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Optimum Design of the Multifacet Drill 
T.L Liu and S.M. Wu 

A two-stage strategy has been used to design an optimum multifacet drill (MFD) for crankshaft drilling. 
In the first stage, a heuristic MFD was developed by adding an additional facet to the outer corner of the 
conventional split-point drill. Under accelerated life test conditions, this new drill can decrease thrust 
force by 21.0% and increase drill life by 50% compared to a split-point drill. In the second stage, compre- 
hensive force models for predicting thrust and torque were modified and developed. Using the force mod- 
els, point optimization was carried out to design the opt imum MFD. This new MFD can further decrease 
the thrust by 21.3 % over the heuristic MFD, and accelerated life tests have shown a 25 % further increase 
in drill life. 
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1. Introduction 

THE drilling operation is a bottleneck in the manufacturing 
processes. To improve the quality of drilled holes and increase 
drill life, attempts have been made to develop new multifacet 
drills (MFDs), which have been proved to be highly success- 
ful.[l,2,3,4] 

In this work, an optimum MFD was designed for crankshaft 
drilling using a two-stage strategy. This drill can be used to re- 
place the conventional split-point drill that has been used his- 
torically to produce small-diameter deep holes in automotive 
crankshafts. 

In the first stage, a heuristic approach was adopted by using 
information obtained from previous MFDs.[ 1,5] Second, force 
models, particularly those of MFDs, were modified and devel- 
oped so that an optimization program could be used to design a 
MFD for crankshafts. The results were verified by drilling ex- 
periments. 

breaking capability have been greatly improved by use of 
MFDs.[4, 6] 

A trial-and-error approach was taken to design the MFD 
point geometry, resulting in more than 30 combinations. In 
grinding MFDs, one cylindrical surface was added to the inner 
part of the flute of a conventional twist drill, and another was 
added to its flank. In this manner, the drill center was lowered, 
two additional sharp points were formed, and the chisel edge 
length was reduced. These sharp points improved drill center- 
ing and chip-breaking capabilities. Also, thrust was decreased 
because of an increase in the rake angle on the inner part of the 
cutting edge and a decrease in the chisel edge length. Further- 
more, another facet was added to the outer corner of the MFD 
point to provide a chamfered effect. 

The split-point drill has been used in the drilling of crank- 
shafts for many years; however, its performance still needs im- 
provement. For this reason, a heuristic MFD for crankshafts, 

2. Heuristic Development of the 
MFD--Design Stage I 

A new type of MFD for crankshafts was developed heuristi- 
cally with the intent of increasing drill life. The approach taken 
was to reduce thrust by changing the drill point geometry. Past 
experiences in drilling, and particularly in the design of pre- 
vious MFDs, contributed to the development of this new 
MFD. [ 1,41 

Since their original development in the 1950s for drilling ar- 
mor plates, MFDs have been reported to have reduced thrust by 
35 to 50% and torque by 10 to 30% compared to a conventional 
twist drill. MFDs have been able to increase drill life by 300 to 
500%. It has also been reported that hole quality and chip- 
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Fig. 1 Configuration of the multifacet drill. 

which combines features of previous MFDs and of the split- 
point drill, was developed. Because the split-point drill cur- 
rently used in industry has a heavy web, a split point was used 
to increase the rake angle on the inner cutting edge and reduce 
the chisel edge length. Another facet was added to the outer cor- 
ner. Thus, the heuristic MFD has triple point angles, 29, 291, 
and 292 (Fig. 1). The thrust can be greatly reduced by using this 
new point geometry. The performance of the heuristic MFD, in 
which the thrust, torque, and drill life were evaluated, was com- 
pared to that of a split-point drill. 

Thrust and torque were used as indexes of drill life. Thrust 
and torque were measured while drilling 1 x 0.25 in. (25.4 x 
6.35 mm) breakthrough holes in nodular cast iron workpieces. 
The entry surface was perpendicular to the drills, and a drill 
bushing was used. The spindle speed was 2100 rpm and the 
feedrate was 0.007 ipr (0.178 mm/rev). 

The measured thrust and torque of the split-point drill were 
266.1 lb (1184 N) and 30.1 lb - in. (340 N �9 cm), respectively. 
For the heuristic MFD, the thrust and torque were 210.2 lb (935 
N) and 28.9 lb.  in. (326 N.  cm). Comparing the two, thrust 
was reduced by 21.0% for the heuristic MFD, whereas torque 
exhibitedr a slight decrease. 

Although accelerated life testing can only give an indication 
of the drill performance, it still offers a direction for further in- 

vestigation. Therefore, accelerated life tests were carried out to 
compare the performances of the split-point drill and the heu- 
ristic MFD. The spindle speed was 2100 rpm, and the feedrate 
was 0.007 ipr (0.178 mm/rev). The split-point drills produced 
only two oil holes in two different drilling tests. Under the same 
conditions, the heuristic MFDs produced three and four oil 
holes, an increase of at least 50%. 

3. Development of Force Models for the 
MFD--Basis of Optimum Design 

Force models for conventional twist drills have been estab- 
lished for many years. Significant contributions were made by 
Williams, [7] in whose model the total thrust and torque, due to 
the main cutting edges and the chisel edge, were analyzed. 
Constant shear stress factors were used; however, the effect of 
feed motion was not considered, and an orthogonal cutting 
model was assumed. 

In a state-of-the-art force model developed for MFDs, 
Lee [3] incorporated the effects of dynamic angles. Constant 
shear stress factors were assumed for all of the cutting edges. 
An oblique cutting model was used for the main cutting edges. 
Furthermore, Fuh [2] pointed out different shear stress factors 
should be used for different regions of the MFDs. 

To develop a new optimum MFD, thrust and torque were se- 
lected as criteria to be minimized. Hence, force models for the 
crankshaft MFD were needed to serve as a basis for its optimi- 
zation. 

In force models for the crankshaft MFDs, the thrust and 
torque on the main cutting edges and the chisel edge were ana- 
lyzed separately. The chisel edge length is very small for crank- 
shaft MFDs (only 0.005 in.); therefore, an indentation model 
was used to simulate its extrusion. Because the crankshaft 
MFDs have three different cutting edges, different shear stress 
factors were used for the different cutting edges. 

The shear stress factors for different cutting edges of the 
MFDs were determined experimentally by measuring the 
thrust and torque on each cutting edge and applying regression 
analysis. In other words, these factors are empirical coeffi- 
cients. The developed force models are capable of predicting 
thrust and torque values under different drilling conditions. Fi- 
nally, optimization of the MFD point was carried out by using 
the developed force models. 

3.1 Force  Contributions o f  the Main  Cutt ing Edges 

For the crankshaft MFD, the main cutting edges consist of 
the inner, middle, and outer cutting edges. If the main cutting 
edges are divided into small segments, then each segment is 
considered as a single-point tool with dynamic rake angle ~D- 

The tangential, normal, and side forces for each sliced ele- 
ment, AL, of the main cutting edges are denoted as AF t, AF n, 
and AFt, respectively. They are generated by rotating a feed an- 
gle, y (Fig. 2). Therefore, the force components can be found by 
adding the feed angle to William's model: [2,3,8] 

t 1 AL Cij 
AF I = ' cos ([3 i - c~t~ + 7) I I l 

sin q)i cos (~i + [3i - ~ 
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Fig. 2 Dynamic geometry of the cutting edge of the crankshaft 
multifacet drill. 

AF n = AF t tan ([3 i - 0r D + 7) [2] 

AF s = ~AF 7 + AF 2 sin ~i tan q [3] 

where Cij's are the shear stress factors for the main cutting 
edges; q (chip flow angle) = tan 1 (tan i cos 0~D); and t I = f s i n  
(point angle on portion in question/2) cos "//2. 

The thrust, 7tLI), and torque, M~ 1), of the inner cutting edge 
are the integral of the thrust and torque of each segment, as 
shown in the following equations: 

I ( <I T( 2 ) = 2  s inP2AF, ,+S  cos 02 
B B 

[4] 

M(L1) 27; r cOs i AFt+ IC I = r sin i sin P2 AFs 
B 

[51 

The thrust, T(L2), and torque, M~ 2), of the middle cutting edge 
are: 

[61 

171 
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Fig. 3 Indentation model of the chisel edge of the crankshaft 
multi facet drill. 

Similarly, the thrust, T(L3), and torque, M~2 ~), of the outer cut- 
ting edge are: 

18J 

[9] 

3.2 F o r c e  Con t r ibu t ion  o f  the Chise l  Edge  

The chisel edge of the crankshaft MFD can be treated as the 
central portion of the chisel edge of a conventional twist drill. 
Lee considered the indentation action as cutting with two side 
rake angles. TM 

In this research, the indentation process is modeled as a 
wedge with a contacting area of 10% of a circle, whose diame- 
ter equals the chisel edge length (Fig. 3). Thus, the thrust can be 
calculated by: 

(TzB 2 
[lO] 

where B is the chisel edge length; and HBiS the Brinell hardness 
of the workpiece. The torque on the chisel edge is negligible. 

3.3 Total Thrust and Torque 

The total thrust (T) and torque (M) are predicted by sum- 
ming the individual contributions of the inner, middle, and 
outer cutting edges and chisel edge: 

T= T(LI) + T(?) + T~) + T c l l l l  
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Fig. 4 Different sizes of pilot holes. 
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3.4 Derivation of the Friction and Shear  Ang le s  

The dynamic rake angle, o~ D, and the velocity vary in mag- 
nitude along the main cutting edges, from the outer periphery to 
the chisel edge corner. The shear angle is a function of the dy- 
namic rake angle and the friction angle, and the friction angle is 
a function of the dynamic rake angle. 12,7,9] 

The shear angle, % for the model can be expressed as: 

~ =  A O~D + B13 + C 1131 

and the friction angle, 13, can be written as: 

13 = D ~ D + E  [14] 

where A, B, C, D, and E are constants to be determined. 
From the experimental data, the above constants can be de- 

termined:J5,10] 

= 0.790 o~ D + 0.460 [ 15] 

Fig. 5 Photograph of different sizes of pilot holes. 

q~ = 0.568 + 0.344 ~/) - 0.039 [3 [16] 

3.5 Predict ion o f  the Thrust and Torque 

In the models of chip formation, it is reasonable to assume, 
on the basis of the work by Oxley, [l l'12]that C~j is a function of 
the mean shear strain rate, ?, for a particular cutting segment. 
The values of Cij can be expressed as: 

Cij = Kij log ~ + h/j 

i=  1,2,3 

j = l , 2  

[171 

where kij and hij are constants to be determined. The mean 
shear strain rate in this model can be shown as: 

2 V c cos (x D sin q~i 
= [181 

t I cos (q~i- CtD) 

where V c is the cutting speed (ft/min). The shear stress factors 
vary with cutting speed and feedrate (Eq 17 and 18). 

In Eq 4 through 9, the force contributions of the cutting 
edges are functions of the AF t, AF  n, AF s, and other parameters 
related to the point geometry and cutting conditions. AF t, AF n, 
and AF s depend on shear stress factors, Cij, and other parame- 
ters, as shown in Eq 1 to 3. To obtain these C(j values, experi- 
ments were carried out under different cutting conditions. In 
these experiments, the force contributions, 7~) and M~), were 
measured. Therefore, in Eq 1 through 9, Cij values are the only 
unknowns to be determined by regression analysis, because all 
other parameters can be derived from the point geometry and 
cutting conditions. 

In this study, drilling experiments under three different 
feedrates, 0.01 l, 0.007, and 0.004 ipr (0.279, 0.178, and 0.102 
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mm/rev), and four different spindle speeds, 2100, 1540, 1130, 
and 830 rpm, were carried out. Thrust and torque were meas- 
ured. Drilling tests were performed with and without pilot 
holes. Two different sizes of pilot holes are illustrated in Fig. 4, 
with Fig. 5 showing the actual holes. The shear stress factors, 
which are empirical coefficients of force models, were ob- 
tained for different cutting edges by using a computer program. 
Drilling thrust and torque can be estimated using force models 
after shear stress factors have been obtained empirically. 

Additional experiments were performed to verify the devel- 
oped force models. In different drilling test runs, the experi- 
mental data were within 20% of the thrust and torque values 
estimated by the force models. 

4. Optimum Design of the MFD--Design Stage II 

To further improve the performance of the heuristic MFD, 
optimization of the point geometry of the crankshaft MFD was 
undertaken using a computer program. For crankshaft MFDs, 
thrust changes significantly when the point geometry is altered. 
Hence, thrust is a good index of drill performance. Torque of 
crankshaft MFDs, on the other hand, does not change much 
when the MFD point geometry changes, as pointed out in Ref 
5. However, torque must still be considered, because it also 
contributes to drill failure. The dimensionless objective func- 
tion, J(X), is defined using weight factors so that both thrust and 
torque are taken into account in the point optimization: 

J(X) = Dimensionless objective function 

= a T +  b M  

The weight factors, a and b, take care of different units of 
thrust and torque so as to make the objective function dimen- 
sionless. Infinite combinations of values of a and b exist. In this 
design, the main objective was to minimize thrust. Because the 
magnitude of the thrust is much larger than that of the torque, 
the weight factors were chosen to be 1 in this work. A computer 
program was used to minimize the dimensionless objective 
function, i.e., J* -- min J(X) .  

4.1 S e l e c t i o n  o f  D e s i g n  V a r i a b l e s  

Geometric parameters, such as drill diameter, clearance di- 
ameter, land width, web thickness, and the helix angle, cannot 
be controlled through a point grinding operation and were 
treated as pre-assigned parameters. 

Chisel edge length, B, nominal relief angle, ~, point angle of 
the inner cutting edge, 292, point angle of the middle cutting 
edge, 2 9, and the point angle of the outer cutting edge, 29 l, can 
be controlled through point grinding operations and are there- 
fore candidates for design variables. 

The influence of these five variables on the objective func- 
tion was obtained by using the developed force models. Usu- 
ally, chisel edge length does affect thrust force. However, 
chisel edge length of the crankshaft MFD is small (only 0.005 
in., i.e., 0.127 ram) and does not significantly help to reduce the 
value of the objective function. The chisel edge of the crank- 
shaft MFD can be treated as the central portion of the chisel 

Table 1 Constraints of design variables 

Point angle Point angle Point angle 
Design of outer of middle of inner 
variable cutting edge cutting edge cutting edge 

Upper limit (Xiu) .... 90 ~ 120 ~ 150 ~ 
Lower limit (XiL) ... 60 ~ 90 ~ 120 ~ 

edge of a conventional twist drill. Wiriyacosol and Armarego 
even neglected the contribution of this portion to the total thrust 
and torque in their research on the twist drill. [13] Hence, chisel 
edge length was kept constant in this analysis. 

The nominal relief angle has no influence on the formulated 
objective function according to the force models. This simula- 
tion result is in agreement with previous research results of 
other drill geometries.[ 14,15]Thus ' the nominal relief angle was 
also kept constant. 

The influence of the three point angles, 29, 291, and 292, on 
the objective function is significant. When these three angles 
change, the value of the objective function varies greatly. 
Therefore, they were selected as design variables. In other 
words: 

X = [29, 291,292] 

Those design variables with values out of grindable range 
will be physically meaningless. In other words, design for 
manufacturing has been taken into consideration. [10] There- 
fore, the constraints on the design variables were determined 
based on the feasibility of the point grinding operation and are 
listed in Table 1. 

4 .2  Search Algorithm 

Optimization of the MFD point geometry is based on the de- 
veloped force models, which are not only nonlinear but also 
transcendental. Most search algorithms are difficult to apply 
due to the complexity of the force models. Also, optimization 
of the crankshaft MFD is a constrained optimization problem 
because design constraints are imposed on it. Therefore, a uni- 
variate exhaustive search technique was modified by imposing 
constraints in the searching process. 

This search algorithm was performed by changing only one 
variable at a time until a minimal objective function, J, in said 
direction was found or until the constraint was reached. The 
search was continued until no further improvement could be 
made. The search began at a starting point and with the pre- 
scribed step size, o~ i > 0, in each of the coordinate directions, x i, 

i = 1, 2 . . . . .  n. The algorithm is described as follows: 
Initialize: set K = O, X 0 and ~i, i = 1 . . . . .  n are given. Given 

k a starting base, x ,  find a temporary point, x k+l , by the follow- 
ing process: 

m i n [ m i n o f s t e p ( r -  1), +1 xk+l x k + o t r ,  k '""  r - l '  r . . . . .  Xn 

rain min of step (n - l), J +1 xk+l xk+o~n 
' " ' "  ? t - - l '  1! - -  
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The  point  arr ived at, x k + l  , w a s  used as a new base  point,  and  
the whole  procedure  started over  again. This procedure  was ap- 

plied repeatedly until there was no s ignif icant  improvemen t  in 
the objec t ive  function in all searching  direct ions.  Also,  in every 
step, the constraints  were checked  so that the search was exe- 
cuted in the constrained domain .  

4.3 Optimization Results 

The fol lowing three sets of  initial values  were  used: 

F 61~ F 75~ F s9~ 
2910 =1 91~ 200=1105~ 2921 ) =1119~ 

L121~ [135~ L149 ~ 

Note that  the three different  sets of  initial values  started 
from different  regions of  the cons t ra ined  domain.  The extrema 
searched  were compared,  and the one  with the least object ive 
funct ion value was cons idered  to be op t imum.  

Determina t ion  of the step size depends  on the resolut ion of 
the drill grinder, which is 1 ~ Hence,  the step size for  all the 
three des ign  variables was l imited to 1 o 

The search operat ion s topped when  improvemen t  of  the ob- 
jec t ive  funct ion was less than I% in all three searching  direc- 
t ions.  The  opt imum drill geomet ry  searched is as follows: 

2pt  = 60 ~ 

29 = 117 ~ 

2P2 = 150 ~ 

Fig. 6 (a) Split-point drill. (b) Heuristic MFD. (c) Optimum 
MFD. 

Table 2 Geometric parameters of  different type drills 

5. Experimental Setup and Results 

The spli t -point  drill, the heuris t ic  MFD, and  the op t imum 
M F D  were all ground by a special ly des igned  drill  grinder. All 
of  the dril ls used were of  0.25 in. (6.35 mm)  diameter.  The 
ground  drills are shown in Fig. 6, and their  geometr ic  parame- 
ters are l isted in Table 2. Tests were run to compare  thei r  thrust, 
torque, and  drill life. 

A radial  drilling machine  was used to drill workpieces ,  cut 
off  f rom nodular  cast iron crankshaf ts .  A Kistler  Type 9273 Dy- 
n a m o m e t e r  was used to measure  thrus t  and torque.  All  of the 
measured  signals were ampli f ied by the Kist ler  Model  5004 
Dual Mode  Amplif ier  and then recorded  onto  a casset te  tape 
with a T E A C  R-81 Casset te  Data  Recorder.  A Nicole t  Model  
L206 Osci l loscope was used to moni to r  the measu remen t s  after 
the s ignals  had been fil tered by a low-pass  filter. The  spindle 
speed was 2100 rpm, and the feedrate  was 0.007 ipr (0.178 
mm/rev) .  The  exper imental  setup is shown in Fig. 7. 

Geometric b, 12, 
parameters: in. (mm) in. (ram) 29 29t 292 

Split-point drill ....................................... 0.005 (0.127) ... 120 ~ ... 150 ~ 80 ~ 
Heuristic MFD ....................................... 0.005 (0.127) 0.020 (0.508) 120 ~ 90 ~ 150 ~ 80 ~ 
Optimum MFD ...................................... 0.005 (0.127) 0.020 (0.508) 117" 60 ~ 150 ~ 8(/" 

Note: Chisel edge length, b: length of the additional facet, l-,: point angles, 29. 291,292: chisel edge angle, ~: inner cutting edge angle. "r. 

"C 

58 ~ 
58 ~ 
58 ~ 
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The measured thrust and torque of  the heuristic MFD were 
210.2 lb (935 N) and 28.9 lb .  in. (326 N �9 cm), respectively. 
For the optimum MFD, the thrust was 165.5 lb (736 N) and the 
torque was 27.9 lb.  in. (315 N - cm). 

Compared to the heuristic MFD,  the optimum MFD thrust is 
21.3% less, whereas the torque decreased slightly, as shown in 
Table 3. 

A radial drilling machine was used to drill 4.24 x 0.25 in. 
( 107.70 x 6.35 ram) oil holes in nodular cast iron crankshafts. 
The crankshaft was held tightly by a drill rig, which had two 
drill bushings on it for oil hole drilling. The test setup is shown 
in Fig. 8. 

Accelerated life tests were carried out to compare the per- 
formances of  three different kinds of  drills for crankshafts, 
During the tests, the spindle speed was 2100 rpm and the feed- 
rate was 0.007 ipr (0.178 mm/rev).  When the drilling opera- 
tions becomes very noisy, the drill is considered to be worn out, 
This drill life criterion is widely used in industry. 

Under  these conditions, the heuristic MFD produced three 
and four oilholes in two different tests; the opt imum MFD pro- 
duced five and six oil holes, respectively. The opt imum MFD 
can increase drill life by 25% over  the heuristic MFD. The ex- 
perimental  results are given in Table 4. 

6. Conclusions 

A two-stage design approach was used to develop an opti- 
mum MFD. A heuristic approach was used in the first stage, and 
computer-aided optimization were adopted in the second stage. 
The results of  this design approach were successful. 

A M F D  has been heuristically developed in the first design 
stage that reduced thrust by 21.0% over  a conventional  split- 
point drill and increased drill life by 50% under accelerated life 
test conditions. 

Force models for the MFD based on cutting mechanics  have 
been developed.  The computer-est imated thrust and torque val- 
ues are within 20% of those obtained from experiments.  To im- 
prove the performance of  the heuristic MFD, an optimization 
program based on the force models was implemented to de- 
velop an opt imum M F D  in the second design stage. The results 
show that thrust and torque are further reduced by 21.3% and 
3.5%, respectively. Accelerated life tests showed a 25cA further 
increase in drill life. 

Table 3 Thrust  and torque of different type drills for 
crankshafts  

Thrust, Torque, 
Drills lb (N) Ib �9 in. (N �9 cm) 

Split- point drill ........... 266.1 (1184) 30.1 (340) 
Heuristic MFD ............ 210.2 (935) 28.9 (326) 
Optimum MFD ........... 165.5 (736) 27.9 (315) 

Note: Spindle speed, 2100 rpm; fecdrate, 0.007 ipr (0.178 mm/rev). 

Table 4 Drill life of  different type drills 

No. of oil holes drilled 
Drills Test 1 Test 2 

Split-point drill ............ 2 2 
Heuristic MFD ............ 3 4 
Optimum MFD ........... 5 6 

Note: Spindle speed, 2100 rpm; feedrate,0.007 ipr (0.178 mm/rev). 

Fig. 7 Experimental setup for thrust and torque measurements. Fig. 8 Experimental setup for drill life tests. 
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