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Experimental investigation, sensitivity analysis and optimization on the effect of drill
bit’s point angle and helix angle on cortical bone drilling process temperature
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Abstract

In this study, considering the point angle and helix angle as the most prominent geometrical parameters associated with the tool,
using design of experiment based on Response Surface Method, evolution of process temperature and possibility of thermal necrosis
were investigated. For this purpose, performing experimental tests on fresh bovine cortical bone, second order linear regression
equation reflecting the process temperature was derived and validated. Using the Sobel sensitivity analysis, the exact influence of
each point angle and helix angle on temperature was specified. Also, using derringer optimization method, the minimum process
temperature, coincided with the optimum point angle and helix angles, was obtained. Results showed that minimal temperature could
be obtained with vortex angle of 90 and helix angle of 27. Moreover, with higher point angles and lower helix angles drilling
temperature in bone tissue increased. Finally, drilling temperature was more sensitive to the variation of helix angle rather than point
angle.

Keywords: Bone drilling, Temperature, Thermal necrosis, Response surface methodology, Statistical sensitivity analysis,
Optimization.
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Model 5 248.498 86.08% 248.498  49.6997 6.18 0.034
Linear 2 61.084 21.16% 61.084 30.542 3.8 0.099
helix angle 1 55.876 19.35% 55.876 55.876 6.95 0.046
point angle 1 5.208 1.80% 5.208 5.208 0.65 0.457
Square 2 109.71 38.00% 109.71 54.8551 6.82 0.037
(H.A)*(H.A) 1 37.236 12.90% 13.039 13.0389 1.62 0.259
(P.A)*(P.A) 1 72.475 25.10% 72.475 72.4747 9.01 0.03
2-Way Interaction 1 77.704 26.92% 77.704 77.7042 9.66 0.027
(H.A)*P.A) 1 77.704 26.92% 77.704  77.7042 9.66 0.027
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Lack-of-Fit 3 38.728 13.41% 38.728 129093  17.54  0.054
Pure Error 2 1.472 0.51% 1.472 0.7358
Total 10 288.698 100.00%

R-sq= 86.08 %




wulyd 50 Lo Hlidy 48 (69959 Glopiio (g —O-)

Stmslin g odal Caws 4 (g3loJow 4 axgi b idw cpl jo
2 P syl 63,5 Sl e by bagiabeT sleesls b o
2ol 6wl s @b asls SLE sl o e o
2l Lo s, VY IV USE slaloged 00,5 cpenss Les i3,
@ azd)S Oyse siledae Gk anlb g5y sl it elol
OmnSy gy VU IY0lwes e W)l e i,
e Lo, sl 5l Jols (b pgs e
Sire Bl 5 Gmiey eS| LIE el 59,5 sla el
3 a8 Hehiles 03,5 (cwyp arg) onl o S A cel e
Ol e gayle g ol blsy B8 e Cl et JS5
NIV P51 W KORCPE USRI =Y S WP Y
o

« Design points above predicted value

Hw 57
3017
X1 = A: Helix Angle
X2 = B: Point Angle

Temperature (0C)

17

24.4
218

108 102
B: Point Angle }\/46 A: Helix Angle
901

9 ool Sblg3 ooy wiaT )5 (slod (gum dws ylagei - V JSCi
5999 Sy ()i & Lo

slo 63y 2 Bl sy Sl eon 0=
&S g
4{5‘} ‘-;'“_:“)'é‘ b "\ \“ 5 "\ ‘“ . ”A‘-;Lmdi‘;” 44 4?5-'. L!
sl Gl S e bl 2elS sug, e Llnl )b
9 odn e ger g 4z TV oga> bogmle
SElasl oo, Grals axs [0 500l 0,5 1.5 51 6,55l
mor Gl Lo (T s 5 00,5 o0 e 5 Elyge oylz
ral;;.il 30 yieS gles gl aS D9 oo AS 3,150 [)‘il 5l
YY a4 oy wb o masle asly gleswl 5,830 anl )b

Ire] wal azsls ax o

oo 63y 2 o sugly Sl owsn -0
LS T
"\Y" 5 H\"' ‘llipll &Lh)‘ow )0 45 )#QL@
asdad a4y dle dga5 Bl iy () 4l az e 04d e cvnline
e oad sbml sbes ol Js 4 g cwl gesl, I8
ol Gl Gely aly ST eSe s g el e (6,855
Yol wlios Gl3l s oole 5o Led cycsue d9is opl Judo
S Gael Cewd a4 Cus amd e olad g Ve Ss )

slagilesl ;o aeo)s W gliebl bl 4 425 L

sladlse S s jolare 4 100 5l S P laie (owige
Slaye ggemme slas jlaie [YV] 058 0 4285 Jlas 0 Jae
O S, Aobie go5 By flie ool 5 oad ulaie Jow
)l Lmu..,..lLe)T ‘5'>|).|a Casmn ) g 63508 astie l) J..\.n » pSL‘>
FB sla Jow jo Hlade pl az o sl o951 ol Coonl
moim sl shls abgs o Jow asl jieS ools 5 3liasl
Joe Glp adlge ol due (pieS Gaios ol j0 g canl (6,2
dolee (F) aobee [VV]asl cosny Lol o358 aijo (youm S,

:Madowl)mﬁébowﬁ)

Temp(°C) = —27.4 — 1.66(HA) + 1.718(PA)
— 0.0537(HA)?
—0.01057(PA)?
+0.03014(HA
* PA)

()

2 ae ooy gl PA g g yle gl HA Sal)l ol jo &8

S PPEwwweS

Owized g R-sq= 86.08 % polie 8,5 Gl L
Olse £USE 4 4z g L laowiladly Julow canlin (SauSTy,
9,93 5 (srlie 5 095 Cds 5l a5 50 giludae oS LS
B S N O B
JlEe S e aseie 1) Giolesl 5 oSl Jow s aS 63050
LB (@) dobee 5l oolaxul b o Jlaae ¢ .asl oo Jow R-sq
dval el anle
R2=%=1—SSS§:S
ooy doyo Ve

®)
bog ) sve 4 ailse cpl jlade az e
Ose=sS 5 lel Joo e G 9 YL o Glail oo il
Gl 51N o og dele 5GEs bosls poead Glate
Ul om0 o cyens |, alols s g (g3l Jde cdo oS
6 a5 Jae sl Dgdolee ik, laowladl Swisl,
wily olie ooy 5wl ceslodd Galaie _adly (slaosls
Joe 5l 28y slaesls alold Jl> e ;0 5 wbl 05,5 jeue
Lolie cnl G3gr o5 a8l GBolas 5 o5 oad Gelaie (9em )5,
5SS Jloges ) o] sdolas SasSl,, 5 aiS e asein Rosq
oo g oad Galaie Lo Juo o Gado (nl )0 &5 wade L
oLt ol 4 55 sai sanlive laowilesdly x5 o ols plii

A3l o colhe (gl am (5 sasas

Residual

30 32 34 36 38 4 4 aa 3
Fitted Value

w)fuJ}.o ‘S)uu\.nbwl.aﬂ 50 b onilondl L;..\.‘»Slﬁ—fﬁ

OhHSes g (g0 g — VAV dmio A F ) Gl ) oylad BY Al AN Gl ojlads cpyyd oKl SOl qwiigee &y 505



SLSan 5 6o sage— VAN amio N F Y ey o) o )led B ale AA by o)led 155 olStils SlSle siigen 4y 55

48

46

44

42

40

38

Temperature (0C)

36

34

32

48

46

44

42

40

38

Temperature (0C)

36

34

32

helix angle * point angle

Mean of temp

150 175 200 225
helix angle

Wl )3 glos i gt slo 3 ool gllsy Jilie ol 1 - 4 S

~
=3

point angle
>

20.0
helix angle

225

Tl 9 ) blg) coms 3 99T 5 Glos Gams 95 515905 — Vo JSCi
89933 S o ylgie &

20.0
Helix angle

225

A1 @ sbo 15 e b wiaT 53 (5lod b 06T - 11 S

920 100 110 120 130 140
Point Angle

N3 ool 41315 e s 9T 5 e sl 5IUT VY S

Mean of temp

o3 et Sl 0 gmale o wsly Llade il Lo jlade
S S 58 W ) e g (a2 YYssa)
u“i) gl o8 e VIS @ ax gy L all (4,000 )05 Hlads
Sy 4250 TV @ 5 gl gl 9 015 5eis 80 Cow
59 0 a5 Jodo oul ol salys ¢y cl i Teul 5 0 i
ol arsly 4z g il Cute (6,35 51 anT b (60950 el )l
sly Gl L« g GEalS Los Slcis €55 955 25,5 ate
bz b asS oo oy (el i 5 L Lo le
slayiahl (ooled @ plojen (owjiws a5 Ve g VIS la
45 0gdon At (1) 4 el pdy Bl (29,5 5 59959
ool sasly 53 plaial 63 ge slp Lo jlaie oS
QLT 4,0 VY (oo yi5 gapyle gl 9 (az)0 30) b la

46

45

43

42

41

40

39

150 175 200 225
helix angle

w3 glos 2 5l g slo asl 51— A JSCb

Py L yolil Cowlus o)y yd Jrgw 7IGT -0
o‘w‘ 6)&')9&) )° oo )l;:é) e

30 Lo cowles Judow 0 VY 5 V) lo S8 @ azgi b
o NI TR R U PR OU | H Ry WES SRR PES O P L S JPWARCR
Glyoad aid F s o Glaojl jo a5 00,5 o aseise Gl
sasly 5 @l agly Jold) dlie ol )5 639,55 sboal)ly
oo ploj oo Slesd (18,5 S5 0 by IS b ar (ae (o,
Sl aesle agly wanlyd jo ous sl gles [ké, o bayial,l
anl)d 5o el sl Les H ate Ll agly 4 Cond (g dus
o 250 Sldd gosl 0 15 OV USE) o)l 6,5 &5
ejloges ol 5o (S8l s Ol (AT ol bonl sl
Son aldl g canls sl 51 Sose 30 Gl caims lis
(\Ys AR J&w) L SEW- J..J-l).Q )L.S) ) Yo ).Jl (_gl)ld



Optimal helix an point an
D: 09616 High 27.0 135.0
F09515 [27.0] [90.0]
Predict Low 14.0 90.0
temp
Minimum
y = 30.9146
d = 096162

4 ol sglin 42 (699,59 1o yiolyly (g5lw ddte = IF U
(Minitab ;133! o 5 byl ool Cawd 4) Wil y3 glos JSlas

G5 Al -
gl Ghs) & Sileainn 5 iledie Ged Gei (nl 0
slaasly 58,5 Sl 50 5 plyinl )83 5m a3 )0 uly
Lo didy 5 5995 lajiie Slsie & ale gl 5 o)
Wi Gt G S, ool ol (2 gy Gla e Glsie
cds g el Cews a4y anlp Glasssys we p Lo sl pgo
Sope Al Coenl 5 FJgux Sl ol mli Gk » s5ledoe
el A8 18 oy 3550 L S1E; 5, 2 Laisg)s )
sl YL cdo b conl [0l onwl cows 4y ook, Joo -
motbeslosl )0 1) plsmeal )55 5o oud ol
o Sy guled gobw ate Guly agly Rl L -
Olzisl sl <l b gty 0550 5 Al (il
mr SIShao] 5,0 Ll rge a5 uils aialss
G S Geee 5o e aly &l g wisd
Jusl g5 9, 18 G hge Jos e 50 Elig
s ol Ol sl e R a4 ces T 0>
Lo cales 5o 5 waddss sleyS ol Jlis a5 b
Sbes Sl
Lo Hlade L5l gesle argly SRl b ook bl 510 -
wzse gabe arly Gl S oo b 1) g5 i,
Sobiee o3y 3,5 15 5l 6T ole g 0oln e a2
wloe Gl 5 ate sla,ll o lassly (S1)5
250 S ake 5l Gend b Seal, e Gl eies
LS JUSl g 0,500 jge adbge 6,185 5m
oads obml los azuii j0 5 8,5 o SHee 5o
099 U e ylo agly ialidl b o als a1 s 5o
Fe @ wzee 50 (GRlbel gesl ) azx,e TV
el At )3 g 00l 53,5 25 5l xS el 5 00l
W9 33,5 o0 dhe g Elygm o)lor o Skl o i
wlise als Lo o] o
WS S 4,0 V0 Ceow 4 VYO 1 ol gl e -
5 Ot Sy a0 YV VY Gl g le gl s
oS Lo ol a ol valgs & adls o 5 JT ouyl
EF s Nl Cute 0551 w3 sog,0 el o

Temoerature (0C)

Category
[ Helix Angle
[ Point Angle

31 oal Cansd & wiaT 58 5lod 3 ol 5 @slo slas H1- WY U
Jigms Commsluns 0T

5l (655 0 42T 3 53 oo (5 miings ~O-Y
anld jo Lo Jelow 0)50 50 &5 plagw)n 4 azs b
Slvange o onl 53 ws)S prhe lesiul 6,855
GBS s )0 Lo lade (5065 4 plitws jslate 4y wiul b
5o Lo e aneS ws 18,5 Ll o Lol aid S O a0
¢ Cangllae o> oges Bl g laiole;T 5 ooad Gulaie Jow
SLINVEISS 5o boile] Jawe g5, 52 48,5 O30 gluding
azs denlie 5 (gilwaigy 3l cdel Caway ams Ll onl
el oo &l FJgax 50 i oo inlesl 5 gldae
DYl ombsl 51 Jols L e polis
PSCSTIN ¥ W [FIER RPN ENUIK S RV JX JURAE I ARG IVIRINRE
mag Hlade o] BT (s, jo a5 cenl saal B gax 5o wisls
Sezge @l 5 Sl 0ol aslne 53 Gudd () ol 55l
a0 VY o)l agly 5 4 ooy slaagly a5 ams e ol

9l en 9979 a1y Led ke oy yieS

ou 63591 1 Joho 9 (o125 S ool (o At oS 5 - F Jgu

Lo ol sl ele 2l il
30.2 Q- Yy Sildae
30.17 ¥ Yv bl
0.1% - - [IZESR VR

POl Gz g (B Sldnd (s dint s Sl 0 Lo - 8 Jgu

Lo ohasly  zlal &y
41.8 NA \Ad [ys] st
45.8 v- Y Dol 5,6
38.1 VY. Yv DV o yei,8
38.2 VA YA DAl 5
35.8 VA Y- Dyl st
45.1 Q. \h¢ S JESRCO U

[val
40.2 VYA A4 o o lastinl ate
[val
37.1 Ve Yv hal Js
30.2 a- Y JB

O g s e i — VAN asans A ) Gl ) o)l BT wl> AN Sly ojleds Gy ol SlSe pwiige 4 508



SLSan 5 6o sage— VAN amio N F Y ey o) o )led B ale AA by o)led 155 olStils SlSle siigen 4y 55

[17] Farnworth G. H. and Burton J. A., Optimization of drill
geometry for orthopaedic surgery. In Proceedings of the
Fifteenth International Machine Tool Design and Research
Conference, Palgrave, London, 1975.

[18] Green S. A. and Dahl M., Intramedullary Limb Lengthening.
Springer Nature, New York, 2017.

[19] Hoéller C., Technical and Economic Analysis of the Process
of Surgical Bone Drilling and Improvement Potentials, MSc.
Thesis, Graz University of Technology, 2015.

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

[21] Haddadi E., Moradi M., Ghavidel Ay. K., Ghavidel A. K.
and Meiabadi S., Experimental and parametric evaluation of
cut quality characteristics in CO2 laser cutting of polystyrene.
Optik, Vol. 184, pp. 103-114, 2019.

[22] Montgomery D.C., Design and Analysis of Experiments:
Second Edittion. John Wiley & Sons, New York, 2008.

[23] Moradi M., Meiabadi S. and Kaplan A., 3D printed parts
with honeycomb internal pattern by fused deposition
modelling; experimental characterization and production
optimization. Metals and Materials International, Vol. 25,
No. 5, pp. 1312-1325, 2019.

[24] Sobol I. M., Sensitivity estimates for nonlinear mathematical
models. Mathematical modelling and computational
experiments, Vol. 1, No. 4, pp. 407-414, 1993.

[25] Korayem M. H., Rastegar Z. and Taheri M., Sensitivity
analysis of nano-contact mechanics models in manipulation
of biological cell. Nanoscience and Nanotechnology, Vol. 2,
No. 3, pp. 49-56, 2012.

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

[27] Alam K., Ghodsi M., Al-Shabib A. and Silberschmidt V.,
Experimental study on the effect of point angle on force and
temperature in ultrasonically assisted bone drilling. Journal
of Medical and Biological Engineering, Vol. 38, No. 2, pp.
236-243, 2018.

[28] Staroveski T., Brezak D. and Udiljak T., Drill wear
monitoring in cortical bone drilling. Medical engineering &
physics, Vol. 37, No. 6, pp. 560-566, 2015.

[29] Tahmasbi V., Ghoreishi M. and Zolfaghari M., Sobol
Sensitivity Analysis, Modeling and Optimization Effective

Parameters of Force in Bone Drilling Processes. Journal of

Mechanical Engineering (University of Tabriz), Vol. 48, No.
2, pp. 229-237, 2018.

[30] Knight W. A. and Boothroyd G., Fundamentals of metal
machining and machine tools. CRC Press, Florida, 2005.
[31] Altintas Y., Manufacturing automation: metal cutting
mechanics, machine tool vibrations, and CNC design.

Cambridge University press, Cambridge, 2012.

5 - Seyee D95 (See ke (nyiin 4 Ly alS
b Slymeis £ 058 5,5 ate ol agl; 4z,
Er b Lo male asly Gl Lo Wb Ghals

WS (oo Iy RS (s i

&=l -V

[1] Bachus K. N., Rondina M. T. and Hutchinson D. T., The

effects of drilling force on cortical temperatures and their

duration: an in vitro study. Medical engineering & physics,

Vol. 22, No. 10, pp. 685-691, 2000.

Bronner F., Farach-Carson M. C. and Rubin J., Bone

resorption. Springer Science & Business Media, London,

2006.

Lundskog J., 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 and Hand Surgery, Vol. 9, pp.

72-74, 1972.

[4] Eriksson A. R. and Albrektsson T., Temperature threshold
levels for heat-induced bone tissue injury: a vital-microscopic
study in the rabbit. Journal of Prosthetic Dentistry, Vol. 50,
No. 1, pp. 101-107, 1983.

[5] Narasimha K., Osman M. O. M., Chandrashekhar S and

Frazao J., An investigation into the influence of helix angle

on the torque-thrust coupling effect in twist drills. The

International ~ Journal of Advanced Manufacturing

Technology, Vol. 2, pp. 91-105, 1987.

Bechtol C., Ferguson A. and Laing P. J.,, Metals and

engineering in bone and joint surgery. California Medicine,

Vol. 91, No. 5, pp. 303-304, 1959.

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

[8] Singh G., Jain V., Gupta D. and Sharma A., Parametric effect
of vibrational drilling on osteonecrosis and comparative
histopathology study with conventional drilling of cortical
bone. Proceedings of the Institution of Mechanical
Engineers, Part H: Journal of Engineering in Medicine,
Vol. 232, No. 10, pp. 975-986, 2018.

[9] Kalidindi V., OPTIMIZ OPTIMIZATION OF DRILL DESIGN
AND COOL TION OF DRILL DESIGN AND COOLANT
SYSTEMS DURING DEN DURING DENTAL IMPL AL
IMPLANT SURGER T SURGERY, MSc. Thesis, University
of Kentucky, 2004.

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

[11] Hifner T., Geerling J., Oldag G., Richter M., Kfuri Jr M.,
Pohlemann T. and Krettek C., Accuracy study of computer-
assisted drilling: the effect of bone density, drill bit
characteristics, and use of a mechanical guide. Journal of
orthopaedic trauma, Vol. 19, No. 5, pp. 317-322, 2005.

[12] Pandey R. K. and Panda S. S., Evaluation of delamination in
drilling of bone. Medical engineering & physics, Vol. 37, No.
7, pp. 657-664, 2015.

[13] Tuijthof G. J. M., Frithwirt C. and Kment C., Influence of
tool geometry on drilling performance of cortical and
trabecular bone. Medical engineering & physics, Vol. 35, No.
8, pp. 1165-1172, 2013.

[14] Singh G., Jain V., Gupta D. and Ghai A., 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.

[15] Fuchsberger A., Damaging temperature during the
machining of bone. Unfallchirurgie, Vol. 14, No. 4, pp. 173-
183, 1988.

[16] Natali C., Ingle P. and Dowell J., Orthopaedic bone drills—
can they be improved? Temperature changes near the drilling
face. The Journal of bone and joint surgery, Vol. 78, No. 3,
pp- 357-362, 1996.

[2

—

3

=

[6

=



