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ABSTRACT

This paper presents a technique of feedrate scheduling by
anayzing the material removal volume when a tool moves in
linear, circular, or parametric curved motions. Tool motions of
different types of endmilling cutters are considered in this
study. By studying the relationship between the cutter
geometry and the tool motion, the material removal rates of
different cutters are andyzed. The adaptive feedrate
scheduling can be determined to maintain a constant cutting
load. The technique developed in this research can be used for
tool path generation in CAD/CAM systems for 25D NC
machining.
Keywords: adaptive feedrate scheduling, material removal
volume, high speed machining, 2.5D pocket milling

INTRODUCTION

In milling processes, the cutting force on the cutter varies
due to the change of the engaged remova material volume, as
shown in Figure 1. The change of material remova rate in
milling processes may cause tool breakage or damage the
machined part surface [21]. This problem becomes even more
severe when the cutting speed becomes higher. For example,
in high speed machining (HSM), a dight change of cutting
direction may cause significant increase of cutting force,
which may damage the part surfaces and/or cutters [20]. To
apply high speed machining and avoid tool breakage,
understanding the tool’s remova volume engagement and
changing tool pathsin machining is an important issue.

When a tool moves into different regions or changes its
cutting direction, the engage angle and the swept volume are
changed [22]. As shown in Figure 1, an engage angle (@p) is
defined as the angle at the cutting edge between the start and
finish locations of the material engagement [19]. Figure 1
shows the different engage angles @) of a cutter moving in
different cutting tool paths. In Figure 1, sisthe cutting step-
over distance. Figure 1(a) shows the engage angle ayg of a
cutter moving in linear tool motion. Figure 1(b) shows the
increase of engage angle ap; when the cutter moves into a
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Figure 1. Changes of engage anglea , dueto different types
of tool motions

the engage angle ap, is less than ayy of linear motion
(a,, <a,,), asshown in Figure 1(c). For the concave circular
tool motion in Figure 1(d), the engage angle a; in the concave
region has a larger value than ay, of the linear tool motion
(a,; >a,,). Changing the engage angle along different tool
path trajectories causes the variation of the cutting load [19,
20]. The reduction of the feedrate is expected to reduce the
actual chip overload and consequently increase the tool life
[2]. Furthermore, reduced variations of the cutting force can
improve the machining accuracy and surface finish [5]. The
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cutting forces are proportional to instantaneous material
removal rate, which can have different instantaneous peak
values [9]. To maintain constant materia engagement or
maintain the material removal rate may reduce the peak forces
variation.

Many researchers studied the relationship among the
cutting force, chip thickness, engage angle and material
remova rate. Tsal [22] developed a method to control the
instantaneous engage angle by modifying the tool path at the
circular path segment and adding additiona tool path
segments at the corner.  Stori [20] introduced a new offset
algorithm to maintain a constant engagement tool path for
convex curves. Wang [24] and Kramer [14] studied the
relationship between the material remova rate and feedrate
parameters for milling using a flat-endmill.  Bailey [1]
developed a process simulator for selecting cutting conditions
to maximize the material removal rate subject to autting force,
power, and chip load constraints. Rodriguez [19] studied the
relationship between the chip thickness and the machining
parameters such as feedrate and cutting speed to maintain a
desired cutting load. His method considered only the linear
cutting motions. Ip [8] and Huang [7] used the fuzzy logic
method to increase material remova rate and to maintain a
constant cutting load. According to the literature, most of the
research was focused on studying the linear tool motion or
only on flat-endmill cutting. Very little work has been
reported on studying the use of different types of endmill
cutters in machining or different types of tool motions, for
example B-spline tool paths.

In this paper, the geometric models and detailed
formulation of material removal volumes are studied for
different types of endmilling cuttersin avariety of cutting tool
motions. The generalized cutter geometry, which is capable of
representing different types of endmilling cutters (ball-
endmills, flat-endmills, fillet-endmills and taper endmills), is
used in this study [11]. The geometric models and formulae of
material removal rates presented in this paper can be used for
adaptive feedrate control with constant cutting load. The
adaptive feedrate scheduling is determined to maintain a
constant material removal rate, which result in constant cutting
load adong tool paths. This is especidly useful in machining
curved part surfaces and in high speed machining for a
constant cutting force.

2 GENERALIZED CUTTER GEOMETRY _ OF
DIFFERENT ENDMILLS

In this section, the generalized cutter geometry for different
types of endmills (including flat-endmill, ball-endmill, fillet-
endmill and taper-endmill) is introduced. Different types of
endmills generate different surface marks in machining due to
the difference of cutters geometries [4, 14]. Figure 2 shows
the generalized cutter geometry based on the APT (Automated
Programming Tool) definition [13]. As shown in Figure 2, the
definitions of the geometric parameters are shown as follows:

r: cutter radius,

re: radius of the corner circle; it can be zero or no
larger thanr,

e radia distance from the tool axis to the center of
the corner circle,

h: cutter height measured from the tool endpoint

along thetoal axis,

hic: distance from the tool endpoint to the center of the
corner circle measured paralel to the tool axis,

b;:  angle between the upper segment and the tool axis,

and -90° < by < 90°,

d: angle from a radial line through the tool endpoint
to the lower line segment, and 0° £d, <90°.

Cutter axiis

Cutrer side

< = Cutrer

I bl
CltJItEJer_/'LI’_,
]

Figure 2. Generalized cutter geometry definition (Based on
the APT definition [13].)
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Figure 3. Different types of endmills[4]

In this paper, four different types of endmill cutters, which
include flat-endmill, ball-endmill, fillet-endmill and taper-
endmill (as shown in Figure 3), are considered. Detailed
discussion of the APT tool geometry and the geometric
variables has been presented in our earlier work in [4, 11]. By
considering the cutter geometry and the material engagement,
the material remova volume for different endmills in
machining can be determined. The detailed formulations of
the cutting cross-sections for different types of endmills are
presented in the next section.

3 ANALYSIS OF CUTTING CROSS-SECTION
AREAS FOR DIFFERENT ENDMILLS

To analyze the material removal volumes of cutters moving
along different paths, the cutting cross-section areas of endmill
cutters must be determined. Figure 4 shows a cutter
machining a part surface. To calculate the cutting cross-section
areas of different endmills, a more complex cutter geometry
(for example, a generalized cutter or a taper-endmill) is used.
Once the geometric model of cutting cross-section area for a
generdized cutter is formulated, other simpler cutters (for
example, flat-endmill or ball-endmill) are actualy specia
cases of the generalized cutter geometry model. The cutting
cross-section information can be used to calculate the material
removal rate, which will be discussed later in Section 4.
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Figure 4. Cutting cross-section y i for ataper-endmill
machining a part

Figure 4 shows the cutting cross-section y when a part

surface is machined by using a taper-endmill. The cutter axis
is paralel to Z-axis and the cutter is moving on the X-Y plane.
Figure 4(a) shows the top view (X-Y plane) of acutter, and the
cutter is moving along the Y-axis. In Figure 4(a), L isthe
distance of the cutter moving from the previous cutter location
to the next one within a given time T with a feedrate V;. The
dark area A, in Figure 4(a) is the removal area on part surface
when the endmill cutter advances with a distance L during a
period of time T. The materia remova volume under A can
be found by multiplying the cutting cross-section area y ; and
the cutter advance distance L, as shown in Figure 4(a). Figure
4(b) shows the front view of the cutter and the step over
distance s between two adjacent cutting passes. The dark area
y ¢ in Figure 4(b) represents the cutting cross-section areay ; of
materia removed with a taper-endmill in machining.

To find the area of the complex cutting cross-section, the
complex cross-section is divided into a set of manageable sub-
areas as shown in Figure 5. For a cross-section area y G of a

generalized cutter, the total area can be calculated as follows
(Figure 5(b)):

Y. =4y, 1)
i=1

where y ; is the sub-area of the cutting cross-sectiony ¢.

—] w
Z z
li' ‘._T Ifl Ii- XJ 1
L ! I
Ny T2 d _'] yIQ i ?1
LT ] tle
A (Cutter moves I‘T' (Cutter moves

out from paper) ogt from paper)
Ye=aYi=y1tY2+tYs
i=1

(&) Areaof cutting
Cross-section

b) Dividing the cross-section
areainto a set of sub-areas.

Figureb5. Thecutting cross-section areay ¢

After finding each of the sub-areay ;, the total areay ¢ of a

generalized cutter is calculated by using Equation (1). The
cutting cross-section area y ¢ of a generalized cutter can be
found as follows:

For s> 2e,

rt<2:(p - X )+2r‘§sinf cosf +4rme+25(d - rm)
Yoo 5 @
For s£ 2e,

ys=sxd A3)

where f = cos 1[(s- 2e)/ Zrm] and d is the depth of cut.

Detailed calculation of the sub-area of a generalized
cutter can be found in our earlier work presented in [12]. The
cutting cross-section area y ¢ of a generdized cutter from
Equations (2) and (3) will be used to determine the adaptive
feedrate control in Section 4.

3.2 Cutting cross-section areas of different cutters
Figure 6 shows the cutting cross-section areas of different
endmills. Figure 6(a) shows the cutting cross-section y 5 of a
fillet-endmill in machining process. The cutter is moving
along the Y-axis on the X-Y plane (i.e, cutter moves out from
paper in Figure 6). The material removal cross-section areay
can be calculated by using the generaized Equations (2) and
(3) and the cutter's geometric parameters (Figure 3),
depending on the step-over distance s.

Figure 6(b) shows the cutting cross-section y ¢ of aflat-
endmill when the cutter is machining a workpiece. For a flat-
endmill, the angle f and corner radius r are both equa to
zero, as discussed earlier in Figure 3. By substituting (f = 0.0)
and (= 0.0) into Equations (2) and (3), we can find y ; of a
flat-endmill, shown as follows (Figure 6(b)):

y,=sxd 4
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Figure6. Cutting cross-section 'y for fillet-endmills, flat-
endmills, and ball-endmills

Figure 6(c) shows the cutting cross-section y, of a bal-
endmill machining a workpiece. Ball-endmill cutters are
usually used to machine curved surfaces. Using ball-endmill
cutters in machining, cusps are left on the machined surface
after machining [16]. The height of the cusp depends on the
step-over distance s. Thelarger the step-over distance sis, the
higher the scallop height becomes [15]. The dark area y , in
Figure 6(c) represents the cutting cross-section area y , of the
removed material when a ball-endmill is machining a part
surface. For a ball-endmill, the corner radius ry. is equal to the
cutter radius r (r=r), as shown earlier in Figure 3.
Substituting (r=r) into Equation (2), the cutting cross-section
Yy p, of ball-endmills can be found as follows (Figure 6(c)):

_ r’(p - 2 )+2r?sinf cosf +2s(d - r)
2

Y ®)

where f =cos’(s/2r). Using Equations (2), (3), (4) and (5),
the materid remova volumes of different endmills can be
found for cutters moving along a variety of tool paths.

4 MATERIAL REMOVAL RATE ANALYSIS FOR
DIFFERENT TOOL MOTIONS

The material remova rate (MRR) can be calculated by using

the cutting cross-sectiona area y ¢, feedrate and the cutting

tool motions. In this section, we formulate the relationship

between the materia removal rate and the feedrate when atool

moves in either linear or curved motion.

4.1 Centroids of cutting cross-sections _ for
different cutters in machining

As shown in Figure 4, when a cutter is moving aong a linear

motion, the removed materia volume is equal to the swept

volume generated by the cross-section areay  aong the linear

tool trgjectory. The material removal rate (MRR) of a cutter
moving along a linear trajectory can be calculated as follows:

MRR =y , %/, (6)

iy  ‘whenthetool isa flat - endmill {i
_ly, :whenthetool is aball - endmill |
1y & whenthetool is a fillet - endmill{

}'yt :when thetool is a taper - endmiIIL
V; isthefeedrate of the cutter moving in linear mation.

C: center of acurve tragjecto
R: radius of a curvature

P: cutter tip

(a) A cutter moves along
aconcave surface

(b) A cutter moves along
aconvex surface

Figure 7. The material engagement and the feedrate in
circular motion

The cutting cross-section y g in Equation (6) can be
found by using Equations (2) and (3). Figure 7 shows a cutter
moving dong a curve trgjectory with aradius of curvature R,
and C is the center of the curve trajectory. When a cutter
moves aong a curve path with a radius of curvature R, the
material removal rate can be found as the cross-section area
y e multiplies by the corresponding feedrate Vi at the
“centroid” of the cutting cross-section [14]. Since the feedrate
V; is defined at the cutter tip, the corresponding feedrate V. is
the proportional feedrate calculated at the centroid of the
cross-section area y g, & shown in Figure 7. The term

“centroid” is defined as the location in a set of physical bodies
where the total mass can be conceived to be concentrated [18].
The moment of the concentrated mass with respect to any axis
or plane is equal to the moment of the distributed mass with
respect to the same axis or plane. In a homogeneous body, the
centroid and the mass center are at the same position. In this
paper, we assume the workpiece is homogeneous and the
centroid is the same as the mass center of the cutting removal
volume.

On the cutting cross-section plane, we use the coordinates

M ()??/) to represent the centroid of the areay g on the plane.

The total cross-section area y ¢ of a generdized endmill
consists of a set of sub-areas: {y1, Y2, Y3, ---, Y. The

centroid M (>_<§) is calculated by using (Z?,) of each sub-
aeaof {y1,¥2Ya ....Yn asfollows

Ay o
M(xy =& — (7)
Yo
wherey; isthe sub-areaof {y 1, ¥, ..., Y n}, Y ¢ isthetotal
cutting cross-section areaof y i, i = 1,2,...,n.
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The centroid (;7,) of each sub-areay ; can be calculated
asfollows[18]:

axdxdy

X = ®
2

Y:M 9)
z

The centroid coordinates (Z?,) of the sub-areasy j are

dependent on the step-over distance s and the radial distance e.
As presented in our earlier work in [12], the centroid

coordinates MG&,W of a generalized endmill can be
calculated as follows:

When d>r, - 1, SinW

0%y 1+ 65,90 » + (5,730 ¥ 5 + (Ka¥a) Y ]

Mg, (%) = Ve
(10)
and, when d£r, - r,sSnW
MG dgr, (xy) = I(XZ’VZ)*Y 2+06,¥3)*Y 3+, Ya)*y 4] (11)

Yo

In Equations (10) and (11), the angle can be found to be
W:cos‘l(r,c/((r - @ +r, tanb)). The details of different

cutting cross-section areas for a taper-endmill, ball-endmill
and fillet-endmill were discussed in our earlier work in [12].

4.2 Determination of the adaptive feedrate control

As shown in Figure 7, when a cutter moves along a curved
path, the center C of the curvature and the radius R of the
curvature can be found. Since the feedrate V is defined at the
cutter tip P, the corresponding feedrate Vi at the centroid
M &y) of the cutting cross-section y o needs to be found.
Due to the circular motion of the cutter, the corresponding

feedrate Vi a the centroid M&?/) can be found to be

proportional to the feedrate V at the cutter tip P, as shown in
Figure 7. In Figure 7(a), a cutter is moving along a concave
surface and the corresponding feedrate Vi at the centroid

M()_(,Y/)of the cutting cross-section y 5 can be found as
follows:

_V,xR-m)

feov (R _ r) (12)

where V; is the feedrate at the cutter tip P, m=/(x)> + (y)? ,

R is the radius of curvature, r is the cutter radius, and
(7(, 9) are the coordinates measured from the cutter contact
point.

Figure 7(b) shows a cutter is moving along a convex
surface and the corresponding feedrate Vi at the centroid
M &;) of the cutting cross-section?  can be calculated as
follows:

feox :m (13)
' (R+r)

Using Equations (12) and (13), we can find the corresponding

feedrate V. at the centroid M >_<,§ of acutter moving adong a

curved path. The material removal rate of a cutter moving
along a curved path can be formulated as the corresponding
feedrate Vi, multiplied with the cross-section area y g, shown
asfollows:

MRR=y (¥, (14)

where Vi is the corresponding feedrate at the centroid of y .

By using Equations (12), (13) and (14), we can summarize the
MRR formulation of a cutter moving along the convex or the
concave paths as follows:

:y & XV, >{R+E)
(R+r)

YoM, {r- )
(R-1)

MRR,, , for convex paths (25)

MRR, ,  for concave paths. (16)

In NC part programming, the rotational speed N (rpm) can be
determined based on the maximum cutting speed v (ipm) and
the cutter diameter D by using the following equation [11]:

v=pxDxN @

The tangentia cutting force F of a cutter in linear motion can
be calculated by using the MRR and the cutting speed v as
follows[8]:

F :% , for linear tool motion (18)

linear

where E is the specific energy of the part material. To find the
tangentia cutting force F of a cutter moving along a curved
tool path, the cutting force F can be found by substituting
Equations (15) and (16) into Equation (18) asfollows:

_Y N ORm)XE
o vXR+T)
and,
_Y e AR- E)XE
> vXR- 1)

, for aconvex path (219

Jfor aconcave path (20

where E is the specific energy of the part materia. To
maintain a constant cutting force F, the material removal rate
(MRR) in Equation (18) needs to be maintained as a constant
no matter whether the cutter is moving in a linear motion or
along a curved path. To maintain a smooth MRR aong a
curved path, the corresponding feedrate Vi at the centroid

M (>_<§) of the cutter needs to be adaptively determined. In
the current tool path generation method, the feedrate V;is
determined at the cutter tip [17]. To keep the corresponding

feedrate Vi, at the centroid M x,g constant, we can

determine the adaptive feedrate V.4, at the cutter tip as
follows:

Vfc(R+ r)
=———, foraconvex path (21
(R+m)

adpex
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V. .(R-T)

o = ————, for aconcave path (22)
(R-m)

Vadp,llnear :Vfc ' fOr alinear pﬁh (23)

where V. is the corresponding feedrate at the centroid of
cutting cross-section y , Ris the radius of the curvature, r is

the cutter radius, and m= y/(X)* + (y)* , measured from the

cutter contact point.

By using Equations (21), (22) and (23), we can determine
the adaptive feedrate V,q, of a cutter moving along curved
paths or linear paths for the smoothened cutting load and MRR
in machining. To verify the feasibility of the adaptive feedrate
control, it is aso of interest to know the tool motion
acceleration of the machine tools. The maximum acceleration
of the conventional machine tools is ranging between 0.2-0.3G
(i.e., 77-115.7 inches/sec?, with 1G = 385.8 inches/sec?) [10].
For the new high speed machine tools, an acceleration of 1G (
385.8 inches/sec?) or higher can be easily achieved [10]. In
this paper, the machine tool tangential acceleration, a, isfound
asfollows[6]:

Ao D fa- 6 (- 1) (2
Dt t|+1_ tl 2)(||+1_ |I)
where Dt=—tmtli - 241 1) L, |, are the arc

$fi+1+ fi O (fi+1 + fl) ’
2,
e [
length at time t;, t.., with feedrate f; and f;..,, respectively.

The computer implementation of the presented
techniques and the illustrative examples are shown in next
section.

5 COMPUTER IMPLEMENTATION AND EXAMPLES
The methods presented in this paper have been implemented
on 200 MHz computer workstations using MATLAB®
software. Severdl illustrative examples are presented in this
section to demonstrate the feasibility of the developed
techniques.

e v

Blaiwrind Fosmowgl FReie pad

Cutter diameter D = 1.0", Depth of cutd = 0.3", Step-over distances=0.5",
Radius of curved path R, Corner radius of cutter ric

Figure 8. Therelationship of the MRR and theratio of
R/D and theratio of r./D

Figure 8 shows the relationship among the materia
removal rate, the radius of curved path R and the corner radius
re . In Figure 8, a cutter diameter D=1.02, depth of cut d =
0.32, step-over distance s = 0.52 and a selected feedrate V; =

100 ipm are used for demonstration. In Figure 8, when the
ratio of (R/D) is increased, the tool path becomes less
“curved” (i.e., more “linear”) and the material remova rate
becomes smaller. The ratio (rm/ D) indicates the different

shapes of the cutters. As discussed earlier (in Figure 3), when
(r./D)=00, the cutter is a flat-endmill.  When
(n./D)=05, the cutter is a ball-endmill.  When
0.0<(r,/D)<05, it is a fille-endmill. As shown in Figure
8, when (r./D) is increased (i.e, more like “ball-endmill”
shape), the material removal rate is decreased, which is
consistent with the earlier observation of flat-endmills having
higher MRR than ball-endmill presented in [23].

Figure 9(a) shows an example of a part surface that has
rectangular corners (angle = 90 degree). The solid line is a
part surface and the dash line represents the offset tool path
trajectory. Figure 9(b) shows the calculated material removal
rate MRR when a tool moves into the corner and changes its
direction. At each corner, there is an uncut area (i.e., shaded
area in Figure 9(a)) left from the previous cutting pass. This
will cause the increasing of cutting material engagement, as
shown in Figure 9(b). When atool reaches a corner, the MRR
gradually increases at the beginning (due to the uncut area left
by the previous cutting pass), and then increases vastly
because of the larger engage angle, as discussed earlier in
Figure 1(b). After the cutter changes to the new cutting
direction and movesin alinear motion, the MRR returns to the
norma MRR, as shown in Figure 9(b).

Y (inches)
11 1
U Pcut areafrom the previous cut
10 PO 7~ P1
. 19N 1
T 11
9 1 % ‘.‘I\ I
] Previous cutting
NS . I
8 Current cutting pasc ||
] L] |
. ) | Step-over distance
] N ||
61 \ “Tool path I
Part surface

1 2 3 4 5 6 7 8

X (inches)

(@) Example part surface with rectangular corner and the tool
path for machining

F ~

Materid Removal Rate (cubic inches/min)
Ll

1 , . " -

Distance (inches)
(b) Calculated materia removal rate along the tool path

Figure 9. The material removal rate along the example
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Figure 10 shows an example pocket part bounded by a
curved boundary. The pocket part surface shown in Figure 10
is machined by using an endmill of cutter radius r =0.5".
The step-over distance sis0.52 and the depth of cutdis0.32.
The correspondence feedrate Vi at the centroid is kept
constant at 100 ipm. Figure 11 shows the generated tool path
for machining the example pocket part surface by using

contour method in Unigraohics® software package.  Figure
12 shows the material engagement and the adaptive feedrate
(Vadp) control along the tool path for machining the example

part. Different types of endmill, including taper-endmill (with

309 angle), flat-endmill, fillet-endmill and ball-endmill, are
used in the same example, as shown in Figutr 12(a). When the

Figure 10. Example part surface with a free-form pocket
boundary

Figure1l. Thetool path for machining the example
pocket

cutter is machining along the curved boundary, the material
removal rate MRR at the concave region has a higher vaue
than the MRR at the convex region, as shown in Figure 12(a).
Thisis due to the fact that the corresponding feedrate Vi, hasa
larger value than the feedrate V; at cutter center when the
cutter is moving along curved paths, as shown earlier in
Equations (12) and (13). Notice that, given the same cutting
condition and cutter size, the taper-endmill generally has the
highest MRR, following by the flat-endmill and fillet-endmill,
and the ball-endmill usualy has a smaler MRR, as shown in
Figure 12(a). To maintain a constant cutting load along
curved tool paths, the adaptive feedrate Vadp at the cutter
center needs to be calculated by using Equations (21), (22) and
(23), as discussed earlier in Section 4. Figure 12(b) shows
the adaptive feedrate (\/adp) based on the constant material

engagement aong the curved tool path while machining the
free-form boundary of the example part surface in Figure 10.
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Figure 12. The material engagement and the adaptive
feedrate control for machining the example
part (using flat-endmill, taper-endmill, fillet-
endmill and ball-endmill)

Figure 13 shows an example pocket with taper boundary
surfaces. The example part has two levels of pockets with the

inclined boundary surfaces (of 30° inclination angle), as
shown in Figure 13(a). Figures 13(b) and 13(c) show the
generated tool path for machining the upper pocket and the
lower pocket, respectively. The tool paths are generated by
using the contour method provided in Unigraphics®. The
pockets with inclined boundary surfaces are machined by
using a taper-endmill with 30° taper angle (@ = 30°) and the
cutter radius of r = 0.5". The step-over distance sis0.52 and
the depth of cut d is 0.52. Figures 14(a) and 14(b) show the
material engagement and the adaptive feedrate (Vadp) control
while the cutter is machining the upper pocket along the outer
tool path (Figure 13(b)).

Figure 14(c) shows the correspondent machine tool
acceleration, a, when the adaptive feedrate (Vadp) isapplied
along the curved tool path. For the given example, the
maximum machine acceleration ayy IS about 7.27

inches/sec?, which is within the allowable acceleration @max

< 0.3G, as shown in Figure 14(c)). This can be easily
achieved on the machine tools for adaptive feed rate control in
machining the example part.
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() Example part surface with a 30° taper boundary

Cutter motion starts from X and moves counter clockwise.

(b) The generated tool
upper pocket path of the lower pocket

(c) The generated tool path of the

Figure 13. The examplepart surface and the generated

tool paths
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Figure 14. Thematerial engagement, the adaptive feedrate
control and the acceleration for machining
the example part using a taper-endmil

6 CONCLUSIONS AND DISCUSSION

This paper presents a technique to analyze the instantaneous
material removal rate of different endmill cutters moving
along either linear or curved tool paths. By analyzing the
geometry and the cutting cross-section area of different
endmills, the material engagements aong either linear motion
or curved path motion can be found. To reduce a pesk force
variation of cutting load along the curved tool paths, one can
find and adaptively adjust the corresponding adaptive feedrate
to reduce a peak variation cutting load. The techniques
developed in this paper can be used in CAD/CAM systems for
adaptive feedrate control in tool path generation for 222D NC
machining.
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