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Abstract. In the past years, our research activities were focused on several fields in 
machining simulation and verification. A new milling simulation method and a software 
application was developed based on pure OpenGL calculating and rendering techniques [1], 
As a next step, we tried to investigate the possibilities and practical applications of cutting 
force modeling in the simulator. This paper examines the developing possibilities of this 
new feature and describes methods found in the literature [4-11] to determine the cutting 
force and helps to calculate average or instantaneous cutting force in each tool motion 
during milling process using the simplest 'volumetric' and an advanced mechanistic model. 
Using these methods, feedrate can be adjusted more precisely. Since the tool is modeled 
with a set of polygons in the simulator, therefore it is easy to approximate the instantaneous 
contact area between tool and workpiece in each tool motion 
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1. Introduction 

In the early 20th century, F. W Taylor performed experiments for 26 years to create a 
simple solution for the intricate problem of setting safe and efficient cutting conditions. 
Despite of the progress in cutting tool technology during the last century it is still not easy 
to determine the optimum spindle speed and federates for metal removal processes. A direct 
relationship can be found between the cutting conditions and the economics of the metal 
removal process. The goal is to obtain the least machining time or machining cost while 
maintaining the safe cutting conditions and high part quality. 

Currently, most machining shops employ the traditional method of constant federate 
cutting for sculptured surface parts. This can result in significant tolerance deviations. [3] 
The different machining stages have very different requirements. In case of finishing the 
main aim to ensure constant tool deflection, resulting better tolerances. In roughing, we tTy 
to reduce breaking strength of the tool shank, note that in roughing the removable volume is 
larger than in case of finishing. 
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2. Calculation models 

As it was mentioned in the abstract, there are number of different approaches for 
optimization and calculation of cutting conditions. In this paper, the most important 
methods will be showed: volumetric and mechanistic models. Simulators of commercial 
CAD/CAM systems support geometrical simulation and verification only. 

Simulators with cutting force determination capability should answer the following 

• Does the local tool stress exceed the strength of the cutter material? 
• Can the machine tool supply enough power to cut the workpiece? 
• How much is the maximum bending of the current cutting tool? 

Other requirement: 
• The algorithm should be very efficient and quick. Note that SSM (sculptured 

surface machining) data files (e.g. CLData) often consist of thousand of tool 
motions and we must examine the cutting force for each tool step. 

Let us introduce the material removal rate (Q) [cm3/min] and assume that, this quantity 
is proportion to the power required to cut (/>): 

where K constant depends on the workpiece material, cutting tool geometry and cutting 
conditions. The spindle motor power is equal to the tangential cutting force times the tooth 
velocity. Therefore, the tangential cutting force F, is easily found by dividing the right side 
of (1) by the velocity. The radial force is calculated by multiplying the tangential force by a 
constant Kr: 

questions: 

2.1. Volumetric model 

/> = 0 * , [ k W ] (1) 

, Fr = Kr Ft. [N] (2) 
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Tool movement 

Removed area 

Fig. 1: Tool movement above dexel space 
To determine this value for each tool movement we must calculate the volume 

removed: (see Figure 1) 

= . 4 ) [cm3!. (3) 
i=i 

where A, is the dexel area, z2 and z ; are the z values before and after the tool movement, n/is 
the number of dexels modified by this particular tool movement: 

Q = K L _ = Ln_ [cmVmin], (4) 
time 

f 
where / is the feedrate. The maximum possible error is easily calculated by looking at 
Figure 1. Unfortunately, this method is probably not useful for finishing. The basic 
shortcoming of this approach is that it only estimates average forces, not peak or 
instantaneous forces. (Fig 2) 
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Fig. 2: Average removed volumes can be significantly different from the local maximum 
volume 



32 K. Nehéz, T. Csáki 

2. Mechanistic model 

The chip thickness h(3) varies as shown in Figure 3 and Figure 4. For simple two axis 
cutting can be used the following equation: 

m = f r = (5) 

Fig. 3: Chip Thickness 

In case of three axis milling and five-axis milling, particularly, if the cutting tool is 
ball-end mill, the equation (5) is not useable. In this case, a more complex equation is 
appropriate. 
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n, N 

where the scalar product of the feed velocity f((p,z) and the cutting tool surface normal 
N(9,z) determine the chip thickness. Our pure OpenGL based machining simulator can 
easily determine the contact-area by means of its stencil-buffer. The normal vectors can be 
coded as color values and easily rereadable from the color-buffer for further calculation. 

Fig. 5: Contact area on the ball-end cutter 

2.2. Empirical cutting force model 

Figure 6 shows a modell of the ball-end mill, where 9 means the cutter rotation angle. 
There is a direct proportionality between chip thickness and cutting force. Tangential and 
radial components of the cutting force can be formulated as: [4]: 

AF,=K,h(q>,z) 
AFr=KrAF,. (7) 

K, and Kr depend on workpiece material and tool and cutting temperature and tool 
geometry. The force on the cutting edge depends on the cutter rotation angle and the helix 
angle. There are number of studies about the empirical evaluation of these constants [4-11]. 
In our special situation (7) can be expressed as: 

dFT=KT(<p) h(9,<p)mTdz 

dFR=KR{<p) h{9,<p)m«dz, (8) 
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where 0< mR <1 és 0< mT<\. KT and Kg are function of <p angle. It is verifiable with lot of 

n cutting test that / ^ ( p ) h a s maximum at <p = — and KT{<p) is a monoton function of <p. 
4 

According to [S] these parameters we should approximate on the following way: 

KT (<p) = a0 +ax<p + a2<p +a3<p3 

Kr (<P) = b0+b{<p + b2<p2 + b3<p3 
(9) 

These eight constant values of (9) can be determined with a lot of test cuts. Figure 7 shows 
the coordinate system of the used model, where 9 cutter rotation angle, <p means the 
cutting edge element position angle, 9p i starting angle of the helix, y/{(p) cutting edge 

position angle. 

Tool Edge 

Fig. 6: Geometrical modell of a Ball-End cutter. An arbitrary element 
of the cutting edge can be experssed with q>, <9 angles. 

According to Figure 7, we can calculate the rotation angle of cutting edge element 
^{(p) of th ith flute as follows [9]: 

f,.(&,(p) = 9 + 9pl -¥(,<p) = 9 + (i-1) — -sin(p)tan(/7), 
n 

(10) 

where P is the helix angle, n is the number of flutes, i means the current flute. Let us 
substitute (10) into the equation of a helix and we will get: 

x = R{<p) cos 9X$><p) 
y = R(<p) sin 9, (9, <p), (11) 

where R(<p) = ^R-(R - Rcos(<p))2 on the sphere and R(<p) = R on the cylinder part of 
cutting tool. We can easily represent (11) with Matlab software, (see: Fig 7) According to 
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Martelloti [11] the chip thickness can be approximate with (5) but Engin [9] recomended a 
more general formula: 

h(9,q>) = / z s in i9s in^ . (12) 

In our model it is more natural to apply an other formula to calculate chip thickness as 
we have shown in equation (6). 

If the rotating axis of the tool is non perpendicular to the feed direction (e.g.: real 3 
axis machining) then XYZ coordinate system will rotate about X axis by £ angle, (see: Fig 
7) Differential height of the chip segment dz can be expressed with the diameter of the 
cutter and <p angle: 

dz = R cos (p dtp. (13) 

YA p 

• •X 

Fig. 7: Left side of the picture shows geometric model of the ball-end cutter 
on the right side can be seen MATLAB representation of (11). 

The coordinates of cutting edge element P in the XYZ coordinate system: 

P = (R cos 9 cos (p, R cos 9 sin <p,-R sin <p). (14) 
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Fig. 8: In the case of upward/downward ramping the chip 
geometrycan be expressed in the new X'Y'Z' coordinate system 

Matrix form of the rotation about X axis by £ angle: 

1 0 0 

^xrot- 0 c o s<í - s i n £ 
0 sin£ cos£ 

(15) 

P in X YZ coordinate system: 

P = (R cos 9 cos <p, R cos 9 sin (p cos £ + R sin (p sin R cos 9 sin (p sin £ - R sin (p cos £) = 
= (R cos 9' cos <p', R cos 9' sin <p' ,-R sin cp'). 

(16) 

We can find out the correspondence between the new and the old coordinates, if we express 

<p' and 9' from (16): 

p ' = - s i n (cos 9 sin q> sin sin <p cos C), 

9'= cos" 
cos 9 sin <p cos C, - sin <p sin ^ 

sin$?' 

Tangential and radial elemental forces can be calculated from (8) and (6): 

dFT = Kt(<p) \ f z • N(9(9, <p),(p)FT R cos <p'dcp' 

dFR = KR {<p) \ f z • N{9{9, <p), (p)}m* R cos qf d<p'. 

(17) 

(18) 

(19) 

dFx and dFv can be calculated with the following formula: 
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~dFx dF,-
dFy = RZ(9) dFr 

dFz dFA 

(20) 

where: 

Rz{9) = -
cos 9 sin 9 0 

- sin 9 cos 19 0 
0 0 1 

(21) 

Executing the operation in (20) and summarizing along the cutting edge: 

Fz(9) = JpR{-KT{<p) lf2'N(3(9,<p),<p)p cos9-KR(<p) \ f t • N{9i.9,q>),<p)\" sin 3} cos <p'd<p' 

Fy (.9) = jp R \kt (<p) I f z • N(9(9, <p), sin 9 - KR (<p) \ f z • N(9' (9, <p), (p)]"" cos 6"}cos qf d<p' 

[1 engaged 
P = 0 not engaged 

(22) 

The 3 dimensional contact area, which is obtained from the stencil buffer, is projected 
onto the cutter plane. The cutting edge elements are also projected onto the cutter plane. 
The cutting edge element engages in the cutting process if its position is on the contact 
area. If the cutting edge element engages then the elemental cutting forces are calculated 
from (8). By numerical integration instanteous cutting forces are calculated from (22). 

In Figure 10, you can see a screen-shot of our pure OpenGL based milling simulator, in 
which we are planning to apply this new cutting force model. 
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Fig. 9: Our pure OpenGL based milling simulator in which we are planning to apply this 
new cutting force model 
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