of the workpiece and the 
flank face. However, cutting force models of broaching process in the literature so far 
have focused on the rake face and the workpiece, ignoring the friction force between 
the flank face and the processed surface of the workpiece during the broaching process.  

Experimental measurements are direct means to obtain cutting force data in 
broaching process, and are usually used to prove the calculation results of the numerical 
simulation, as well as the online monitoring for broaching state. Klocke et al.[13] 
specially designed a piezoelectric 3-component dynamometer for broaching machine 
tool, and integrated the force measurement system as a part of the machine between the 
machine and the indexing table. Many scholars adopted a three-component Kislter 
dynamometer to monitor the three-dimensional cutting force signal of the broaching 
machine[14,15]. However, the dynamometer is installed on the face table of the broaching 
machine, which requires customization and high cost. Moreover, because the broach 
runs through the table in internal spline broaching process, it is difficult to measure the 
cutting force using Kislter platform dynamometer or an integrated version, relevant 
research results are rare and it should be strengthened further. 

This paper presents a cutting force model for the internal spline broaching, by 
taking the friction on both rake face and flank face into consideration. A cutting force 
measurement apparatus is developed, which especially suitable for internal hole 
broaching, and Wavelet transform filtering method is additionally employed to reduce 
unnecessary dynamic response. In addition to the part of introduction, this paper is 
organized as follows. Based on the orthogonal cutting mechanical model, a numerical 
model of internal spline cutting force is firstly established by introducing the friction 
factor of flank face. Subsequently, a dexterous measurement apparatus for cutting force 
in broaching operation was designed, and the influence of the dynamic force caused by 
the broaching tool entering and emerging the workpiece was considered. The wavelet 
transform was used to eliminate the dynamic distortion and achieve accurate 



 

 

measurement of cutting force, then the model was tested and verified. At last the 
conclusion of this paper is pointed out. 

 

2 Modelling of cutting force in broaching internal spline holes 

2.1 The geometric characteristics of internal spline holes broaching 

Broaching is a material removal process using a multiple-edged tool whose cutting 
edges are arranged in a line and with a “rise per tooth” (RPT)), which determines the 
depth of cut per tooth. The tool is moved in one direction only; the feed and width of 
cut are hereby determined by the tool geometry. The size and shape of the final teeth 
correspond to the desired geometry of the workpiece. After one single pass of the tool 
through the workpiece, namely, a broaching stroke, the process is complete, and the 
workpiece’s surface is finished at the same time. In general, the translational motion is 
run by the tool at a stationary workpiece[16]. 

Internal broaching is characterized by symmetrical geometries in inner diameters. 
The broaching tool is thereby pulled or pushed through the workpiece, shown in Fig.1. 
Through-holes and a sufficient minimum wall thickness to prevent deflection due to the 
radial cutting forces are preconditions for internal broaching[17]. 

 
(a) Internal spline hole broaching process geometry and kinematics; (b) Work involute spline; (c) 

Broach tooth shape of involute internal spline (finish section) 
Fig.1. Internal spline holes broaching process geometry and kinematics 

 

Table.1. Broach tooth and work involute spline geometry 

Circumferential tooth pitch p  

Standard pressure Angle 
D  

tooth thickness s  

Involute dividing circle diameter D  
Minor diameter 

iD  

Base diameter 
bD  

Major diameter 
eD  

Note: the subscript g is the broach size 

 

2.2 Orthogonal cutting theory and Johnson-Cook material model 
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Broaching is essentially a kind of orthogonal cutting. Tounsi et al.[8] theoretically 
derived the expressions of the effective stress, strain, strain rate and temperature on the 
main shear plane caused by the stress, strain, strain rate and temperature fields, and 
proposed the basic mechanics of the main shear zone in the orthogonal cutting. During 
the cutting process, the friction between the tool and the workpiece mainly occurs on 
the rake face. The force model of the workpiece is obtained through the balance of 
forces, as shown in Fig. 2(a). 

(a)  

(b)  
Fig. 2. Orthogonal cutting model: (a) Workpiece force model; (b) Tool force model 

 

On this basis, considering that the workpiece generates heat during the cutting 
process, the temperature of the workpiece increases, causing the workpiece to expand 
and friction with the flank face. The cutting force is mainly composed of shear force 
and friction force of flank surface, as shown in Fig. 2(b). The vector method of the 
resultant cutting force is expressed as: 

= +r cF F F                 (1) 

where cF is the friction force between the flank face and the workpiece due to thermal 

expansion deformation, rF is the shear force. 
The components of the resultant cutting force along the X and Y axes respectively 

are the main cutting force and the radial thrust force, Shown in Fig. 2 

cos( )X r r r cF F f = − +              (2) 
cos( )Y r r r cF F N = − +              (3) 



 

 

where cf  is the friction force of the flank face, cN is the support reaction of the flank 
face. According to orthogonal cutting theory, the shearing force of single tooth can be 
expressed as: 

sin cos( )

s i i
r

r r

W h
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+ −

            (4) 

Where r is the friction angle of tooth, r is the rake angle of tooth, s is shear stress, 

iW is cutting width, ih is rise per tooth, and  is shear angle. 
Base on Johnson-Cook material and failure model, the shear stress s   on the 

shear plane is given by [8]: 
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where A  is yield strength, B  is hardening modulus, C  is strain rate, sn  is strain 
hardening index, sm is material heat sensitive parameters,  is the shear strain, &is 
the shear strain rate,  &is the reference shear strain rate, T is the cutting temperature 
of the workpiece, 0T is initial temperature, and mT  material melting temperature. The 
cutting temperature on the main shear surface is expressed as: 
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where  is mass density, 
pC is specific heat, 0 is shear stress at main shear zone inlet. 

The shear angle generally needs to be obtained through experimental measurement, 
and can also be approximated according to the coefficient of expansion of the chip after 
material cutting: 
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where ch is chip thickness. It can be measured according to the actual chip or according 
to the material properties. Based on[18], the friction angle r  can be calculated by: 

2
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r r

  = + −               (8) 

The   and & can be calculated by: 
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where   is the main shear zone coefficient. 
cos(2 )1

2 2cos( )
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= +                    (10) 

The friction force and support reaction of the rear surface can be expressed as: 
c cf N=                  (11) 

0.5c E cN YK TWL=                    (12) 
Where  is friction coefficient, Y is young modulus of workpiece, EK is workpiece 



 

 

material thermal expansion coefficient, T  is temperature difference between 
workpiece cutting and initial state, cL is contact length of the workpiece with the flank 
surface after expansion. The formula for estimating the contact length cL is given by 

2sin

E T
c

c

K Th
L




=                  (13) 

where Th is temperature transfer depth, c is tool clearance angle. 
By using Newton's nonlinear solution method and solving equations (5) and (6) 

simultaneously, the real-time stress can be obtained. 
2.3 Effect of teeth number engaged in broaching on the cutting force 

In the broaching process of involute spline holes parts, the number of teeth 
involved in cutting varies because the teeth are distributed in row by row. The broaching 
process is mainly divided into three stages. The first stage is when the cutter teeth enter 
the workpiece, and the number of teeth increases at the initial contact stage until the 
maximum number of teeth in contact. In the second stage, the cutter teeth are in full 
contact with the workpiece, and the contact teeth are periodic until the workpiece begins 
to leave the cutter teeth. The third stage is the stage when the cutter teeth exit the 
workpiece, and the number of contact teeth decreases until the cutter teeth completely 
leave the workpiece. The basic formula of multi-tooth cutting force modeling is given 
in Ref. [10]. The change formula of the number of broaching teeth during broaching 
can be expressed as: 
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Based on the above analysis, the mechanical modeling of multi-tooth broaching 
can be described as: 
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where n is number of teeth into broaching, Z  is total number of teeth of broach, L
is workpiece height, ap is axial tooth pitch. 
2.4 Cutting simulation of an internal spline hole broaching 

Based on the above model, the cutting force simulation of involute spline 
broaching was carried out. The geometric and material parameters of the workpiece and 
broaching tool were shown in Table.2. 

Table.2. Input parameters for numerical and analytical models 
Material (Q235A steel) properties  

Johnson-Cook constitutive A  (MPa) 293.8 



 

 

parameters[19] B  543 

C  0.045 

sn  0.489 

sm  0.942 

Mass density    (kg/m3) 7870 

Main shear zone coefficient   (W·m−1·K−1) 51.9 

Initial strain rate  & (s-1) 0.021 

Specific heat 
pC  (J·kg−1·K−1) 469 

Initial temperature 
0T  (K) 298.15 

Melting point 
mT  (K) 1795 

Young modulus Y  (GPa) 200 

Linear expansion coefficient 
EK  (K-1) 11.2×10

-6

 

Contact   

Coefficient of friction 
（Contact properties） 

  0.3 

Coefficient of expansion   2.2 

Tool parameters   

Rake angle 
r  (°) 15 

Clearance angle 
c  (°) 7 

Axial tooth pitch 
ap  (mm) 13 

Number of teeth per row  8 

Number of teeth row  46 

Rise per tooth” (RPT) 
ih  (mm) 

Refers to Table.3 Cutting width 
iW  (mm) 

Tooth bottom width w  (mm)  

Work geometry and process 
conditions 

  

Minor diameter 
i

D  (mm) 46/65 

Standard pressure Angle 
D  (°)  

Workpiece height L  (mm) 40 

Cutting speed v  (mm/s) 0.045 

 

The parameters of cutting width calculation refers to Fig.3.  

 

 
Fig.3. Cutting width calculation for internal spline hole broaching 

where
i

h is the sum of cutting depth before the i th tooth, 
i

D is the initial part inner 
radius, shown in Fig.1. D  is the tilt angle, approaching to pressure angle of work 

      
 

   
      

 



 

 

spline, shown in Fig.1. w is the tooth bottom width. 
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The calculation result is show in Table. 3. 
Table.3. Cutting depth and cutting width 

i  ih  iW  i  ih  iW  

1 0.02 130.12  24 0.05 46.05 

2 0.03 130.20  25 0.08 44.93 

3 0.02 130.26  26 0.06 44.37 

4 0.03 130.37  27 0.04 44.00 

5 0.02 130.43  28 0.08 43.26 

6 0.02 130.49  29 0.03 42.98 

7 0.01 130.57  30 0.08 42.05 

8 0.04 53.79 31 0.03 41.58 

9 0.05 53.51 32 0.1 40.65 

10 0.05 53.33 33 0.06 40.09 

11 0.06 52.76 34 0.05 39.63 

12 0.03 52.11 35 0.04 39.26 

13 0.08 51.74 36 0.1 38.33 

14 0.04 50.99 37 0.08 37.59 

15 0.05 50.52 38 0.05 37.12 

16 0.03 50.24 39 0.09 36.29 

17 0.07 49.59 40 0.1 35.36 

18 0.06 49.03 41 0.05 34.90 

19 0.04 48.66 42 0.06 34.34 

20 0.06 48.10 43 0.06 33.78 

21 0.05 47.63 44 0.06 33.23 

22 0.03 47.35 45 0.07 32.58 

23 0.07 46.70 46 0.06 32.02 

Under above mentioned broaching conditions, the cutting force calculated using 
the numerical model proposed in this paper is shown in Fig.4. 



 

 

 
Fig.4. Numerical results of cutting force 

3 Force measuring and processing for internal spline holes broaching 

3.1 Force signal measurement method 

For inner hole broaching, it is difficult to use commercial assembly dynamometer 
because the broach passes through the face table. In this paper, a simple device is 
designed to measure the broaching force of the inner hole by using strain gauge. 

(1) Design of measuring apparatus 

Fig.5 shows the force measurement system. A force measuring support plate is 
made on the broaching machine face table, the workpiece is placed on the force 
measuring support plate, the support and the face table are connected by four force 
measuring support columns, and the columns, support plate and face table are all 
connected by screws. The PCB strain sensor is pasted on the surface of the column, and 
the main strain direction of the strain sensor is along the longitudinal centerline of the 
column, so it is also pasted along the longitudinal centerline. All electrical signals are 
coupled with LMS SCADAS III 24-channel data acquisition system. LMS Test.lab 
software running on a computer workstation(DELL M90) controls the data acquisition 
and the analysis on all measured signals. 



 

 

 
Fig.5. Force measuring mechanism for internal spline holes broaching 

Description of components in experimental setup 
Part # Description 

1 Broaching tool 
2 workpiece 

3 Screw 

4 Force measuring support plate 

5 Force measuring support column 

6 Strain gauge 

7 Broaching machine face table 

 

(2) Sensitivity calculation 

The strain gauges are attached to the force support columns, and the test sensitivity 
is calculated as follow 

0

c

S
S F

ES
=                   (18) 

where 0S   is strain sensor sensitivity, F  is the cutting force, E   is the Young’s 
modulus of the support columns material, cS is the cross-sectional area. 

The designed column diameter is 40 mm, and the cross-sectional area after cutting 
is 81.12% of the original area. Assuming that the strain sensor is subjected to a force of 
10 KN and the sensitivity of the strain sensor sensitivity is 50 /mv N , the test sensitivity 
is 0.2337 /mv N  . Since there are four support columns are used, each column is 
subjected to 1/4 cutting force, one can deduced the sensitivity of the strain gauge on 
each column should be set to 0.0584 /mv N . 
3.2 Force signal decomposition based on wavelet transform 

The number of cutter teeth and the RPT engaging in cutting process are changing, 
which results in a varying cutting force during the broaching process. The varying 
cutting force is composed of two parts: static cutting force and dynamic cutting force, 
of which the static cutting force component corresponds to a constant main cutting force, 
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the dynamic force component corresponds to the dynamic cutting force of the cutter 
teeth in and out of the workpiece, in addition to the impact of structural vibration. The 
decomposition purpose of the cutting force signal is to separate the dynamic and static 
components in the signal to extract the main cutting force. Fourier transform, bandpass 
filtering and wavelet packet decomposition can all be used for force signal 
decomposition[20]. Compared with the other two decomposition technologies, wavelet 
transform has the capability of multi-resolution, representing local features in both time 
and frequency domains, and multi-scale refinement of signals by scaling and translation. 

(1) Wavelet transform theory 

According to the discussion of the wavelet transform in literatures[21,22], (t) is in 
the Hilbert space 2 ( )L R   norm and satisfies the following admissible conditions

(t) 0R dt = , then (t)  is the mother wavelet. After the mother wavelet is scaling 
and shifting, a wavelet sequence can be expressed as: 

-1/ 2
a,b

x - b
(t)=| a | ( )

a
               (19) 

where a  is the scaled factor and b is the translation factor. The factor -1/ 2| a |  is used 
to ensure energy preservation. 
The continuous wavelet transform ( CWT ) of the signal f(t)  is defined as: 

+
-1/ 2

a,b -

x - b
CWT =| a | f(t) dt

a




                   (20) 

where a,b  is the complex conjugate of a,b  generated by scaling and shifting.  

A set of scaled and translated wavelet sequences can be generated by changing the 
parameters a   and b  , so the time scale characteristics of the signal f(t)   can be 
analyzed by the inner product of the scaled and translated wavelet sequences. Since the 
translation factor and the scaling factor of continuous wavelet transform are real 
numbers of continuous transform, continuous integration is inconvenient when 
processing digital signals. In order to obtain the numerical result of wavelet transform, 
the discrete wavelet transform ( DWT  ) can be obtained by discretizing the scaling 
factor a  and translation factor b . Discrete wavelet transform normally is conducted 
by dyadic discretization, the scale factor a and the translation factor b are discretized 
as follows:  

2 2 ,m ma = ,b = k k m Z=                 (21) 
Combined with Eq. (21), Eq. (20) can be transformed into 

2
2 )=2 2

2

m
-m/ 2 -m/ 2 -m

m,k m

x - k
(t) x - k  = ( ( )             (22) 

The discrete wavelet transform is defined as 

( )a,b m,kDWT f(t) t dt
+

−
==              (23) 

(2) Force decomposition process 

In the wavelet decomposition process, the low-frequency coefficients are 
decomposed into two parts, namely, a new low-frequency coefficient vector and a high-
frequency coefficient vector. The information lost between two consecutive low-
frequency vectors is obtained by the high-frequency coefficient vector. Then, the new 
low-frequency coefficient vector continues to be decomposed into two parts, while the 
high-frequency coefficient vector will not be decomposed again. At the specified scale, 
the signal can be further written as 



 

 

J j
j J

f(t)= A (t) D (t)


+              (24) 

where jD (t)   is the detail parameter of signal f(t)   on scale J  , and JA (t)   is the 
approximate parameter of signal f(t)  on scale J . 

Above process forms a decomposition tree as shown in Fig.6, which decomposes 
the signal into a number of detailed signals and one approximated signal. In broaching 
process case, the approximated signal captures the low frequency components 
corresponding to the static components of the cutting force signal, and the detailed one 
reflects the high frequencies corresponding to the dynamic components of the signal, 
taking the Weight into consideration. 

 
Fig.6 Wavelet transform decomposition tree 

 

3.3 Experiment measuring and processing example 

The physical force measuring apparatus, as well as the experimental platform, 
basing on a 15120SH-1200 broaching machine, are shown in Fig.5. The maximum 
process force of the broaching machine is 200 KN , the broaching stroke is 1200 mm , 
and the maximum broaching speed is 8 / minm  . The geometrical sizes and material 
coefficient of workpiece, as well as the tool parameters, are shown in Table.2. 

The LMS SCADAS III data acquisition system is connected to a strain sensor to 
measure the cutting force, and the sampling results are recorded through the LMS 
Test.Lab software. The test equipment and performance parameters are shown in 
Table.4. 

Table.4. Test apparatus and performance parameters 

 apparatus performance 

PC Dell /M90  

Data acquisition  LMS SCADAS III 24-channel 
Maximum sampling frequency/204.8kHZ 

Software LMS Test.Lab  

Strain sensor PCB740B02 Sensitivity (±20%) 50 mV/µε 

Range 100 pk µε 

Bandwidth resolution 0.6µε 

Frequency Range 0.5 to 100 000 Hz 

In this experiment, a spline broaching processing is conducted, and the broaching 
speed is set to 0.045 /m s . The cutting force signal obtained by the force measurement 



 

 

method proposed in this paper is shown in Fig.7.  

A series of experiments have been completed using the force measurement system, 
and each group of experiments has good repeatability. This paper randomly extracts a 
group of test data for explanation. The curve in Fig. 8 describes the changes in cutting 
force during the reaming and roughing stages during the internal splines broaching. In 
the initial stage of contact between the workpiece and the broach, the cutting force 
gradually increases. In the stage of full contact between the broach and the workpiece, 
the number of broaching teeth is maintained at 3-4. The dynamic cutting force is 
generated when the cut edges of broach enter and leave the workpiece. The cutting force 
changes alternately with peaks and troughs. In Fig.7, the maximum cutting force 
measured by the experiment is 37120 N, however, the maximum cutting force of the 
numerical model is 27540 N, presented in Fig.4. It can be clearly seen that there is a 
large deviation between the cutting force of the numerical model and the measured 
cutting force. 

 
Fig.7 Cutting force test results 

The measured cutting force is essentially affected by the dynamic force generated 
by the tool entering and leaving the workpiece, and cannot provide the characteristics 
of the actual cutting force in the broaching process. In order to obtain the actual cutting 
force acting on the tool/workpiece, the measured cutting force is decomposed using the 
method described in Section 3. The central frequency and bandwidth of the wavelet-
based cascade filter depends on the choice of scale. "db5" is selected as the mother 
wave from the family of Daubechies wavelet due to its closest to the original data curve 
characteristics and performance in terms of time-frequency resolution, and 
correspondingly the decomposition scale is always specified as =8J throughout. As a 
result, the test cutting force is divided into static cutting force and dynamic cutting force, 
as shown in Fig. 8. It can be seen that the amplitude of curve has dropped significantly. 



 

 

 
Fig.8 Cutting force decomposition results 

 

4 Results analysis of numerical simulation and experimental measuring 

Fig.9 shows the comparison between the decomposed static cutting force and the 
numerical model cutting force. In the figure, the maximum static cutting force is 
28560N, and the maximum cutting force of the numerical model is 27540 N. Both the 
static cutting force and the numerical model cutting force curve show a trend of 
increasing first and then decreasing to a stable trend, and the peaks and troughs 
alternately change. The numerical model cutting force peak and static cutting force peak 
reached a good consistency. Compared with the static cutting force results, the 
numerical model results can better describe the broaching process. At the end of the 
reaming phase, the maximum error exceeds 30%. The remaining stages are less than 
16%. 

 



 

 

Fig.9 Test cutting force and Numerical model cutting force 

The peak value of the numerical model is not completely fitted with the static 
cutting force, which is mainly affected by the complexity of the movement of the 
broaching drive components and the machining accuracy of the cutter tooth lift. 
However, it can be seen from Fig.10 that the cutting force numerical model established 
in this paper can effectively improve the calculation accuracy of broaching load. 

 
Fig.10 Static cutting force and Numerical model cutting force 

5 Conclusions 

This paper focuses on numerical modeling and accurate measurement of cutting 
force of inner spline hole in broaching process. The orthogonal cutting based numerical 
model of broaching force takes friction on both rake face and flank face into 
consideration, that especially reflects the symmetrical geometries and mechanics 
characters in inner broaching process. On the other hand, the force measurement 
apparatus is designed for actual working conditions, where the broaching tool passes 
through the face table. Wavelet transform decomposition is employed on the measured 
force signals to separate the dynamic force component, which eliminate the impact of 
the cutter teeth entering and leaving of the workpiece, as well as the structural vibration 
during the machining process. The results of numerical simulation were compared and 
shown in good agreements with those obtained by experimental measurement and 
Wavelet dynamic, and demonstrates the validity of the presented numerical model and 
measurement apparatus for cutting force in broaching internal spline holes. 
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