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Abstract This study presents a design methodology for
grinding a specific helical drill on a CNC 6-axis grinding
machine. The proposed methodology comprises three steps:
(1) deriving a mathematical model of the helical drill, (2)
establishing the ability matrix of the multi-axis grinding
machine according to Denavit-Hartenberg (D-H) notation,
and (3) constructing configuration matrices to express the
required grinding wheel positions and orientations while
machining the flute and flank surfaces of the drill. The NC
data for the motion values of each axis are obtained by
equating the corresponding elements of the CNC ability
matrix and the configuration matrices of the grinding
wheel. To verify the proposed methodology, a designed
helical drill is machined on a 6-axis CNC tool-grinding
machine. The methodology presented in this study inte-
grates the drill design and manufacturing activities, thereby
making possible the implementation of a more flexible,
automatic, cost efficient and controllable design and
production process.

Keywords Helical drill -
Denavit-Hartenberg (D-H) notation - Grinding

Nomenclature

(xv2)o coordinate frame (xyz)o built in drill

(xyz), coordinate frame (xyz), built in grinding
wheel

(x2). coordinate frame (xyz). built in helical

grinder mechanism
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4, configuration matrix of grinding wheel frame
(xyz), with respect to drill frame (xyz),

‘q generating curve of grinding wheel

n unit normal vector of grinding wheel

Fflute,i ith drill flute surface

Nfute,i unit outward normal vector of ith drill flute
surface

Ranki ith drill flank surface

n required spindle rotation angle

A, B, C, X, Y, desired NC data for six axes of grinding
Z machine

1 Introduction

Micro-drills usually have a high length-to-diameter ratio
(less than 0.5 mm in diameter and the aspect ratio is larger
than 10), and are therefore suitable for producing deep
holes. However, due to the small physical size of these
drills, conventional point geometries, such as conical [1],
spiral [2], cylindrical [3], multi-facet [4], etc. cannot be
reproduced. Lin [5] proposed a mathematical model for the
helical drill point and investigated the particular character-
istics of this type of drill. It was shown that helical drill
points provide a superior cutting performance in drilling
operations, particularly in micro-hole drilling. However, the
mathematical model proposed for grinding the helical drill
could not be directly applied to machining on a multi-axis
machine tool. Hsieh [6] also developed a helical point
mathematical model based on the relationship between the
helical drill point geometry and the grinding parameters.
The current study extends the mathematical model
presented in [6] to grind a specific helical drill using a
multi-axis CNC machine tool. The proposed design
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methodology comprises three steps: (1) deriving a mathe-
matical model for the helical drill, (2) constructing the
ability matrix of the multi-axis CNC machine tool, and (3)
establishing configuration matrices to express the required
grinding wheel positions and orientations while grinding
the flute and flank surfaces of the drill. To validate the
proposed methodology, a specific helical drill is ground in
accordance with the developed algorithm on a 6-axis CNC
tool-grinding machine tool.

In this paper, the point vector a,i + a,j + a:k is written
as a column matrix/a = [a, a, a. 1]", where the pre-
superscript "j” of the leading symbol, /g, indicates that the
vector is defined with respect to the coordinate frame (xyz) ;.
Given a point“a, its transformation, “a, is represented by the
matrix product “a =*4/a, where kA,» is a 4x4 matrix
defining the position and orientation (referred to hereafter
as the “configuration”) of the frame (xyz); with respect to a
second frame (xyz),. The same notation rules are also

applied to the unit directional vector, i.e./n = [ny n, n. O]T.

‘n=1[n. n, n. 0]

n ahl 8\/,' 8hl 8\/,'

1

Tl rwr

= [koSVi

Note that for reasons of simplicity, the pre-superscript "0" is
omitted if a vector is referred to the drill frame (xyz)o.

2 Drill design

This section of the paper reviews the helical drill design
proposed in [6]. An important feature of any grinding
wheel is the unit normal vector, n, along the working
surface, 7. The working surface of a helicoid grinding
wheel can be obtained from its generating curve, ‘g =
[h; 0 f(h) 1] (where parameter h; varies over a
specified range), in the x-z, plane rotation as it advances
along the symmetrical z; axis (see Fig. 1). Consequently, the
working surface of the tool, 7, and its unit normal, ‘n, with
respect to the tool frame, (x)z),, can be expressed as:

b= [hCv; hSvi f(h) +kevi 1]" (1)

— hif"(h:)Cvi  —hif" (hi)Svi — koCvi ki 0]" (2)

where C and S denote cosine and sine, respectively, and
ko =1, />m» where H is the pitch of the helix.

Although these equations relate to a helicoid grinding
wheel, they can also be used to define an arbitrary
revolution shape if ky is set to zero and its generating
curve is given by ¢' = [x(h) 0 =z(h) 1]

The geometry of the helical groove depends not only on
the tool shape, but also on the machine setting parameters.
Applying conjugate surface theory to determine the ith drill
flute (Fig. 2), the following matrix can be obtained to
describe the motion of the grinding wheel frame, (xyz),,
relative to the drill frame, (xyz)o:

%4,; = Rot(x, 180°) Trans(0,0, a,)Rot(z, 6; = 2t + 180°(i — 1)) Trans(ay, 0,0)Rot(x,A)Rot(y, @)

CO;,Ca — S6;SASa —S6,CA  CO;Sa+ S6:5ACa  —a,CO;
| =86,Ca — CH:SASa  —CO;,CA —S60;Sa + CO:SACa —a,S0; (3)
CASa —SA —CACa -0
0 0 0 1

where parameters o« and A define the tool orientation
required to generate the desired flute shape and the value of
180°(—1) gives the initial angular position of the tool
required to produce the 1°' and 2" flutes. During
machining, the grinding wheel rotates with an angular
velocity (2 and advances simultaneously along the z- and x-
axes of the drill frame (xyz),, with its position on the two
axes defined by the displacement vectors a.=k3{2¢ and
ay = ayy + ki £2t, respectively. Since the ith drill flute is
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generated in accordance with the principles of conjugate
surface theory, the conjugate points and the complete flute
profile can be determined from:

20 (o1)r L) _ @

where r; and n; are the flute surface equation and the unit
outward normal with respect to frame (xyz),, respectively.
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Fig. 1 Generating curve and its Zt
unit outward normal vector [6]

At the conjugate point, the parameters 4 and v (denoted as /
and v, respectively) are related by:

—{[x(h)x'(h) +z(h)Z (h)]SA — 2 (k) (axSASa + ki Ca — k3CASa) } Cv
—{ [x (ﬁ)x’ (ﬁ) + Z(E)ZI (ﬁ)] CASa + 7 (ﬁ) (ayCA + k3SA) }SV (5)
—x' () (a:SACa — kySa — ksCACa) = 0

The i flute surface, Tfiutei» 15 Obtained by substituting
Eq. (5) into Eq. (1), and then transforming 7 to frame
(xyz), via the transformation 7, ; =0 A, lr, ie.

Tflutei = [rix iy Tz 1 }T
x(h)(CO;Ca — S6:SASa)Cv — x(h)S6:;CASV + z(h) (CO:Sa + S6;SACa) + a,Ch;
_ | —x(h)(S6:Ca + CO:SASa)CV — x(h) CO;CASV + z(h) (—S6;Sa + CH;SACa) — a,.S6; (6)

x(h)CASaCv — x(h)SASV — z(h) CACa — ks Q1
1

To obtain an expression for the ith flank surface, it is  form-grinding tool. In generating the ith flank surface, the
first necessary to derive the helicoid working surface of the  relative configuration of the drill frame, (xyz)o, with respect
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Fig. 2 Cutting helical groove of helical drill [6]

to the tool frame, (xyz),, can be obtained by the following
movements (Fig. 3):

Zt

yt
[haCva haSva f(ha)+kovd] Zo

helicoid surface
grinding wheel

Fig. 3 Grinding of drill flank surfaces using form grinding tool [6]

‘dg = Trans(0,0, —L)Rot(y, w) Trans(0,0,w)Trans(0, —g, O)Rot(z,ﬁ,- =By + 180°(i — 1))

CyCB  —CySp;, Sy  wSy
sB B0 g
T | —SyCB,  SySB. Cy wCy L
0 0 0 1

If the precise center of the flank surfaces is to lie at the origin
of the drill frame, (xyz)y, the fourth column of Eq. (7) must
coincide with a point (denoted as [h;Cvy  hySva  f(ha)+
kovdl]T) on the working surface. As a result, two constraints
exist between the parameters v, 4y, g, L, and w, namely:

—8
Tan(vy) = S (8)

0 t
Rﬂank,i ="A;'r

L=wCy —f(\/szzt//—&-gz) — kova 9)

Finally, the ith flank surface, as expressed in the drill
frame (x)z)o, can be obtained by transforming the grinding
tool working surface given in Eq. (1) to frame (xyz),, i.e.

R,’x h,[Cﬂ,CWCl/, + SﬂiSl/i} — V(h,) + k()l/,‘ + L]Cﬂ,S\U + gS,Bl
_ | Ry | _ | il=SBCyCr;+ CBSvi| + [f (hi) + kovi + LISB,Svy + gCB; (10)
o Riz - h,’S\UCV,’ + [f(h,) + k()V,' + L]C\U - W
1 1

Figure 4 presents the transverse section of a simulated
helical drill at 7,,=0 (the core radius is 0.913). In this case, it
is assumed that machining was performed using a bevel-type
grinding wheel (see Fig. 5) with the generating curve derived
in Appendix A and the following grinding parameters: a=
10°, A=38°, R=6, ky = 1.599/4x, k; = 65/2x, and a,=
49.8 (note that the length units used here (and hereafter) are
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mm). Figure 6 presents the front-end view of a simulated
helical drill having the flute shapes shown in the cross-
section of Fig. 4 machined using a form-grinding tool for
which the generating curve is the line segment ‘g =
[hi 0 (38— k) /tan(30°)1]". In this case, the grinding
parameters are: y=29°, g=8205, w=87.065, L=152.919,
ko=11.937 and (,=3".
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Fig. 4 Transverse section of helical drill at 7,,=0

3 Ability matrix of tool-grinding machine

The grinding of helical drills is a complicated task that
depends strongly type of tool-grinding machine employed.
To determine the NC data to grind the helical drill, it is
necessary establishing the ability matrix of the tool-
grinding machine. This paper considers the case of an
Ewag 6-axis CNC tool-grinding machine (see Fig. 7).
Table 1 presents the various link parameters of this CNC
machine according to Denavit-Hartenberg (D-H) notation.

945 =2 4,14,2 453 44245746

50

hs ho Z

Ru ~hi

Xt

Fig. 5 Generating curve of bevel-type grinding wheel

The relative position and orientation of the spindle frame
(xyz) with respect to the frame (xyz), can be expressed as:

C0,56,56 — S0,CO; CH,CH, —CO,56,COs — 56,50, —265Q1CQ5 + Q(,CQISQZSQ6 + QSC&CQZ - Q4CQ15Q2 + Q3SQ1 +a,Co,
56,56,56; + C0,COs 56,CO, CO,505—50,56,CO5  agCO,CHs + agS0,50,565 + bsS6,CO, — b,50,56, — b;CO, + a,56,
a C0,504 —56, —C0,C8; a,C0,565 — bsSO, — b,CH, + b,
0 0 0 1
(11)
where: by:
Co; —S0,Ca; S0Sa; a,C0; 100 0
il S0, CO,Ca; —COSa; a;50; 01 0 0
=10  Sa,  Ca b 4= 10 o0 1 o (12)
0 0 0 1
0 0 0 1

Once the drill blank has been arbitrarily clamped in the
clamping head, the position and orientation of the drill
frame, (xyz)o, with respect to the frame (xyz), are given

From Fig. 8, it can be seen that the configuration matrix
(relative orientation and position) of the tool frame, (xyz),,

@ Springer



540

Int J Adv Manuf Technol (2008) 36:535-546

Yo
8.00 —
4.00 —
0.00 —
4.00 —
'800 T T T | T T T | T T T l T T T I XO
-8.00 -4.00 0.00 4.00 8.00

Fig. 6 Front-end view of flanks and major cutting edges of helical
drill

with respect to the spindle frame, (xyz),, can be expressed
as:

84, = Rot(z,180°)Rot(y,90") Trans(0, 0, d)Rot(z, n)

0 0 1 d
-Sn —-Cn 0 O

S |l=cp Sp 0 0
0 0 0 1

(13)
where d is the offset between the origins of frames (xyz),
and (xyz), respectively, and 7 is the required spindle
rotation. The configuration matrix of the grinding wheel

Fig. 7 Ewag CNC 6-axis
tool—grinding machine

@ Springer

Table 1 Kinematic parameters of tool-grinding machine

Pa./Link 1 2 3 4 5 6
b; b, 0 b, by bs 0
0; 0, 6, 0 -90° 0 bs
a; a 0 0 0 0 ag
a; -90° 180° -90° -90° 0° -90°

frame, (xyz),, with respect to the drill frame, (xyz)o, can be
obtained as:

04, = "494s%4,
e " Ky Py
Olty OJty OKty OPty (14)
. °J. K. °P.
0 0 0 1

Equation (14) is the ability matrix, °4,, of the tool-
grinding machine. The elements of this matrix are given in
Appendix B.

4 NC data for flank grinding

In the grinding process shown in Fig. 3, the drill is fixed as
the grinder moves. Due to the limitations of current
manufacturing technologies, helicoid surface grinding
wheels do not actually exist. Hence, when using a CNC
grinding machine to form the helical flank, a simple
generating curve of ‘g is generally used. Under these
machining conditions, the grinding wheel can be consid-
ered as a dresser and the drill blank as a clamped tool. If the
dresser (grinding wheel) can successfully dress the shape of
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Fig. 8 Tool setting on X6
tool-grinding machine

\
N
§

the helicoid grinding wheel, then it can also grind the
desired flank shape.

To produce the helicoid surface shown in Fig. 3, it is
first necessary to establish the coordinate system assign-
ments and to define the grinding parameters. The initial
position of the origin, o,, located at the intersection of the
grinding wheel spindle axis and the helical axis, z., is
assigned in the (xyz). coordinate system, where the frame
(xyz). is considered to be a helical mechanism. In other
words, during flank surface grinding, the frame (xyz).
rotates with respect to the z.. axis and advances along the z,.
axis in accordance with the helix pitch, A. From Fig. 9, it
can be shown that the position and orientation of the
grinding wheel, (xyz),, with respect to the frame(xyz),. are
given by:

‘A, = Rot(z, —I")Trans(0,0, —koI")Rot(y, &) Trans(0,0, p)Rot(z, —v)

CICECy — SISy CICESv+ST'Cv  CISE
_SI'CECv — CI'Cv  —SI'CESv + CI'Cv  —SI'SE
o —SECY —SESV Ccé
0 0 0

pCTSE
pSTSE
pCE— koI (15)
1

where v is the polar angle of the working generating curve
‘q of the grinding wheel and parameters & and p define the
relative positions and orientations, respectively, of frames
(xyz). and (xyz),.

From Fig. 8, it can be seen that a generating curve ‘g of
the helicoid surface can be obtained by using a grinding

wheel with the same generating curve. The desired flank
shape can then be ground by positioning the drill blank on
the face of the grinding wheel (see Fig. 10).

The position and orientation of the frame (xyz). with
respect to the frame (xyz)o (compare (xyz). with the frame
(xyz), in Fig. 3) are given by:

4. = Rot(z, — ;) Trans(0, g, 0) Trans(0,0, —w + &)Rot(y, —y) Trans(0,0, L)

CyCB;  SB; —SyCB; —LSyCpB;+ gSB;
| —CySB; CB;  SySB;  LSySB; + gCp;
B Sy 0 Cy LCy — (w—¢)

0 0 0 1

(16)

where 3; = B, + 180°(i — 1) and the parameter € is the
machining allowance during the grinding process. Note that
over cutting will occur if €<0.

The product of the matrices given in Eq. (15) and Eq. (16)
gives the configuration matrix of the grinding wheel frame,
(xyz),, with respect to the drill frame, (x)z)o, i.e.

The link variables of the current 6-axis CNC machine
can be solved and the spindle rotation angle, 7, obtained by
equating the corresponding elements of Egs. (14) and (17).
However, solving this matrix equation is difficult, and
hence both sides of the equation are multiplied by

5064\°! e
(—AQ—At) to give:

04, =°4.°4, (17)

—S0, C0,S6, C6,CO, bsCO,CO, — byCO,S0, + b3S, + a,CH, L J, K, P
04— | CO S0,S0, S0,CO, bsSO,CO, — byS0,50, — byCh, + a, S0, L J, K, P, (18)
> 0 C0, —S6, bs580, — b,CO, + b, L J K P

0 0 0 1 0 0 0 1
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Note that the elements of this equation are given in From element (3,1) of Eq. (18), the spindle rotation
Appendix C. angle, n (0° < 7 < 180°), can be solved by:

Iz, = —(SyCI'SE+ CyCE)COs — [Sy(CI'CECY — ST'Sv) — CySECYICnSH,

19
+ [Sy(CI'CESY + SI'Cv) — CySESVISnSOs = 0 (19)
Equating the third and fourth columns of Eq. (18), the » v sy
link variables of the machine are obtained as: 0, = tan (_Kz / Jz) (21)
0, = tan™! (—I;/]y’) (20)
by =lag —d+p —gSI'SE + (h — keI") CE|C;
+ [g(—=ST'CECVCn — CT'SvCn + ST'CESvST — CI'CvSn) + (h — koI')SE(SvSn — CvCn)] S, (22)

by=[(ag—d+p+ (h—k)CE—gSTSE)SOs + [(h — koI )SECYCn — (h — koI')SESVSH — gST CESVST + gST'CECVCn + gCI'CvSn + gCI'SvCn|Ch;
+a,(SyCI'CECy — SyST'Sv — CySECY)Sn + a, (SyCI'CESY + SySI'Cv — CySESV)Cn

— (W= +b,)(SYCI'SE+ CyCE)SGs + (w— & + by ) (SyCITSECY — SyST'Sv — CySECY)

CnCOs — (w— e + by )(SyCICESY + SyST'Cv — CySESY)SnCE,

bs = a,(SyCI'SE+ CyCE)SO, — a,[(SyCI'CECY — SyST'Sv — CySECY)Cn — (SyCI'CESv + SySI'Cv — CySESY)Sn|CE,
+ (w—e+b)[(SyCICECY — SySTSv — CySECY)Sn + (SyCI'CESY + SyST'Cv — CySESV)Cry] (24)
+ (h — koI")SE(SvCn + CvSn) — gST'CE(SvCn + CvSn) — gCI'(CvCn — SvSn)

In Fig. 7, when 8, = 270°, 8, = 0° and 6, = 90°, and  drill frame, (x)z),, the configuration of frame (xyz), with
the origin of frame (xyz), coincides with the origin of the  respect to (xyz)o is given by:

—-Cn Sqn 0 O —-Cn Sn O by
0 Sp Cp 0 O | Sy Cn O —a; — bs
=1 0 -1 0| | O 0 -1 —d+as—by+b (23)
0 0 0 1 0 0 0 1
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bsy = —a, (30)

O50 = 90" (31)

The NC data equations of the A, B, C, X, Y and Z axes
P required to produce the flank surfaces can then be obtained
from the corresponding differences between the joint
variables 0, 0,, by, by, bs, 85 and 8y, 6,9, b3, bag, bso,
B¢, respectively, i.e.

X =bs —bsy (32)

Y = _@3 - 930) (33)

Fig. 9 Coordinate system assignments and grinding parameter a
definitions for helical grinding method

By equating the corresponding elements of Eq. (25), the
following expressions for the joint variables can be
obtained:

010 = 270° (26)
659 = 0° (27)
by = 0° (28)
by =as+b —d (29)
b
/Xc
N L/ 7
-p \\
: %
Zt
Fig. 10 Grinding flanks using bevel grinder Fig. 11 A helical drill
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Z = —(by — by) (34)
A= 65— bg (35)
B =06, — 6y (36)
C=0,-0) (37)

Equations (32)—(37) yield the NC code necessary to
produce the drill flanks on the 6-axis Ewag CNC tool-
grinding machine considered in this study. (Note that the
methodology for obtaining the NC data required to grind
the drill flutes is presented by Hsieh and Lin in [7]).

5 Implementation

To demonstrate the validity of the proposed methodology,

6 Conclusion

This paper has presented a methodology for obtaining the
NC data required to grind a helical drill using a 6-axis CNC
tool-grinding machine. In the proposed approach, homog-
enous transformation matrices are employed to develop the
ability matrix of the tool-grinding machine and to deter-
mine the desired cutter locations. The NC data equations
are then obtained by equating the corresponding elements
of the ability matrix and the cutter location matrices.
Applying the proposed modeling process, an illustrative
example has been presented to validate the performance of
the proposed methodology. The proposed approach inte-
grates the design and manufacturing activities, thereby
making possible a more flexible, automatic, and controlla-
ble production process.

Acknowledgements The author gratefully acknowledges the finan-
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under grant NSC94-2212-E-269-015. Author is also obliged to Diku
Diamond Enterprise Co. Ltd for providing technical assistance.

the helical drill designed in Section 2 was ground on the = Appendix A
6-axis Ewag CNC tool-grinding machine using a bevel-
type grinding wheel with the generating curve given in
Egs. (A1-AS5) and the grinding parameters indicated in P
Section 2. It is noted that the flank grinding parameters 0< A< hl{ a 9 (A1)
in Fig. 10 were respectively set as £=240°, p=—(9+30C30°)% o=
v=-90°. Figure 11 presents drill points ground based on
helical flank surface. When Figs. 6 and 11 are compared, it is i
. X, =Mh —‘rR]S(—l)
clear that a satisfactory agreement phenomenon occurs hy<h<h, Ry (A2)
between the simulated drill and the ground drill. Therefore, z,=9. — R + Rlc(hgl’“)
the ability of the proposed methodology to provide a
satisfactory description of a helical drill is confirmed. x, = hy 4+ BR
hz<h<h3{2:: 1 & 2_ ﬂ(h;hz) (A3)

5=y G g e B C () B (tgh) - B
s <h<hs R _ VB(h—h) | Ry ;[ h=h V3R, o h=h R (A4)

Zt:9'_71_f+72c(R23)_ 22S<R23>_72

Appendix B

h45hsh5{f:gs_h (AS)

' I, = —C8,CH,Sn + (58,56, + C8,56,CH;)Cn (B1)
where h =50—-3V3—R/V3, hy=h +Rn/3,
h3 = h2 + (18 7R1)/\/§,h4 = h3 +271’I”R2/3h5 = h4+
50 — V3Ry,R; = 0.1,R, = 1 *I,, = —56,C6,Sn — (CO,565 — 56,56,C8)Cn (B2)
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OItz = SQ2S77 + CQ2CQ6C7I (B3) OPtx = (26 - Q)CQ1SQ2SQ6 - (Qs - d)SQ1CQ6

+b5C6,C6, — b,CH,50, + D356,
0J = —C6,C0,Cn — (56,56, + C6,50,C8,)Sn (B4) +a,Cé, (B10)

0 _ —
S = TSUCOCE (O30 = SOSRCOIS(BS) - 0p, — (4, — d)CO,CO, + (a5 — d)S,58,50,

+ b586,C8, — b,56,56, — b;CO, +a,56, (Bl1)

0J: = 8§6,Cn — C6,CHSn (B6)
0 _
K = 56,C8s — C6,56,56, (B7) " 0p, — (a5 — d)CO,50, — bsS6, — b,CO, +b,  (BI2)
K,y = —C6,Cs — 56,56,CO; (B8)
Appendix C
OKzz = _CQ2SQ6 (B9)

I = —(CyCB,CTSE — SBSTSE — SyCB,CE)COH — [CyCP, — (CI'CECY — STSv)
—SB.(ST'CECY + CT'Sv) + SyCB,SECV|CnSO, + [CyCB,(CICESy + SI'Cv) (C1)
+SB,(—ST'CESY + CT'Cv) + SyCB,SESVISnSO,

I, = (CySP,CTSE + CBSTSE — SySP,CE)CO, + [CySB,(CICECY — STS)
+CB,(STCECY + CT'SV) + SySBSECV|ICnSO, — [CySB.(CTCESy + ST'Cv) (C2)
—CB,(—ST'CESv + CT'Cv) + SySB,SESV]SnSO,

I = —(SyCI'SE + CyCE)COy — [Sy(CI'CECY — STSv) — CySECY|CnS6,

C3
+[Sy(CICESy + SI'Cv) — CySESV|SnSO, (©3)

J, = —(CyCB,CT'SE — SB,ST'SE — SyCP,CE)SO; + [CyCB,(CI'CECY — STSv)
—SB.(ST'CECY + CI'Sv) + SyCB.SECV|CnCO; — [CyCB,(CICESY + ST'Cv) (C4)
+SB,(—SICESy + CI'Cv) + SyCB,SESVSnCH,

@ Springer



546 Int J Adv Manuf Technol (2008) 36:535-546

J, = —(~CySB,CI'SE — CBSI'SE + SySP,CE)SO; + [~ CySB,(CI'CECY — ST'Sv)
—CB,(ST'CECY + CT'Sv) — SySB.SECY|CnCO, — [—CySB,(CI'CESy + ST'Cv)
+CB(—SICESY + CI'Cv) — SySB,SESVISnCH,

(C5)
JZ’ = —(SyCI'SE+ CyCE)SOs + [Sy(CI'CECY — ST'Sv) — CySECY|CnSO (C6)
— [Sy(CI'CESv + ST'Cv) — CySESVISnCH,
K, = —[CyCB,(CT'CECY — STSv) — SB(ST'CECY + CI'Sv) + SyCB.SECVISy )
— [CyCB(CTCESY + ST'Cv) + SB,(—ST'CESv + CT'Cv) + SyCB,SESV|Cn
K, = [CySB,(CI'CECY — STSv) + CB(ST'CECY + CTSv) + SySB,SECYISn (8)
+ [CySB;(CTCESY + SI'Cv) — CB(—ST'CESv + CI'Cv) + SySB.SESVICh
K. = —[Sy(CT'CECY + ST'Sv) — CySECVISH — [Sy(CTCESY — ST'Cv) — CySESY|Ch (C9)
P, = (a5 — d)(CyCB,CI'SE — SBSTSE — SyCB,CE) + CyCPpCISE — SPpSISE .
— SYCB(pCE — ko) — LCB,Sy + 2SB, (C10)
Py' = (a6 — d)(—CySB,CI'SE — CBSTSE + SySB;CE) — CySPBipCI'SE — CPpSISE 1)
+ SySB(pCE — koI') + LSB;Sy + gCP;
P, = (a5 — d)(SyCT'SE + CyCE) + SypCTSE
+ Cy(pCE — kol') + LCy — (w —¢) (C12) 3. Fugelso MA (1983) Cylindrical flank twist drill point. ASME J Eng

Ind 105:183-186

4. Wu SM, Shen JM (1983) Mathematical model for muti-facet Drills.

ASME J Eng Ind 105:177-182
5. Lin C, Kang SM, Ehmann KF (1995) Helical micro-drill point
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