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1. Introduction

Burr is formed as a result of the undesirable plastic flow of
metals through various machining operations applied to tasks such
as grinding, drilling, milling, engraving, and turning [1]. Burr may
cause injury to workers during the assembly process, and may
trigger severe problems in high-speed equipment, fluid-power
systems, food processing, etc. [1]. Therefore, deburring must be
included in the finishing process not only to remove the unwanted
burr, but also to ensure uniform chamfering at the produced edges
for aesthetic purposes. It is also known that constant chamfering
can greatly improve the performance and lifetime of products [1].
Unfortunately, the most common burr removal process currently
employed in manufacturing plants is hand deburring using hand-
held deburring tools, which is time consuming [1]. Furthermore,
there is no chamfer on the curved edge. According to Gillespie [2],
for precision parts, edge finishing frequently constitutes 30%
of the overall cost. Liao et al. [3] proposed the modeling and
control of an automated polishing/deburring process that utilizes
a dual-purpose compliant toolhead. However, the problem of tools
interfering with work was not discussed. Song and Song [4] studied
a tool path modification method using an iterative closest point
(ICP) based contour matching algorithm to enable the robotic
deburring process to compensate for the position/orientation
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errors of the workpiece when it is placed in a jig. The proposed
method was implemented on a six degree of freedom (DOF)
articulated manipulator with force control strategies and a virtual
wall to perform the robotic deburring. However, the quality of the
deburring was not discussed.

In this paper, we introduce an interference-free automatic
tool path generation method for a ball-end cutter with constant
chamfering to remove burrs resulting from the drilling of a
circular pipe based on the differential geometry of cylinder-to-pipe
intersection curves. As shown in Fig. 2(a), the resulting intersection
curve is a space curve, which looks like the curved edge of a potato
chip. We assume that the drilling operation is perpendicular to the
pipe without eccentricity, and a tool consists of a ball-end cutter
and a circular rod, which must not interfere with the pipe, with
the exception of the cutter contact point, while deburring.

The remaining part of this paper is organized as follows. In
Section 2, we present the differential geometry of the cylinder-
to-pipe intersection curves. The tool path generation for the
deburring process is discussed in Section 3. In Section 4, we study
cutter interference avoidance. In Section 5, we demonstrate the
effectiveness of our method by conducting experiments using
physical pipe models. Finally, we conclude the paper in Section 6.

2. Differential geometry of cylinder-to-pipe intersection curves

We first introduce several notations and definitions. Bold letters
such as t, C(9) denote vectors and vector functions. Equivalently,
(a, b, ¢) and (a(d), b(#), c(0)) denote vectors and vector
functions, respectively. The dot C(9) denotes the differentiation of
C(0) with respect to the parameter 6.
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Fig. 1. (a) A drill (cylinder) intersects a circular pipe orthogonally without
eccentricity. (b) Four intersection curves.
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hole surface

Fig.2. Cylinder-to-pipe intersection: (a) Frenet frame along the intersection curve.
The intersection curve looks like the edge of a potato chip. (b) The hole surface
spanned by the two intersection curves is a ruled surface.

2.1. Cylinder-to-pipe intersection curve

Let us define a mathematical description of the geometry,
which is illustrated in Fig. 1(a). In this paper, we consider the
geometry of a cylinder-to-pipe intersection where a circular
pipe consisting of outer and inner surfaces with thickness t are
intersected orthogonally without eccentricity by a circular cylinder
representing a drill. In other words, the center lines of the pipe and
drill intersect orthogonally. We assume that the drill is represented
by a cylinder having a radius r, and its centerline coincides with the
z-axis. It can be expressed by a parametric form:

D0, z) = (rcosf, rsinf, z), (1)

where 6 is the parameter within 0 < 6 < 27. We take the center
line of the outer pipe surface, which is coincident with the y-axis,
having a radius R, and represent it by an implicit form:

X +722 =R (2)
Similarly, the inner pipe surface is given by

X2 +272 =R, (3)
where R; = R—t is the radius of inner pipe surface and t is the pipe
thickness. We can obtain the intersection curves Co(6) between
the drill surface and the outer pipe surface by substituting the

vector components of (1) into (2), and solving for z, which yields a
parametric representation of the intersection curve [5,6]:

Co(0) = <r cos@, rsinf, ++vR? —r2cos? 0), (4)

where the plus sign corresponds to the upper intersection curve,
while the minus sign corresponds to the lower intersection
curve (see Fig. 1(b)). In this paper, we only consider the upper
intersection curve (plus sign), as the minus sign can be obtained in
the same manner. Similarly, we have two intersection curves C;(9)
for the inner pipe surface:

C6) = (r cos@, rsind, £4/R;? — r? cos? 0) , (5)

a b
Non-cutting surface
* Cutter rod surface
2R,q
*Non-knife surface
2p

2Rp ‘ “/ Cutting surface

Fig. 3. Ball-end cutter: (a) Geometry. (b) Classification of the ball-end cutter
surface.

where we only consider the upper intersection curve (plus sign)
(see Fig. 1(b)). To simplify the notation, we drop the subscripts
0,1 from C throughout the rest of the paper, except when stated
otherwise.

2.2. Differential geometry of intersection curve

The unit tangent t, binormal b, and normal n vectors of the
intersection curve C(0) (see Fig. 2(a)) can be obtained as

c®)
=—, (6)
ICO)|
C(0) x €CV)
=2 7 (7)
IC(®) x C(6)]
n=bxt (8)
The curvature of the intersection curve is given by
C(0) x C(®
o _ €0 <ol ©
Ic@o)?
and the curvature vector K is obtained as
k = «n. (10)

3. Tool path generation
3.1. Hole surface

The hole surface H(@, t) (see Fig. 2(b)) is a ruled surface
bounded by two intersection curves C;(9) and Co(6), and is defined
as follows:

H@,7) = (1 - 1)C(O) + 1Co(8). (11)
The unit normal vector of the hole surface Ny is simply a unit

normal of a cross-sectional circle of the cylinder representing the
drill, and it is given by

Ny = (cos 9, sin6, 0). (12)

3.2. Ball-end cutter

The deburring cutter consists of double-start knife edges
wrapped around a sphere of diameter 2Rp in the form of a right-
handed helix with a lead angle 15°, and it is connected to a rod of
diameter 2R, as illustrated in Fig. 3(a). The knife edge of the cutter
is limited to the angle 360° — 23, as depicted in Fig. 3(a). The non-
cutting surface consists of the non-knife and cutter rod surfaces, as
illustrated in Fig. 3(b). The ball-end cutter is attached to a compact
machining center (DMG Mori Seiki MILLTAP 700) that is equipped
with a vertical 3-axis milling.
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interference
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Fig. 4. Global cutter interference: (a) Ideal path with curvature plot in black. (b) Interference while deburring C;, where the red portion indicates the interference regions.
(c) Interference while deburring Cy, where the red portion indicates the interference regions. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

Fig. 5. (a) Unit tangent vector t;; of the intersection curve between plane T and the hole surface. (b) Unit tangent vector t;, of the intersection curve between plane T and
the pipe inner surface. (c) The unit vector e pointing from the center of the cutter to the cutter contact point.

3.3. Cutter location

The cutter location is defined as the coordinates of the center of
the ball-end cutter. Ideally, it should be along the offset curve of the
intersection curve C(9) with an offset distance Rp [7,8] considering
initially the case of zero width chamfering, as illustrated in Fig. 4(a).
However, the ball-end cutter collides with the hole surface when
deburring the inner/outer intersection curve C;/Co, if the vector
from the cutter contact point to the center of the ball-end cutter
has a positive/negative z component respectively, as illustrated in
Fig. 4(b)/(c), respectively. In the rest of the paper, we only consider
the case for the inner intersection curve as the outer intersection
curve case is similar. In order to avoid such collisions, we attempt
to set the cutter location on the normal plane T (similar to the
offset curve), which is orthogonal to the tangent vector t of the
intersection curve at the reference point X, = C;(9) (see Fig. 5).
The equation for plane T is given by:

ax+by+cz+d=0, (13)

where (a, b, ¢) =tandd = —t-X,. Let us define the unit tangent
vector t;; (see Fig. 5(a)) of the intersection curve between plane T
and the hole surface (11) as follows:

th = NH X t. (14)
We also define the unit tangent vector t;, (see Fig. 5(b)) of the

intersection curve between the inner pipe surface and plane T as
follows:

tp =t x Np, (15)

where Np is a unit normal vector of the inner pipe surface, and can
be obtained using the implicit expression of the inner pipe surface
fo(x, y, 2) = x*> + 2> — R;?> = 0leading to

_ Ve _ X z
Ne =R T <¢x2+zz’ 0 ¢x2+z2>' (18)

Substituting the parametric expression (5) into (16) yields

rcosé R? —r2cos?6
Np = .o, . (17)
R R

Because our goal is to generate the constant chamfering without
any interference, it is natural to set the cutter location along the
bisection vector of t;; and tj, as shown in Fig. 6(a). Therefore,
the unit vector pointing from the center of the cutter towards the
cutter contact point (see Fig. 5(c)) is given by:

e itotz (18)
[t + atp|

We refer to the unit vector —e as the cutter vector. When o =
1, e is a bisector of an angle spanned by t;; and t;, (see Fig. 6(a)).
In general, « is set to be equal to 1; however, in some situations, «
is adjusted to avoid cutter rod interference (see Section 4.2). If we
denote the feed of the tool towards the pipe as §, the cutter location
CL(0) = (xa(9), ya(0), za(0)) is given by
C.(0) =x, — (Rg — d)e, (19)

as shown in Fig. 6(a), and hence the equation of the ball-end cutter,
which is represented as a sphere, can be expressed as:

Ix — CL(0)]* = Rg?, (20)

where X = (X, y, z).As illustrated in Fig. 6(b), the chamfering
width W can be defined as the line between points A and B. Point
A can be obtained as an intersection point between the straight line
emanating from x, along the vector t;;:

ri($) =X, + ¢ty (21)

and the sphere (20). Substituting r;(¢) into x of (20) results in the
following quadratic equation:

P+ 2(Rg — 8)e -t ¢ + 8% — 28Rs = 0, (22)
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Fig. 6. Chamfering width W: (a) Bisection of t;; and t;; (¢ = 1). (b) Cross section of the chamfering when a # 1. (c) Three orbits of point A, point B, and X,, and close-up

view.

Fig. 7. Solution of Newton’s method. (a) Meaningful solution. (b) Unwanted
solution.

where the meaningful solution is

{=—(Rs—8)e-ti; ++/(Rs — 5)2(e - ;)% — (82 — 26Rg).  (23)

Similarly, point B can be obtained as an intersection point
between the line along t;;:

r(n) =X, + ntp2, (24)

and the sphere. The meaningful solution is

n=—(Rg—8)e t+/(Rs — 8)2(e - tp)? — (82 — 28Rz). (25)

Because ¢ and 5 are both functions of §, the chamfering width W
can be expressed as a function of §:

W(8) = [ri(£(8)) —ra(n(8))!. (26)

Thus, given the chamfering width W, the feed of the tool § can be
obtained by finding the root for

G(8) = I11(£(8)) — r2(n(®)) > —w? =0. (27)

We employed Newton’s method to find the root of (27), where
we used a small positive number § = W /4 for the initial value.
Starting with this initial value, Newton’s method converges to
the correct solution (see Fig. 7(a)), whereas with a negative small
number, it generally converges to the unwanted solution (see
Fig. 7(b)). If we use the initial values with a large magnitude, the
solution generally diverges.

Fig. 6(c) depicts the three orbits of point A, point B and x,. We
can observe that AB is constant and the line segments Ax, and Bx,
are of equal length (see Fig. 6(a)). In other words, the cutter vector
divides the cross section of the machined surface into two equi-
length circular arcs.

Fig. 8. Chordal deviation of the approximated line segment: (a) Initial equi-length
line segments (e.g., number of line segments: 12). (b) Line segments are subdivided
if the chordal deviation is not within the tolerance.

3.4. Generation of line segments

The procedure begins with approximating the intersection
curve C(0) by a set of equi-length line segments (see Fig. 8(a)). The
maximum chordal deviation is calculated for each line segment,
and if the deviation is greater than the prescribed tolerance,
the curve is subdivided until the chordal deviation is within the
tolerance € [9].

Because the intersection curve is not arc length parametrized,
points of the curve obtained at parameter values 6, 61, ..., 6y
corresponding to a uniform increment A0 = 6, — 6,_1 will not
be evenly distributed along the curve. If we denote the arc length
of the intersection curve as s, then the parametric speed of the
curve, which is the rate of change of its length s with respect to
the parameter 0, is given as v = j—; = |C(9)|. The total length of
the intersection curve L is evaluated as:

2 2 ds 2 .
L:/ ds :/ —do :/ |C(0)|d6. (28)
0 0 do 0

If we divide the total arc length L by N segments, the length of the
divided curve segment As is given by

L
As = N (29)
We want to find the parameter 6, such that
O
kAs = /0 |C(6)|db. (30)

If we rewrite (30) as

0,
F60 = / '1€@)1d6 — kas = 0, 31)
0
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Fig. 9. The condition Ry < 1/|k.(0)] is satisfied; therefore, there is no local
interference.

our task is to find the root of f(6y) = 0 [10,11]. We use the
Gauss-Legendre n-point quadrature formula [12] to evaluate the
integral in (31). The root can be obtained using Newton’s method
as:

N (O

- ok (32)
CO feM)

where the superscript (n) denotes the nth iteration, and

FOT) = 160" = v ™). (33)

We approximate the deviation A by the distance between point
C (%) and the line segment connecting C(6;) and C(6x1), as
shown in Fig. 8(b). This leads us to

(€)= €))% (€ (1) — @)

|C(Bk+1) — C(Ok)]
If the deviation of the linear segment to the curve segment is not

A (34)

within the prescribed tolerance ¢, we add point C (%) asa

new reference point and split the curve segment into two line
segments. The number of initial line segments is typically N =
60, and hence, the intervals between them are small. Accordingly,
there is no significant difference if we take the parametric midpoint
or arc length midpoint for adding the new reference points.
Therefore, we choose the parametric midpoint for simplicity.

4. Cutter interference avoidance

There are two types of cutter interference, namely, the ball-
end cutter interference and the non-cutting surface interference.
The ball-end cutter interference can be further divided into a local
interference, where the radius of the ball exceeds the local radius
of curvature along the path, and the global interference, where
the ball-end cutter interferes with the hole surface because of the
global distance between them.

4.1. Ball-end cutter interference

4.1.1. Local interference

As shown in Fig. 4(a), ideally, it is best to locate the center of
the ball-end cutter along the curvature vector of the intersection
curve. In such cases, the condition required to avoid local cutter
interference is:

1
RB§@7 (0 <0 <2m). (35)

However, in real operations, the center of the cutter is located
along the cutter vector —e, as discussed in Section 3.3. Therefore,

a

!

3

Fig. 10. Cutter rod interference. Figures in the left-hand side column are the cases
where the non-knife surface of the cutter makes contact with the hole surface (case
(i)), while those in the right-hand side column are the cases where the cutter rod
touches the hole surface (case (ii)): (a) Top view. (b) Front view of (a). (c) Top view.
(d) Front view of (c).

as shown in Fig. 9, the condition to avoid local cutter interference
becomes:

1
Rp < K@)’ (0 <6 <2m), (36)
where
k.(0) = [k(@) - (—e(0))][—e(0)]. (37)

4.1.2. Global interference

As illustrated in Fig. 4(b), the ball-end cutter interferes with the
hole surface when deburring C; (@), if the cutter vector —e has a
positive z-component. In order to avoid global cutter interference,
we must keep the z-component of the cutter vector as —e, < 0.
Below, we prove that if « = 1in (18), then —e, < 0 for any 6.

Proof. Because the z-component of t;; and t;, are given by

Ri?> —r2cos2 6

e (38)
vVR* —r2cos*9
—rcos? 6+/R;®> — 12 cos? 6

to, = = ) (39)

RivR“ —r2cos?9

the z-component of t;; + at;», e, becomes

_ R? —r2cos26 ro,

t,=—————|1—a—cos"0|. (40)
R% —r2cost6 R

AsR; <r,itiseasy to find that —e, < O foranyf# wheno = 1,and
hence —e, < 0. This completes the proof. In case the avoidance of
the cutter rod interference is applied, « is not equal to 1. In such

cases, o must satisfy
< (41)
~ rcos?f’

4.2. Non-cutting surface interference

As illustrated in Fig. 3, the non-cutting surface consists of
the non-knife and cutter rod surfaces. Fig. 10(a) and (b) show
case (i) where the non-knife surface (see Fig. 3) of the cutter
contacts the hole surface H(9, t), while Fig. 10(c) and (d) illustrate
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Fig. 11. (a) Determination of « to avoid cutter rod interference. (b) Close-up view
of (a). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

case (ii) where the cutter rod touches the hole surface during
the deburring operation. We can treat both cases in a similar
manner by considering the non-knife surface of the ball-end cutter
as a part of the cutter rod. In other words, it is equivalent to
checking interference using a cutter with a larger rod diameter that
encompasses the non-cutting region of the ball-end cutter.

Let us define a cylinder (red in Fig. 10) generated by revolving
the center line of the cutter rod around the center line of the drill,
which defines a non-cutting surface interference-free region. If we
denote the radius of the cylinder as Rk, where Rx = r — Rgsin 8
for case (i), or R = r — R4 for case (ii), then the cylinder can be
expressed as:

R(A,z) = (Rgcos O, Rgsinb, z). (42)

To avoid the interference, we adjust « so that the center of the
cutter rod axis must stay within the cylinder (42). In other words,
the limit cutter location point must be on the intersection curve
(red curve in Fig. 11) between the plane (13) and the red cylinder.
Therefore, we have:

aRg cos® + bRgsin® +cz+d = 0. (43)

In general, the plane is not parallel to the z-aix, thus ¢ # 0, and
hence the intersection curve between the plane and cylinder can
be obtained as:

Cr(60) = (RR cos 0, Ry sin@), — TRRC0SO + IC)RR sinf + d) . (44)
Alternatively, we could set « = 1 and adjust the chamfering
width such that the non-cutting surface does not interfere with the
pipe surface. However, it may not produce the desired chamfering
width.

In the following, we study how to adjust « so that the center
of the cutter rod axis stays within the cylinder (42) to avoid cutter
rod interference. The algorithm is described in Algorithm 1. First,
we set the initial value for « in (18), where we typically use @ = 1,

then the line equation along e will be
1(u) = x, + ue, (45)

where u is a parameter. There are two intersection points between
the line (45) and the closed intersection curve (44) where the
intersection point closer to X, is the meaningful solution Xy (see
Fig. 11(b)), and the further one is the unwanted solution. The
intersection problem can be formulated as a vector equation1(u) =
Cr(0) with two unknowns u and 6 (see Fig. 11). The system of
equations is overdetermined. Therefore, we first solve the first two
equations using Newton’s method and select the solution u and
6 which satisfy the third. If the correction for Newton’s method
is large, it is an indication that the problem is highly nonlinear.
In such a case, we multiply the correction by a step correction

a p b a®

Fig. 12. (a) Degenerate case (¢ = 7 /2, 37 /2). (b) Close-up view of (a).

factor w, where 0 < u < 1. We typically use u = 0.2.
The initial values for u and 6 are set equal to u = r — Rg and
0 of X, = C;(0), respectively. Since the angle difference along
the intersection curve between the meaningful solution and the
unwanted solution is about s, it is unlikely to converge to the
unwanted solution as long as we use the above initial values
together with the damped Newton’s method. If we denote the
intersection point as Xg(a) = (xg(@), yr(a), zg(er)), which
depends on «, the following condition must be satisfied in order
to avoid the cutter rod interference (see Fig. 11(b)):

F(a) = (% — xe(@))? + (v, — yr(@))?
+ (2 — zr(@)® — (Rg — 8)* = 0. (46)

With the initial guess of «, (46) is usually not satisfied.
Therefore, we adjust « such that |F(«)| becomes smaller than the
prescribed tolerance ¢, by employing the bisection method [12].
Note that the initial interval for the bisection method is set to
satisfy the condition (41); therefore, the solution from Eq. (46) does
not violate (41). When the tangent vector (6) is orthogonal to the
z-axis, ¢ vanishes and the intersection curve Cg(6) degenerates to
two straight lines that are parallel to the z-axis at 6 = 0,7 or
0 = /2,37 /2 as shown in Fig. 12. Let these lines be

q(&) = (RpcosH, Rgsind, 0) +£(0, 0, 1). (47)

Then, the line-line intersection with (45) can be formulated as
follows:

(RrcosB, Rgsin®, 0) +&(0, 0, 1)

= (Xp7 Yp» Zp) ~+ u(ey, €y, e;). (48)
The x-component of the vector equation can be used to find u for
6 = 0 and &, while the y-component can be used to find u for
0 = m/2,3m /2. Using this u, the intersection point is evaluated

by xg(a) = I(u). The z-component is used to verify the result by
obtaining £ using u, and substituting into (47).

Algorithm 1 Avoidance of cutter rod interference

Input: Initial values «y, ug, 89, and the tolerance ¢,
Output: oy,
1 Oog = g, Ugig = Ug, Boia = 6
2: repeat
3: e = EvaluateCutterVector (co1q)
if Intersection curve is non-degenerate (c # 0) then
(Unew Onew) = ComputeLineEllipselntersection(e, Ugyq, Goiq)
else if Intersection curve is degenerate (¢ = 0) then
(Unew , Onew) = ComputeLineLinelntersection(e, uylg, Goia)
end if
Xg(oiq) = EvaluatelntersectionPoint (Upey, , Opew)
10:  opey = UpdateByBisectionMethod (Xg(co1q))
11 Olold = Olpews Uold = Unew Gold = Onew
12: until |F(apey)| < €4

© 9N R
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a
Fig. 13. Pipe models: (a) CAD model. (b) Aluminum model.
Table 1
Experimental conditions.
Exp. No. 2B Cutter rod interference € (mm) # of line segments
1 72° No 0.02 96
2 93° Yes 0.01 101
3 93° No 0.01 101

5. Physical experiments

In this section, we demonstrate the effectiveness of our
algorithms by applying them to aluminum pipe models. The
experimental setup is only for checking the inner intersection tool
path. All of the computations are performed on an Intel Core i7-
4770 (3.40 GHz) PC with 8 GB of RAM.

5.1. Experimental setup

Pipes are modeled as shown in Fig. 13(a) for ease of handling
and easy measurement, and their geometries are fixed for all of
the experiments. The inner diameter of the pipe model and the
diameter of the drill are chosen to be R; = 36 mm and r = 26 mm,
respectively. We use aluminum A5052 for the pipe specimen, as
depicted in Fig. 13(b).

The radius of the ball-end cutter is Rg = 6 mm, and the rod
diameter is R, = 3.6 mm. The chamfering width is set to W =
0.7 mm. The feed rate and the number of rotations of the cutter
are 300 mm/min and 3000 rpm, respectively.

Under these conditions, 1/|k.(8)] (0 < 6 < 2m) is always
larger than the radius of the ball-end cutter for « = 1 (see
Fig. 14(a)), and hence, there is no local interference, as shown in
Fig. 14(b), while Fig. 14(c) shows that —e, is always negative, and
therefore, there is no global interference.

We conduct three experiments to remove burrs generated at
the pipe hole exit (see Fig. 15(a)). The experimental conditions are
presented in Table 1. In Section 5.2, we conduct an experiment
(No. 1) where we have no cutter rod interference with « = 1.In
Section 5.3, we examine the case when the non-knife surface of the
cutter interferes with the hole surface using « = 1 (No. 2), while
in Section 5.4, « is adjusted in some regions so that the cutter rod
(non-knife surface) interference is avoided (No. 3).

5.2. Interference-free cutter path witha = 1 (28 = 72°)

Experiment No. 1 is the most typical experiment in pipe
deburring where there is no cutter rod interference, even with
constanta = 1for0 < 6 < 2x.Fig. 15(b) shows a close-up view of
the experimental results, which clearly shows the unwanted burrs
removed.

5.3. Non-cutting surface interference path witha = 1 (28 = 93°)

If the cutter rod interferes with the hole surface, it may damage
the milling machine; therefore, we only test interference with the

Table 2
Measurement of chamfering width.

No. Projected chamfering width based Projected chamfering width
on computation (mm) based on measurement (mm)
1 0.491 0.485
0.495 0.489
3 0.491 0.481

non-knife surface, using a special cutter that has a non-knife angle
of 28 = 93° so that the non-knife surface makes contact with
C().Withae = 1 (0 < 6 < 2m), the non-knife surface of
the cutter interferes with C;(6), generating scars on the chamfer
surface, as shown in Fig. 16. Fig. 14(d) shows that the distance from
the center of the sphere exceeds the radius Ry = r — Rgsin 8 =
10.824 mm.

5.4. Interference-free cutter path witha # 1 (28 = 93°)

In Section 5.3, we kept @ = 1for0 < 6 < 2m, and this
resulted in the non-knife surface of the cutter interfering with the
intersection curve C;(0). This left scars on the chamfer surface. To
avoid such interference, o should be adjusted based on Algorithm
1 such that the distance of the cutter location from the center line

xc1(8)% 4y ()% stays within the interference limit radius Rg,
as shown in Fig. 14(e) and (h). Fig. 14(f) and (g) illustrate that even
with @ # 1 for some region of C;(9), 1/|K.| is always larger than
the radius of the ball-end cutter and —e, is kept negative; hence,
there is no local or global interference. Although we conduct the
experiment for non-knife surface interference, it is apparent that
Algorithm 1 also works to determine the interference-free path
with the cutter rod. Fig. 17 confirms that adjusting « avoids the
non-cutting surface interference.

5.5. Accuracy of chamfering surface

The accuracy is measured by comparing the top view of
the chamfering surface taken by a digital microscope (KEYENCE
VHX-900), with that of the computing models overlaid on the
chamfered surface, as shown in Fig. 18. Table 2 compares the
projected chamfering width (top view) of the computational model
and the measurements at three different locations. The overlaid
image in Fig. 18 and Table 2 demonstrate that the edge curve is
accurately chamfered.

5.6. Comparison with hand deburring

The computational time for the cutter path generation, constant
feed rate of the milling machine, and the time for deburring are
listed in Table 3. Because the cutter rod (non-knife surface) inter-
ference is involved in the experiment, for safety, we reduce the feed
rate to one sixth of the value used in real operations. In real oper-
ations, the feed rate is typically 1800 mm/min, and the deburring
operation takes only 2.4 s. According to Uchida [ 13], burrs become
larger as r /R, approaches one, and hand-held deburring tools are
required to remove burrs. Therefore, it takes about 30 s on average
to complete the finishing operations. In summary, the deburring
time is about 12 times faster than that of hand deburring, and in
terms of the chamfering width, the quality is much better. Further-
more, our method can significantly reduce the labor cost. Fig. 19
shows a typical result obtained for hand-held deburring, which
clearly shows that the chamfering width is not constant; moreover,
unwanted scars are generated by the worker.
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Fig. 14. Computational results. Figures in the left-hand side column are the results for « = 1 for (0 < 6 < 2x), while those in the right-hand side column are the results
for o # 1. From top to bottom, « distribution, local interference check, global interference check, cutter location distance from the center line v/x¢; 0)? + ya.(0)>.

6. Conclusion

In this paper, we introduced an interference-free automatic
tool path generation method for a ball-end cutter to remove burrs
resulting from the drilling of a circular pipe with constant chamfer
based on the differential geometry of cylinder-to-pipe intersection
curves.

The advantages of our algorithm are as follows:

e An efficient and accurate automatic collision-free tool path is
generated.

e Burrs are removed with constant chamfering. Furthermore, the
cutter vector divides the cross section of the chamfered surface
into two equi-length circular arcs.

Table 3

Experimental results.

Comp. time (s) Feed rate Deburring time
(mm/min) (s)
Exp. 1 0.046 300 14.3
Exp. 2 0.047 300 14.3
Exp. 3 0.062 300 14.3
Real operations 0.046 1800 2.4
Hand deburring - - 30.0

e The parameter values at the sequence of reference points are
determined such that the feedrate of the machine operates as a

function of the distance along the tool path.
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Fig. 15. (a) Burrs generated at the hole exit 37/2 < 6 < 2m). (b) The
experimental results of Exp. No. 1, which clearly show that the unwanted burrs
are removed with constant chamfering at the edge. The chamfering width does not
appear to be constant, but this is because of the view point of the image.

Fig. 16. Scars are generated on the chamfered surface.

Fig. 17. By adjusting «, non-cutting surface interference is avoided.

We provided an outline of the concept of deburring the edges
resulting from drilling a circular hole in a circular pipe. However,
there are several possibilities for extensions of our algorithm, two
of which are:

e The algorithm can be extended to automatically generate a tool
path for an inclined hole, and for a hole with eccentricity.

e The algorithm can be extended to the deburring of drilled holes
of cone pipes with constant chamfering.
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Appendix A. Supplementary data

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.cad.2016.04.008.

T "

Fig. 18. Accuracy of the chamfering surface. Top left: Computer model of
chamfering surface. Top right: Deburred aluminum model. Bottom: Chamfering
surface is precisely overlaid on the deburred aluminum model.

R

Fig. 19. The result of hand deburring. Compared with Fig. 18, the quality of
chamfering is not comparable in terms of chamfer width and appearance.
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