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Abstract: Some results of experimental researches and CAD-CAM simulations at milling plane surfaces 
of thin walls parts are presented in the paper. The cutting force measurement was done using a multi-
component quartz dynamometer with a special data acquisition system for the cutting forces. The elastic 
deformation and the stress values in the machined part were determined by experimental tests and simu-
lated using the FEM analysis. Depending on data that geometrically define the part and the cutting tool, 
their materials and the cutting parameters, are the values of the cutting force and power. There is pre-
sented a comparison of values obtained by measuring during the process with those established by apply-
ing FEM. This study results lead to some remarks and useful recommendations for determining the proc-
ess parameters and the requirements for the technological system in the machining of parts having thin 
walls, with minimum deformations. 
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1.  INTRODUCTION 
  

 Modern CAD-CAM techniques applied in the parts 
manufacturing processes have a large use in all the me-
chanical industry domains. In the literature [2] are pre-
sented many results of FEM applications in order to de-
termine the elastic deformations values and the stresses 
induced in parts at the contact with the tools during the 
machining processes. The influences of the technological 
system (machine-tool, tools, fixture devices) determine 
dimensional variations and irregularities of the processed 
surfaces, [5] dynamical behavior of the machine-tool in 
the cutting process and also the premature wear of the 
cutting edges [7].  
 The results of the surfaces generation by simulation, 
with the aid of CAM techniques offer a large number of 
data: machining times, surface accuracy, behavior of the 
machine-tool in working conditions (cutting forces and 
power consumption).  
 Also, by FEM simulations there are determined the 
stress and deformation values created by the cutting 
forces in the thin walls of the analyzed parts [1, 5]. For 
the optimization of the technological process there are 
considered and applied various criteria, software envi-
ronments, tables of data. 
 
2.  THE CAM SIMULATION 
  

Preparing the part for processing on a machine-tool 
with numerical control involves the generation of com-
mand information, all data is then stored in a preset order 
within a storage device.  

Programs can be generated directly on the machine, 
the operator writes the necessary instructions using the 
interface or by using a CAD-CAM program and a virtual 
model of the piece [3]. Defining the piece in a CAD en-
vironment is used as the entry data to generate the pro-
gram with one of the complex existing programming 

languages. Thus, the simulation is justified to optimize 
the process because CAM programs elaborate the NC 
machine code. For the study, it is considered a part hav-
ing its 3D model made in CATIA Part Design module 
and presented in Fig. 1.  

The overall dimensions of the stock part are 
80×80×37 mm. This part has a side thin wall and a cav-
ity. The machined surface of this thin wall is marked 
with S1 and the wall has 1 mm thickness. The stock part 
has two side pockets for direct clamping on the machine-
tool table. The CAM simulation involves multiple passes 
in conditions of roughing and finishing millings with 
specific technological parameters. 

The machining process of the part was simulated us-
ing a 3-axis CNC vertical milling machine tool with the 
following main characteristics:  
• spindle speed: 18000 rpm with infinite variable speed 

range (direct drive spindle),  
• the power of the main spindle motor: P = 15 kW 

(continuous rating), 
• working strokes on axes X = 550 mm, Y = 450 mm,   

Z = 500 mm,  
• machining feed rate max: 8000 mm/min and rapid 

feed rate: 20000 mm/min; 
• the machine tool has a CNC Sinumerik controller. 

 

 
  

Fig. 1. 3D model of the analyzed part. 
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Fig. 2. Finish milling of S1 surface. 
 

The tools used in manufacturing simulation are cho-
sen from a company catalogue [9]. Also, the tool holders 
are in correspondence with the spindle nose and the hold-
ing system of the machine-tool. Only two steps of the 
CAM simulation (surface S1) in the case of a steel 
(OLC45) work piece, 190 HB are presented below (fig-
ure and parameters): 

a. Slot mill, three passes, Dc = 12 mm - tool diameter, 
hm = 0.06 mm – average chip thickness,  vc = 280 m/min 
- cutting speed, nc = 7400 rpm - spindle speed, vf = 2900 
mm/min - feed speed, Pc = 13 kW - cutting power for 
removal of chips, Mc = 17 Nm - cutting torque, Q = 235 
cm3/min - metal removal rate, fz = 0.1 mm – feed per 
cutting edge,  ap = 6.6 mm - cutting depth, zc = 4 – num-
ber of teeth, tm = 6 s – machining time, tt = 9 s – total 
time. 

b. Side wall finishing end mill (Fig. 2), two passes, Dc 
= 10 mm, hm = 0.01 mm, vc = 300 m/min, nc = 9500 rpm, vf 
= 1900 mm/min, Pc = 1.7 kW, Mc = 1.7 Nm, Q = 19 
cm3/min, fz = 0.05 mm, ap = 20 mm, ae = 0.5 mm – work-
ing engagement, zc = 4. 

Figure 3 presents a fragment of the NC code obtained 
after the CAM simulation [3] in the case of the finishing 
milling. 

 

 
 

Fig. 3. Fragment of the NC code. 
 
3.  DEFORMATION AND STRESS ANALYSIS BY 

FEM SIMULATION  
  

In this FEM simulation it is considered a finishing 
end mill with the diameter Dc = 10 mm, number of cut-
ting edges zc = 4, pitch of the helical cutting tooth Lsh = 
28 mm, helix angle ω = 500 [6].  

On the contact line between the milling edge and the 
part there are created three cutting spots placed on the 
height of the helical pitch, shown in Fig. 4. 

 
 

Fig. 4. The dimensions and positions of the cutting spots. 
 

In order to establish these spots where the radial me-
dium cutting force is applied it was necessary to deter-
mine the contact length of each helical edge with the 
part. The dimensions and the positions of the spots de-
pend on the contact angle φ between the part and the 
cutting edge and the helical pitch of the cutting teeth, 
determined using the equations (1), (2) and (3). 
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where: Lc – length of the cutting spot, bc – width of the 
cutting spot and Lsh - helical pitch of the cutting edge, 
ae=0.5 mm – working engagement. 

The medium cutting force acting on the contact spots 
is determined using the values for cutting power Pc de-
pending on the cutting parameters [4]: 
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and it has the values: 287 N (roughing), respectively,  
203 N (finishing).  

The radial medium cutting force (which is practically 
applied on the three spots) is Frm = (0.5 … 1) · Ftm, con-
sidered Frm = 0.9 · Ftm= 183 N. 

As follows, there are presented some results of FEM 
simulations and analysis in the cases of the part being 
machined of steel OLC45. Thus, the radial medium cut-
ting force is Frm1 = 61 N on each of the three cutting 
spots.  

Figure 5 presents the deformations of the thin wall in 
the case that the cutting force is applied in the middle 
area. The simulation results show that the maximum de-
formation of machined wall in the middle area is 0.108 
mm, very great value, compared to 1 mm the machined 
wall thickness. 
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Fig. 5. Deformations of the thin wall in the middle area. 
 

 
 

Fig. 6. Deformations of the thin wall at one of the ends. 
 

 
 

Fig. 7. Von Mises stresses of the thin wall in the middle area. 
 

 
 

Fig. 8. Von Mises stresses of the thin wall at one of the ends. 

Also, Fig. 6 shows the deformations when the cutting 
force is applied on one of the thin wall’s ends. The 
maximum deformation at the free end of machined wall 
is 0.176 mm, an inadmissible value, due to significant 
variation of the wall thickness which results. 

Using the CATIA software FEM analysis capabili-
ties, there is simulated the distribution of the stresses in 
both situations. 

Figure 7 shows the Von Mises Stresses calculated in 
the case of the force applied in the middle area of the thin 
wall. For a force of 61 N (on each cutting spot) the re-
sults are: maximum stress = 1.07×108 N/m2 and max. 
elastic deformation ∆x = 0.108 mm (Fig. 5) with an error 
of 27.7 %. 

Figure 8 shows the Von Mises Stresses calculated in 
the case the force applied in one of the ends of the thin 
wall. For a force of 61 N (on each cutting spot) the re-
sults are: maximum stress = 1.58×108 N/m2 and maxi-
mum elastic deformation ∆x = 0.176 mm (Fig. 6) with an 
error of 31.2 %. 

The considered steel has the yield strength of 2.5×108 
N/m2. 

In the FEM practice, an error of 20% − 35% is ac-
ceptable and it is considered close to the real case [2]. 
Anyway, in both situations for the flat surface S1, the 
maximum stresses are lower than the materials’ yield 
strengths, so the thin wall is deformed only in the elastic 
domain. 
 
4.  EXPERIMENTAL RESEARCHES  
  

4.1. Experimental setup 
The purpose of the experimental researches was to 

determine the elastic deformations of the thin wall for the 
considered part, in real conditions of milling. In the proc-
ess it was used an universal milling machine, type FN-
32. Also, for the cutting tool it was chosen a solid carbide 
end mill CoroMill Plura (GC 1620), with diameter Dc = 
10 mm, tool helix angle = 500, helical pitch of the cutting 
teeth = 28 mm, total length = 100 mm, length of the ac-
tive part = 26.5 mm.  

The cutting conditions were: cutting speed vc = 63 
m/min, feed per tooth  fz = 0.02…0.04 mm, cutting depth 
ap = 20 mm, working engagement ae = 0.2…0.5 mm. The 
milling process was done without cooling, down-milling 
method.  

It is recommended to avoid up-milling procedure, be-
cause of strong chatter or high frequency vibrations oc-
curring, related to low feed per tooth. 

The experimental arrangement for the determination 
of cutting forces and for the measurements of elastic de-
formations was composed of the next main components 
(Fig. 9 and Fig. 10): work piece (1), Quartz 3 component 
Dynamometer Type 9257 B Kistler (2) fixed on the ma-
chine table (5); Multi-Channel Charge Amplifier for 
Multicomponent − Force Measurement Type 5070 A (6); 
Data acquisition board Type PCIM-DAS1602/16 (7); 
DynoWare Type 2825A data acquisitions and manipula-
tion software [8];  PC with Windows XP. The milling 
cutter (3) was fixed in the main spindle of the tilting mill-
ing head (4), through a tool holder. 
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Fig. 9. View of experimental setup 

 
The components of the cutting force, Fx, Fy and Fz 

were measured with the dynamometer on the directions 
of the considered reference system (Fig. 9). The compo-
nent Fx is normal oriented on the surface of the processed 
wall and cause its deformation. The component Fy is ori-
ented on the direction of feed movement, and the Fz 
component is on the direction of tool’s axis. The measur-
ing of the elastic deformation of the machined thin wall 
S1 (Fig. 11) was done with a dial gauge C with a division 
of 0.001 mm whose detector was located at the middle of 
the wall length of the work piece W, at its maximum 
height.  

The tool T is presented at the end of the finishing 
milling pass, done by down milling. In the cutting zone 
there are chips Ch resulted from machining process. 

 

 
 

Fig. 10. Experimental setup. 
 

 
 

Fig. 11. Machining area. 

4.2. Results of the experimental determinations 
The cutting forces were measured in conditions of 

roughing and finishing milling, with corresponding cut-
ting speeds. 12 measurements were done in order to de-
termine the cutting forces and the maximum deforma-
tions of the thin wall, machined from the thickness of 3.5 
mm to 1 mm. Within each measurement it was accom-
plished a file with processed data and the measurements 
results of 8 components using the Kistler dynamometer 
signals. Every data file contains a page with comments 
(Fig. 12) which allows the user to annotate the conditions 
for each measurement.  

By processing the acquired data files with Dyno-
Ware type 2825 A, there are obtained variations dia-
grams of the cutting forces components previously se-
lected by the user, and also the minimum, medium and 
maximum values on the chosen intervals of time, as 
needed (e. g. for a tool rotation). 

The numerical values of each force component may 
be determined for each moment or interval of the deter-
mination using options from the program toolbar. 

Some results for a few of the 12 experimental deter-
minations are shown in Table 1. The values of the meas-
ured forces are determined directly by the cutting depth 
ae and by the feed per cutting edge fz, all the other pa-
rameters being maintained constant. 

 

 
 

Fig. 12. Comments for the cutting conditions. 
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Fig. 13. Cutting forces for the determination D10-1. 
 

 
 

Fig. 15. Cutting forces for the determination D10-6. 

 
The components Fx, Fy and Fz are determined at the 

first tool’s pass, noted with D10-1, on a time interval of 
0.5 s and they are presented in the Figure 13. The graph-
ics appear overlapped and they could be distinguished by 
different colors. 

In the studied case it presents a great interest the Fx 
force component (Fig. 14) oriented normal to the surface 
of the machined thin wall. 

During the milling pass for a wall thickness of 2 mm, 
test noted with D10-6, there were obtained the compo-
nents of the cutting force represented in Fig. 15. The cut-
ting conditions in this test were the same as for the test 
D10-1 and the measured values of force components are 
closely related. Also, the general aspects of cutting forces 
variations presented in Figs. 13 and 15 are quite similar. 

For another test D10-9, the cutting force components 
have the variations represented in the Fig. 16, for a wall 
thickness of 1.5 mm.  

 
 

Fig. 14. Detail of cutting forces Fx for the determination D10-1. 
 

 
 

Fig. 16.  Cutting forces for the determination D10-9. 
 
The feed peer tooth was greater (see Table 1) and the 

cutting force components present a sensible increase, 
compared to D10-6 test.  

The general aspect of forces diagrams is modified: Fx 
component reaches greatest absolute value and as a con-
sequence the deflection of the machined wall ∆x has in-
creased. 

The last milling pass, test D10-12 (see Table 1) was 
accomplished with the same cutting conditions as for the 
test D10-9.  

The cutting force components measured values pre-
sent a little decrease, compared to D10-9 test. This is due 
to elastic deformation of machined thin wall and, as a 
consequence the decrease of actual working engagement 
ae compared to settled value. 

Also, for the determination of the cutting force com-
ponent Fx it was applied a calculus algorithm using some 
data from the Coromant catalogue, or a specialized soft-
ware CoroGuide for the process parameters.  

For the rough milling regime, corresponding to the 
test D10-9, the average tangential force, using 
CoroGuide data results: Ftmed9 = 287 N. 

 
Table 1 

Experimental results at forces measurements 
 

Fx[N] Fy[N] Fz[N] Det. 
No. med max med max med max 

fz 
[mm/tooth] 

ae
[mm] 

Thickness 
wall [mm] 

Deformation 
∆x[mm] 

D10-1 - 170 - 216 26 52 - 205 - 263 0.025 0.5 3 0.008 
D10-6 - 149 - 184 55 81 - 167 - 215 0.025 0.5 2 0.012 
D10-9 - 248 - 325 100 134 - 141 - 187 0.04 0.5 1.5 0.035 
D10-12 - 227 - 305 98 122 - 135 - 174 0.04 0.5 1 0.14 
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The average radial force is: Frmed9 = (0.5…1) Ftmed 9 
= 229 N. The measured value for Fx component in the 
D10-9 determination was Fxmed = 248 N and the corre-
sponding deformation was ∆x = 0.035 mm. 

For the finish milling regime, corresponding to the 
test D10-6, the calculated values for these two force 
components are: Ftmed6 = 203 N and Frmed6 = 162 N. The 
measured value for Fx component in the D10-6 deter-
mination was Fxmed = 149 N, for the calculated radial 
force Frmed6. 

Making a comparison between the results obtained 
by measurement of the component Fx with a dyna-
mometer and the calculated values of the average radial 
force is found that the differences are below 10%, thus 
proving out the validity of calculations and measure-
ments made in the experimental tests.  

The diagrams of Fx, Fy and Fz components of the 
cutting force shows relatively large cyclical variations 
with the corresponding period of time of a tool rota-
tion.  

Thus, in the actual working conditions, when the 
spindle speed is nc = 2000 rpm, the corresponding time 
to a tool rotation is 0.03 s. This force variation is due to 
inherent radial run-out of the edge related to the tool 
rotation axis, and also to a low feed per tooth. 
 
5.  CONCLUSIONS  
  

The determination of the cutting forces that the cut-
ting edges react on the machined surface was made 
using an experimental arrangement based on multi- 
component Quartz dynamometer.  

The value of the thin wall’s maximum elastic de-
formation, measured during the finish milling is very 
high compared with the wall thickness. Thus the ma-
chined wall thickness results uneven. 

This shows that the cutting regime (the parameters 
ae and fz) has to be decreased if the permissible devia-
tions (precision required during real machining by 
milling) are smaller than the resulted maximum elastic 
deformation. 

The elastic deformations ∆x are higher at both ends 
of the wall (0.176 mm) compared to the deformation at 
the middle of the wall (0.108 mm). The result is an 
unexpected great variation of the wall thickness in both 
directions, length and height. The measured values of 
the radial forces and elastic deformation ∆x are in a 
good correspondence with the calculated values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Also, these deformations corresponding to the con-
sidered working regime seem to be unacceptable influ-
encing the accuracy of the machined surfaces. If the 
aim is a higher precision, the parameters of the machin-
ing regime should be decreased and the simulation 
process resumed.  
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