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Providing an analytical model and experimental study of the behavior of cortical
bone drilling the thrust force
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ARTICLE INFORMATION ABSTRACT

Original Research Paper One of the most important machining processes in the field of orthopedic surgeries and biomedical
Received 27 February 2017 engineering is the drilling process. Applying excessive force on the bone tissue can cause cracking and
Accepted 08 April 2017 damage bone tissue during the drilling process. In this paper, an improved analytical model is produced

Available Online 01 May 2017 based on early work done by Bono and Ni, Chandrasekharan, and Lee to predict the thrust force in the

bone drilling process. In this model, the cutting action at the drill point is divided into three regions: the

Keywords:

Machining primar'y cutting lips, _outer pqrtion of the chisel edge_(the secondary puﬁing edges), and inne_r portion of

Drilling the chisel edge (the indentation zone). All three regions have been investigated for the cutting process

Bone by the analytical model. In order to validate the model, some experiments are performed on the fresh

Analytical Model bovine bone. Feed rate and rotational speed are adapted as the effective parameter in the drilling

Force process, The statistical model to obtain the mathematical model and provide interaction diagrams of
input variables experiments, to response surface methodology and experimental investigation of bone
drilling have been offered. Comparing the analytical model and experimental results shows good
agreement. From both analytical model and experiments, it can be concluded that with decreasing feed
rate and increasing rotational speed, thrust force on the bone tissue decreases.

350,5 Coll KaS S 0030 ] sla it B ols )8 ool Sl dodo -1

G gy g Lo U8 i 5 e Ol S E s anlE e g ads ol 8 ee LS sl (SaaSa (ol Jes all jl Gus
Slo 3l sl (Hha sbdes 5l )l S 5 Caise 3 2liw pae b cwl SuSe LS o gl ead atnSls gl rales el
958 Jlws ;38 Boyb e Sl (See Bl 0l i She Sa8 aliws 4 led 2Lk 98 e 1) 09 (LS Cundge ot anuSs
9 5l Gl ae y3laS STL g wilo gy sl Ol Skl o bame a9 09 glael I3 o 1) placala) 5 bige Gl e Blssesl ) 5E ] gm Joe

Please cite this article using: s lod ooliw! i3 & be 5l Ao cpl @ glayl (61
H. Heydari, M. Zolfaghari, N. Asadipoor, Providing an analytical model and experimental study of the behavior of cortical bone drilling the thrust force, Modares Mechanical
Engineering, Vol. 17, No. 5, pp. 175-184, 2017 (in Persian)



Ublsed 9 5o sy

JU5 )95 Olgstianl U &l pgan 3iTrd G970 595 29 Jige Gl piel)ly JUB) )T )2 9 IS e s &l

5 ey Lulys Sl (85 cex gl e Slles
3 el oad plmil (D> 4z 50 5 (652 g lag s 59y die awain
Lags o plol (gl S olulyy 4Bl Sgagy SelSe oo e axlllas oy
5 Sa97e Sox ot Slp OSes 5 Iy Oy S s s
S Jae )3 el 00l s o5 plgseil ()T g pla )3 55leaS
9 e dwsid & 4255 b Lo logys 5l (ks pd el o5
Cewl odd oold Anwgy gayle Al I isw ey o 8 E e Lalys
[23,22,17]

a5k 5 (9, £ Sl Jels Boes oo plowl (25 (sla e
Sh9d o7 Sy SIS s il g slag S 555
OseledS o islosl ol w0 ogdle ailonds 428 )T oauol Al dwdis g
ol 5Ly ge 5 (2,28 Gledsles cpl calps (0,5] Cuvsdy (sl sasie
die dwain g Glsuial Blge (olsm 5l solainl GGl Ll gla Jas jo
s el Lol i) el IS Galosl ey Gl 5L 5wl oo eal 8
3 oati 5,5 S bt il Ll Jaa g ek i
s 3 dedo il g 9,8 5 (s pdySllasil aiile GleFnl slge oly>
5 o=z oo Sl Gl S jebar dged pleSeil (st 5 g Ced
plsl 5l snSolr sl (hlow sladoe cnlply ol Sglite 98 (5 5lo
dloee 10 dlge oles 5l eolanul 5 oym sla e ;o Gialesl (g0l slaws
L1y psS 5 ysme o Wlgice imen 5 Sl JaallS w5
DS it gl Glej] iz L e g olga olys 5l eslinl
5l 5 [23] o5 sraladisn lils (558 pgm anl B gl Julow (sloJae
S oyl g ln (el Jae oL Gl sln o
robn 9% & Nl jsLES 5 5 e (59 aS sl plid 5 wis S
b 3 ealiiul b by sload (53, » g o Jl> ool b [17] 05
S oY 5 zee 3l &5 ol wlas adlais 5 09 Woloil 5l Sy Jolis Jow
[22] ws ol 5 5 g bawgs 5wl e ool 28] o9 oas axs $
ol ool &)l JUsly addss Jae 6L Gl ln ez 5 Gsmusd
oz % OblSen 5 OI_ob [25] wols @)1 1) Glssil 6,5 5w sl
S e g Sojaw [27,26] wizslsy s 55, )5 bulpd 51
stsrins &5 e 1 ) sliiegy MSC s spama ol Jas
537 Oyl i 3 Syl B ke ki 53 555
[28] wols plowl &)l > a0

g ileand 5 Gledae (ol Gla S @ a2y b
soguome Slalllae anee) cpl 5o 5 928 S8 50 (il SE g
wx siloaings 5 sibedoe [29] ol Ses o elagb sl oads plowl
et o sl &l plgseiul 5 gy S5e sla sl il o jslaie
sanlp 3 Sl 5958 o adlae 4 o )Ses 5 (5,958 i)
26 55 [80] axsloy olomial GV copm g (Jyore 5,5
L ol a8 Gl e (LA - Glgs Jyo b plginl 6,58 g
2o Gl 5 22 in OSen 5 558 [B1] wo S w)
wols &) 1, Sgul 1T i)l oS 4y sl 6,5 g il b
5 ond ooliiwl (Ldow sla Jos ane; jo ad S plwil wladss [32]
S Jae o ol dlie g 0o Sgame [l o EDse
@75 i b ol @ls g eud a3 IS pleiul ln @ E e
ROV PRV S

5 oplaids 17 095 1396 3l o (o rde Suilfo wlise

S92y OlyFiial j3 eSS (S by ale (33,5 15 gl bl il S5
Jsb 53 IRl (SeSl 25 e 5 b g OlSen 5 iy )l
W3l 518 oy 3590 3181 55 1y Jes 5l e o AT g gl S
I srSone 5 > Swilegl sl eslinl eiST s [2,1]
2y o9 Pl Bl o 9 (Pl Jleel o Sl slaptns
Slapie Sl oslital ol 485 15 ane) cnl GlRegh 5 oliie
4 P Jos o o Bolar glalhs aS 85,5 o o g0 S
Olsisl 28l 4y gl lacewl g w093 ke o ieS
S35 o S w28 Sy )l b oliSen 5 050 (8] 208 (g5 5l
YU 2l e ol Sl cds g ools veun |y 6,5 E e 5l Jol> Jlos!
8wl (Sl e o 5l oolital b o)) Ken 5 90,90 4] wis
Sete Sleinl S8l 4y 5y Jlosl 5 6 oY plKin | )5 g 5
ol Qe o8 s (o 9 Gk Jl 5 9090 ol 5 (5] ams
o s boo b, [6] wtle oty Jbo )0 e a5 005 aie;
i sl g 00g 0,55 5 (2YL Coal Sl Glssial () g a8
IR ewan ge C85 & Sl (P e 0 e Suld) mll @
Gl g s 538, Vb b glysial <l s oad bl gy (7] 5,5
o Lod alidl L8] 5o s abal) lgseial o oad slm! &)l >
0] 00,5 o sl il jo b Sye 5 )l 53,55 ad)le olx)
$9eb crge g ond Jb Cliol slagn &5 035 (o0 e (G 59,5
Ol <l & Jlael (59,5 (2l [7] 205 0 (2 e 092
335 oo Sl SL 4 sl 5 25 SLLI S LS 35 e Sl o
g Obe ooy D (iRl (2l Jes CeSd g 15 3590 (0l g
3 i o Jlos! rizen 100 00,5 o Lo JolS 50500 0 5T
122] 503 flesenad S50 o ate ol anaSs cl col (Sen oo
Aoyl 8w 50 g 9 Les )3, &5 o el o et
S92y b el Jlpl dwain g 5l8 (g9 rdm 5 IRl (Slhes S W
28 sl Sl gl Lol oo 5 9,08 J18, (59, 2 s ks
B 3590w (295 99 ol B S o Ol ) BE g
g Sl ojlye b F & g0 Sliviss s [12] cudl o5 ol liioes
oad )15 Sglite [SouSy b calidee (pehine bl 955 555 2 52
[15] o)) Sa g brns 5 [14] o) Ko 5 ple [13] )] 1Kan 5 oS> ol
aulp 50 g el carge IRl Slhgd Sy IEN A5 aals Gl
oIl a5 wisls plas o Ses 5 WglSae 305 oo sl (S gms
Obsl oy plgFial (sl 5gbiS 5 (559700 59508 ML sl (Sly90 Cie
5 Ll 18] s)ls oS I egian oy il ln s 29 (o0
o 58 958 Gl cse (b Sty I3 oS il Sl o Sen
b g Il uimen 5 [19,18] 4 Sen 5 (5,955 [17] 00,5 oo iyl
sobie & 1y (55 n Mo (2108 5 I3l (Sig0 e pus e (o y1a5" [20]
bl o ol)Sen g Slxdiog (wioges ll 550 Jladke cpieS 4 olows
9 Al ()57 ot Slrsd 50 (905 Sl 2B Il (Slgs e p a5
Omiizee 33,5 o dli>de o5 4sS plea [21] el LB oS 6,451
ABIST Gls plgsil )5 gm anlp 0 555 kb, o)l e 4
Ol G945 Widsy azS opl 4 Sldllae ) (B aiin
[21] ol 135 o5 (5,956 5 4Ll (55970 (S5 Dy 53 (o5 jlonm
Slp Gl s e Joe aneg @ el Sl 5l (Sl el

176



Ublsed 9 5o sy

JU5 )95 Olgstianl G &l pgan 3iTrd Gr970 595 23 g0 BB piel)ly JUB) T )2 9 IS Yo S &l

gl o s (295 Jo saiag0,8-1-2
s oyge Gy Sy g adsl b slead slael o B Jes
ool aagly 5 Bl apsly M sd e (2 JSE) 5ol sun
S o et (1) el alol b e adyl o sbaad slael o T e
Sgas domio Sy 0 45, e jyome 5l adgl (B slaad gy, i G alols
peve ) "3 JS..';’:" ..x...al.\@ LSCl*‘“ alols ccel ool Lg/..:fo}‘..\.\" L 9o p
Ao oo olad 1) adsl by slaad slaslys elad alolB b by slaaysls
sload slael jo Jlo s oolys asgl; g o 090 "3 JS" (0 &S jsblea
S0P 3 Sude polie Ceow 4 Al 4 (55 (e polie ) adsl S
lols 5l ot b o ouslos (B ity S (g0 S Ao (g £l
() eleds alols gl b il gt Gl by ol elas
@sly 5 Ury) Shasl gl (Vim) (oulos (SBp S pr p oSl S¥oles

ML\L;O ) C)"" 4 ‘[33] «(0,m) ‘_JLaJ.u oo|ﬁ
[2mrNg]

Vi = @)
Yy = sin"}([bsin q]/7) )
Vr2 —b?)tanh
6_m = tan™1( ,( )
n (rsinq) — (bcosqtanh,)
_,, bcosgq
—tan (7m) (3)
_, Ttanhg

he = tan™(—F—) 4

ol Cwls hai b @ids 5 g0 w}.}w@lﬁa ey Ng ol jo a8
53 Ebe sy L)y ces ol gl a4 e s e e
Bl R (S glad ) )l aly By gl
ladd )3 gy s el (b S g Jloy 00lp sl 50 pots
gl b adsl (i load (Ggm Gie 50 Ghp Jes 09dee Ao o
s bl @ Cons GV (D s g e Sy Jloy 0dln
e Fomb Gl e g B Jlog ooly aly b b slead
ad g5, by cmitn Gl Pae Ol lpl el Haal )l
e ol dslme (sl 051 sty (b sla el i b oadgl oy
2 Glp g b sl e oy slaplall 5l golass 4 iy glaad
(@By) SSlaol (55, 3 (ABy) 59308 $550) oy Sy oolol!

B,

I

,«95' ()

— ey ¥, g

Workpice ——- 2

Fig. 2 Cut along the primary cutting edge
adgl oy slead slaal o (5 2 S8

M cutting Velocity

22 Inclination Angle

¥ Normal Rake Angle
 Spindle Speed

%5 Cutting Forces

177

sigr Lass o0 ool (gla 5 ol yy el Joe o5y canllla ol o

LSS 5 657 Sy St Sl Qe 5 s OBl (5 s
ol 00 00ls amwgi [23,22,17] 35 lgseinl oS¢ g ail)b o
Lulyd g aie avaie @ axg b by Jelod allogge Joo cnle
5 Glasgazme o el 00l 00ls dagi e 5 jiSu o 40 6,5 E e
(S oy sl SYolas ulpd e Slr Goel I slailesl
ansls co b ialojl 51 (g ym S Coledys 0 plonil gy dnslre (sl

b plsl (Ll Joe b5)) 6l )82 Ll 5l (s

SIx Joe-2

Glaaie Yoore g5 Canl byt Lol, ate daate 3 colital op i
ol o lple Wb Bl (Six Sldi b e g9 00l 5l (2>
el 00l ool dnwgi die g5 ol Sl S E g sy e allie
JSET S e Grogi ) by e ol ae Sy dain oS g sl el
Calies (ho) “gabe 4l «(@2) T ol assly (D=2R) Pae Hlad fuls 1
gy d55e 2 wilbios ) Al a ayly 5 @) Caze ol
5% 30lios 9925 4 Elygm v g ae Aok SSasl 5l &S ()¢ 5
S sl sl a5 Tadyl a5l el (sl b anlie
Spdse P inlpede Ssdee AL ool 5l wiiliee SosS
o i 33 (S 58 ()5 pgm w1 b 0 Sl 4z Sl
2 G et ol pln 09 ge 28,5 000l 5 o1 5l 5 )00 ()5 g
ad cadol oy sload 1,5 el [ome a0l a4 Glgi o0 | ae (]
S oy Jdos sl a5 obeJow (1JS) T ailas 4l el i
Wload (anJge B b 08lo 758 4>l dw 51 S5 o ol

Helix Angle
Fluig S Diillaxis

TSy Drill
| Diameter

Drill point

Shank Body

Margin—

Chisel Edge
™

" Cutting Lip

Identation zone
. (inner portion)

Sec-ona'al'y'c'l’ming edges
{outer portion)
Fig. 1 Drill geometry and three cutting regions

Oy 4l d g ale A 1 SO0

! Conical Point Drill

2 Drill Diameter

3 point Angle

* Helix Angle

° Web Thickness

© Chisel Edge Angle

" Primary Cutting Lips

8 Chisel Edge

9 Secondary Cutting Edges
1% |ndentation Zone

5 oplaids 17 055 1396 3l yo o0 Suillo wise



Ublsed 9 5o sy

JU5 )95 Olgstianl U &l pgan 3iTrd G970 595 29 Jige Gl piel)ly JUB) )T )2 9 IS e s &l

dB; cos @ cos 6, —sinf,
{dBC] = |sin@siny + cos@cosycosb, cosycosb,
dB, cos@sinysinf,, —sin@cosy sinycosb,
dBs ®)
x {dBn}

Gsly b olasbee g2ty 6l Lol jo a5 wal ool b,> ael; @
Gos 9 M, Sl gkas conlulo [36] sed e w35 Ll (Sl
1171 Qg oo dalore 5505 52 a3l oolatul L dB, (5,97

cos 3, sinw cosw dB,

dB, n 0 —

{dM } = [ cosy cos y] X {dBc] ©

i 0 ro0 B
ad 9 51 8 g My jsliisS § B,y (5 p97m0 S JS ok oonlpl

R
B, , =2 j dB, (I -10)
7o

R
M, = zf dM, (w-10)
To

Gai Jobo aS b o adsl i laad slael o1 Jlade o eST
Sl ad aglyp aS 1y =b/sin(m—Y) cplplo wwl Sl ad Job
W Iy

Al 4l 135 o 50 J3a 9 22
Sl (59ST L olge 0980 (28 e Ko S e Skl Al o
5 998 o0 laz (b CuSl bl lgsuinl oole @dly ;o 098 o atlils
Sl g5 BB slos g ool Sadly IS sl aS 0uld lax oole
o g aBl by ate sla)ld ;5 sHe7e 598 5l AL Ld oS
5 ol oo wiliis dilaie ol 4 (idu ol 0,8 oo JSE 59 ,ST 0] 8
Slge B> a5 (0gd oo 00pel Aygll 5y ad Sl ad 5l osile b e
Dehse plmil Gite 9 S Jlop ooy dgly SG L delaie A alows 4
dilate 04d g0 oy B oo ol Sl ad (g5, p |, 4l g0 "5 JS"

w055 55y Ss e ees 6l il hoailis w658 S sy ailwis

Workpice

|
|
l

w

s

|
+ + 4+
I
2

o
o

L o
Il

3

i

E)
<
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B, = Vertical force component along cutting velocity vector
B, = Force component parallel to shear plane (AC)
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B, = Force component normal to tool rake face

Fig. 4 Cutting forces components in directions parallel and normal to
the cutting velocity vector, shear plane, and rake face
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MS SS DF
0.001 106.12 81.843 409.216 5 Joe
0.001 177.88 137.186 137.186 1 Vv
0.000 300.35 231.633 231.633 1 F
0.062 8.45 6.516 6.516 1 V2
0.068 7.85 6.055 6.055 1 F
0.009 36.08 27.826 27.826 1 VXF
! Regression
182



Ublsed 9 5o sy

JU5 )95 Olgstianl G &l pgan 3iTrd Gr970 595 23 g0 BB piel)ly JUB) T )2 9 IS Yo S &l

rad) ool o> sl @
(I’ad) S el 4.\5‘) :Bn
(rad)y sl aJ Jbo 5 ool gl Onen

) plae gkt J> &
(rad) @5)....*.' 4.\5‘) l/)f
(rad) ( Seoliss oolys a5 Oa,cn

&lp-8

[1] M. Price, S. Molloy, M. Solan, A. Sutton, D. Ricketts, The rate of
instrument breakage during orthopaedic procedures, International
Orthopaedics, Vol. 26, No. 3, pp. 185-187, 2002.

[2] W. Pichler, P. Mazzurana, H. Clement, S. Grechenig, R.
Mauschitz, W. Grechenig, Frequency of instrument breakage
during orthopaedic procedures and its effects on patients, The
Journal of Bone and Joint Surgery American Volume, Vol. 90 , No.
12, pp. 2652-2654, 2008.

[3] W. Wang, Y. Shi, N. Yang, X. Yuan, Experimental analysis of
drilling process in cortical bone, Medical engineering & physics,
Vol. 36, No. 2, pp. 261-266, 2014.

[4] M. Aziz, M. Ayub, R. Jaafar, Force control algorithm for detection
of break-through bone drilling, 1st Joint International Symposium,
Selangor, Malaysia, 2012.

[5] M. Louredo, I. Diaz, J. J. Gil, DRIBON: A mechatronic bone
drilling tool, Mechatronics, Vol. 22, No. 8, pp. 1060-1066, 2012.

[6] 1. Diaz, J. J. Gil, M. Louredo, Bone drilling methodology and tool
based on position measurements, Computer Methods and
Programs in Biomedicine, VVol. 112, No. 2, pp. 284-292, 2013.

[7] J. Sui, N. Sugita, K. Ishii, K. Harada M. Mitsuishi, Mechanistic
modeling of bone-drilling process with experimental validation,
Journal of Materials Processing Technology, Vol. 214, No. 4, pp.
1018-1026, 2014.

[8] J. Lundskog, Heat and bone tissue, An experimental investigation
of the thermal properties of bone and threshold levels for thermal
injury, Scandinavian Journal of Plastic and Reconstructive
Surgery, Vol. 9, No. 2, pp. 1-80, 1971.

[9] G. Augustin, T. Zigman, S. Davila, T. Udilljak, T. Staroveski, D.
Brezak, Cortical bone drilling and thermal osteonecrosis, Clinical
Biomechanics, Vol. 27, No. 4, pp. 313-325, 2012.

[10]R. K. Pandey , S. S. Panda, Optimization of multiple quality
characteristics in bone drilling using grey relational analysis,
Journal of Orthopaedics, Vol. 12, No. 1, pp. 39-45, 2015.

[11]M. B. Abouzgia , D. F. James, Temperature rise during drilling
through bone, International Journal of Oral & Maxillofacial
Implants, Vol. 12, No. 3, pp. 1-22, 1997.

[12]R. K. Pandey , S. Panda, Optimization of bone drilling parameters
using grey-based fuzzy algorithm, Measurement, VVol. 47, pp. 386-
392, 2014.

[13]C. Jacob, J. Berry, M. Pope, F. Hoaglund, A study of the bone
machining process-drilling, Journal of Biomechanics, Vol. 9, No.
5, pp. 343-349, 1976.

[14]K. Alam, A. Mitrofanov, V. V. Silberschmidt, Experimental
investigations of forces and torque in conventional and
ultrasonically-assisted  drilling of cortical bone, Medical
engineering & physics, Vol. 33, No. 2, pp. 234-239, 2011.

[15]M. Basiaga, Z. Paszenda, J. Szewczenko, M. Kaczmarek,
Numerical and experimental analyses of drills used in
osteosynthesis, Acta of Bioengineering and Biomechanics, Vol. 13,
No. 4, pp. 29-36, 2011.

[16]T. MacAvelia, M. Salahi, M. Olsen, M. Crookshank, E. H.
Schemitsch, A. Ghasempoor, Biomechanical measurements of
surgical drilling force and torque in human versus artificial femurs,
Journal of Biomechanical Engineering, Vol. 134, No. 12, p.
124503, 2012.

[17]J. Lee, B. A. Gozen, O. B. Ozdoganlar, Modeling and
experimentation of bone drilling forces, Journal of Biomechanics,
Vol. 45, No. 6, pp. 1076-1083, 2012.

[18]E. Shakouri, M. H. Sadeghi, M. Maerefat, S. Shajari, Experimental
and analytical investigation of the thermal necrosis in high-speed
drilling of bone, Proceedings of the Institution of Mechanical

183

opdlS g5 03,88 ploFial (lp Jue ol guindsep Al o p
Sorte E5 5 Fhed Sepm il Glod S b lp (riLiel 5 on
Gehie 22 @l L @5 @ ae Glp Segin Jae @l wd el
Sy el Slhed S p Gl b5 L osd e alidle g wBbiss
WAl S S9rie 5 42 e s (Rl gl 4 Jles!
s pyieS S 3 s el a8 gl s s sbml (gom
35 o0 Slml JeS Sortm E5 9 Vb Glacesm o plyFiul 4 o)y
calre Dl Gl ol Ghlesl el Jae sl Lacusgace
G sl slp (o oy sl (Ghogr < sl G oy slacss !
dilaie o plyinl sl Sl (ST pille S 28 5 agl
15 Olgzl Sl sl 5 sbol p5le 3,90 5o iy anlllae .l ailis

AiSen Sge |y Jow Wilgs oo ddlaie aw

e S yad -7

M) goloe i e Vs
rpm) sly9o e jur N

(MM) ais oyl Cwles Cral

(rad) ol agl; Coas

sSQ o

rad) r i ;o zmajlo asl;

=

(N) (g350e (55525

N) SShol 55,5 By

Jbey 059 535

Skl ops 55 Cr

MM?) ontilaz ool coloe S
mmrev?) syt s P

(MM) saiiloz ool culies  Ee

Jleys ooy 55l culpe Mytim0123)
SWhasl 59 5550 culps Myti=0123)
N) 5,97 59,5 B
N) S5p 90 Be
(N) hoe 55,5 Bi

(rad) og5 wol; s W
(NM) oLl jslzs  dM,
N) el (5592 5955 @By
N)&lss 4>l 597 s, Beei
NM) sl 4>l gl T
(N) a5l o slo ad (5920 6950 S Bros
(NM) 456 i slo ad jglas Js My

Mm) ailis 4>l gl 7

(rad) Bl =il aggly  y

(rad) Jle s o3l asgly 0,

5 oplaids 17 055 1396 3l yo o0 Suillo wise



Ublsed 9 5o sy

JU5 )95 Olgstianl U &l pgan 3iTrd G970 595 29 Jige Gl piel)ly JUB) )T )2 9 IS e s &l

drilling of bone, Modares Mechanical Engineering, Vol. 13, No.
10, pp. 105-117, 2013. (in Persian _..,13)

[31]E. Shakouri, M.H. Sadeghi, M.R. Karafi, M. Farzin, Effect of
rotatory-vibrational bone drilling in lowering thermal necrosis (an
animal study), Iranian Journal of Orthpaedic Surgery, Vol. 12, No.
2, pp. 52-58, 2014. (in Persian .. ,5)

[32]E. Shakouril, M. H. Sadeghi, M. Maerefat, M. R. Karafi, M.

Memarpour, Experimental and analytical investigation of Thrust
force in ultrasonic assisted drilling of bone, Modares Mechanical
Engineering, Vol. 14, No. 6, pp. 194-200, 2014. (in Persian _..,i3)

[33]C. Oxford Jr, On the drilling of metals 1: basic mechanics of the
process, Trans. ASME, Vol. 77, No. 2, pp. 103-111, 1955.

[34]R. Achterberg, Discussion:Rate of Strain Effect in Metal Cutting-
(Oxley, PLB, 1963, ASME Journal of Engineering for Industry.,
Vol. 85, No. 4, pp. 335-337, Journal of Engineering for Industry,
Vol. 85, No. 4, pp. 338-338, 1963.

[35] K. Wiggins, S. Malkin, Drilling of bone, Journal of biomechanics,
Vol. 9, No. 9, pp. 553-559, 1976.

[36]G. Stabler, The fundamental geometry of cutting tools,
Proceedings of the Institution of Mechanical Engineers, Vol. 165,
No. 1, pp. 14-26, 1951.

[37]L. Kachanov, Foundations of the theory of plasticity, North-
Holland series in applied mathematics and mechanics, Vol. 12,
1971.

[38]F. G. Evans, Significant differences in the tensile strength of adult
human compact bone, Proceedings of the First European Bone and
Tooth Symposium, HJJ Blackwood (ed.), Pergamon, Oxford, pp.
319-381, 1964.

[39]V. Chandrasekharan, S. G. Kapoor, R. E. DeVor, A mechanistic
approach to predicting the cutting forces in drilling: With
application to fiber-reinforced composite materials, Journal of
Engineering for Industry, Vol. 117, pp. 559-570, 1995.

[40]G. Singh, V. Jain, D. Gupta, A. Ghai, Optimization of process
parameters for drilled hole quality characteristics during cortical
bone drilling using Taguchi method, Journal of the Mechanical
Behavior Of Biomedical Materials, Vol. 62, pp. 355-365, 2016.

[41] M. Ghoreishi, V. Tahmasbi, Optimization of material removal rate
in dry electro-discharge machining process, Modares Mechanical
Engineering, Vol. 14, No. 12, pp. 113-121, 2014. (in Persian __..,5)

[42] A. Nekahi, K. Dehghani, Modeling the thermomechanical effects
on baking behavior of low carbon steels using response surface
methodology, Materials & Design, Vol. 31, No. 8, pp. 3845-3851,
2010.

5 oplaids 17 095 1396 3l o (o rde Suilfo wlise

Engineers, Part H: Journal of Engineering in Medicine, No. 4,
Vol. 228, pp. 330-341, 2014.

[19]E. Shakouri, M. H. Sadeghi, M. Maerefat, M. R. Karafi, M.
Memarpour, Experimental and analytical investigation of thrust
force in ultrasonic assisted drilling of bone, Modares Mechanical
Engineering, Vol. 14, No. 6, pp. 194-200, 2014. (in Persian __..,5)

[20]R. K. Pandey, S. Panda, Multi-performance optimization of bone
drilling using Taguchi method based on membership function,
Measurement, Vol. 59, pp. 9-13, 2015.

[21]T. Udiljak, D. Ciglar, S. Skoric, Investigation into bone drilling
and thermal bone necrosis, Advances in Production Engineering &
Management, No. 3, Vol. 2, pp. 103-12, 2007.

[22]M. J. Bono , J. Ni, The Indentation Zone of a Twist Drill,
Transactions-North American Manufacturing Research Institution
of SME, pp. 303-310, 2001.

[23]V. Chandrasekharan, A model to predict the three-dimensional
cutting force system for drilling with arbitrary point geometry,
PhD Thesis, University of Illinois at Urbana-Champaign, 1996.

[24]C. A. Mauch L. K. Lauderbaugh, Modeling the drilling process-an
analytical model to predict thrust force and torque, Computer
Modeling and Simulation of Manufacturing Processes, ASME
PED, Vol. 48, pp. 59-65, 1990.

[25]S. R. Davidson, D. F. James, Drilling in bone: modeling heat
generation and temperature distribution, Transactions-American
Society of Mechanical Engineers Journal of Biomechanical
Engineering, Vol. 125, No. 3, pp. 305-314, 2003.

[26]Y. K. Tu, L. W. Chen, J. S. Ciou, C. K. Hsiao, Y. C. Chen, Finite
element simulations of bone temperature rise during bone drilling
based on a bone analog, Journal of Medical and Biological
Engineering, Vol. 33, No. 3, pp. 269-74, 2013.

[27]1Y. K. Tu, W. H. Lu, L. W. Chen, J. S. Ciou, Y. C. Chen, The
effects of drilling parameters on bone temperatures: A finite
element simulation, Bioinformatics and biomedical
engineering,(iCBBE) 2011 5th International Conference on,
Wuhan, China, pp. 1-4, 2011.

[28]S. Sezek, B. Aksakal, F. Karaca, Influence of drill parameters on
bone temperature and necrosis: A FEM modelling and in vitro
experiments, Computational Materials Science, Vol. 60, pp. 13-18,
2012.

[29]V. Tahmasbi, M. Ghoreishi, M. Zolfaghari, Modeling and multi
objective optimization of effective parameters in
drilling cortical bone, Modares Mechanical Engineering, Vol. 15,
No. 13, pp. 113-119, 2015. (in Persian .,

[30] E. Shakouri, M. H. Sadeghi, M. Maerefat, Experimental
investigation of thermal necrosis in conventional and high speed

184



