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a  b  s  t  r  a  c  t

This  paper  presents  a new  thermal  model  for  bone  drilling  with  applications  to orthopaedic  surgery.
The  new  model  combines  a unique  heat-balance  equation  for  the system  of  the  drill  bit  and  the  chip
stream,  an  ordinary  heat  diffusion  equation  for the  bone,  and  heat  generation  at  the  drill  tip, arising
from  the  cutting  process  and  friction.  Modeling  of  the  drill  bit-chip  stream  system  assumes  an axial  tem-
perature  distribution  and  a  lumped  heat  capacity  effect  in  the  transverse  cross-section.  The  new  model
is solved  numerically  using  a tailor-made  finite-difference  scheme  for the  drill  bit-chip  stream  system,
coupled  with  a  classic  finite-difference  method  for  the  bone.  The  theoretical  investigation  addresses  the
significance  of  heat  transfer  between  the  drill  bit  and  the  bone,  heat  convection  from  the  drill  bit  to  the
surroundings,  and  the  effect  of  the  initial  temperature  of  the drill  bit  on  the  developing  thermal  field.
Using  the  new  model,  a  parametric  study  on  the  effects  of  machining  conditions  and  drill-bit  geome-
tries  on  the  resulting  temperature  field  in  the  bone  and  the  drill  bit  is  presented.  Results  of  this  study
indicate  that:  (1)  the  maximum  temperature  in  the  bone  decreases  with  increased  chip  flow;  (2)  the

transient  temperature  distribution  is  strongly  influenced  by  the  initial  temperature;  (3)  the  continued
cooling  (irrigation)  of  the drill  bit reduces  the maximum  temperature  even  when  the  tip  is  distant  from
the cooled  portion  of  the  drill  bit;  and  (4)  the  maximum  temperature  increases  with  increasing  spindle
speed,  increasing  feed  rate, decreasing  drill-bit  diameter,  increasing  point  angle,  and  decreasing  helix
angle.  The  model  is  expected  to be  useful  in determination  of  optimum  drilling  conditions  and  drill-bit

geometries.

. Introduction

Heat generation during bone drilling may  result in thermal
njury due to exposure to elevated temperatures, with poten-
ially devastating effects on the outcome of orthopaedic surgery.
epending on the magnitude of the temperature elevation and the
xposure time, heat generation during bone drilling may  lead to
yperthermia and even carbonization, resulting in cell death and
one-property changes [1,2]. Similarly, bone resorption may  occur
ue to a sufficient thermal insult and resulting thermonecrosis.
uring bone drilling, heat is generated mainly from the cutting pro-
ess (shear deformations) and the friction between the rake face of
he drill bit and the chips; secondary heating effects are driven by
riction between the chips, drill bit body, and the bone [3].  More-

ver, thermal effects during bone drilling may  lead to immediate
ascular damage, which, in a somewhat longer term, adds to bone
eath (osteonecrosis) due to insufficient blood supply [4].
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Experimental investigations to prevent thermal osteonecrosis
by identifying favorable drilling conditions and drill-bit geometries
are reported in the literature [5–7]. Although those reports pro-
vide a variety of (and sometimes conflicting) conclusions on how
to decrease thermal injury during bone drilling, they display a con-
sensus that the level of temperature elevation and the duration of
thermal exposure must be minimized.

The heat generation during drilling is directly determined by
the drill-bit geometry [8,9]. With reference to Fig. 1, the design
of the drill-bit point and the cutting edges dictates the cutting
forces for given drilling conditions. A large portion of the energy
used for shear deformations and the friction on the rake face is
transformed into heat, which is the main heat source during bone
drilling. Although a smaller point angle could be preferable to
reduce shear deformations (reduced shear stresses), for a given
drill-bit diameter, it also makes the cutting edge longer. It follows
that a higher point angle may  affect heat generation in different
ways [2],  depending on the complete set of geometric parameters.
However, it has been suggested in the literature that the overall
effect of point angle is negligibly small [10,11].
The chisel-edge design also has a strong effect on the cutting
forces. However, since the chisel edge mainly contributes to the
thrust forces, its effect on heat generation is secondary to the effect
of the cutting edges. Furthermore, the geometry of the drill-bit
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Fig. 1. Drill-bit geometry: (a

utes (i.e., the cross-section of the drill-bit body) determines the
ompaction and speed of the chips expelled from the cutting region
12]. Since the chips absorb a portion of the generated heat, a faster
hip stream within the flutes may  reduce the overall amount of
eat transferred to the bone [8].  A faster chip stream may  also lower
he maximum temperature in the process, even if the overall heat
ransfer to the bone is unaffected significantly, which may  be typ-
cal to a relatively deep drill-bit penetration. Since the helix angle
lso affects the cutting edge geometry and the fluted region geome-
ry, it also has a considerable effect on the generated temperatures
7].

Since the heat generation increases linearly with the cutting
peed, when the other parameters are held constant, increasing the
rill-bit diameter increases the amount of heat generation, which
esults in higher temperatures [5].  From the same reason, increas-
ng the feed rate and, independently, the spindle speed [13] also
ncreases the generated heat. The initial thermal damage, as well
s the post-surgery bone healing, has shown to be affected by the
pindle speeds, where higher speed intensified the thermal damage
nd extended the healing time [14].

In certain cases, the competing effects of higher local heat gener-
tion and reduced heat transfer to the bone may  cancel one another,
esulting in heat generation independent of the cutting speeds [15].
lthough one could assume that lower feed rate and slower spindle
peed are always favorable in reducing thermal effects, based on the
bove discussion, other effects may  play competing roles, and espe-
ially during drilling of a low conductivity material, such as bone.
his may  explain why, in many cases, the bone temperatures were
ound to be lower at higher feed rates when drilling different bone
ections [10,13]. Being highly conductive compared with bone, the
rill bit can actually cool the cutting edge by heat conduction, and
specially when externally cooled. The chip stream itself convects
eat from the cutting edge, along the flute, creating a cooling mech-
nism, where a higher feed rate leads to a faster chip stream, with
igher cooling capabilities. Here, for example, the higher feed rate

epresents a competing effect between higher heat generation due
o faster cutting and a higher cooling effect due to heat convection
y the chip stream. Indeed, it has been reported in the literature
hat higher spindle speeds may  result in lower temperatures and
 drill bit and (b) drill-bit tip.

reduced thermal injury in bone drilling [16,17] and oral surgery
[20–22].

The complex relationships between the drill-bit geometry, chip
stream, drilling conditions, and bone characteristics pose a great
challenge in determining the favorable and, ultimately, optimal set
of bone drilling parameters to minimize thermal effects. Moreover,
the large number of significant drilling parameters makes the study
and optimization of the bone drilling through experiments alone
impractical. To the best of our knowledge, only a few attempts
have been made to develop a thermal model for the bone drilling
process. Davidson and James [23] suggested a thermal model to pre-
dict temperature elevation in bone during drilling. In their model,
the conduction equation was solved in a two-dimensional domain
using Galerkin’s finite-element method. However, they only con-
sidered heat generation at the drill-bit tip, while neglecting the
significant effects of moving chips, heat transfer between the drill-
bit body and the bone, and heat convection from the drill bit to the
surroundings outside the bone. Kalidindi [24] performed an ana-
lytical study to predict the temperature distribution during dental
drilling for implant surgery. A homogenous differential equation
of heat conduction was  derived in the radial direction only and
the one dimensional conduction equation was solved analytically.
Most recently, an elastic-plastic dynamic finite element model was
presented by Tu et al. [25] to simulate temperature rise during
bone drilling. They used the commercial finite element software
ABAQUS® to estimate bone and drill-bit temperatures.

Thermo-mechanical effects in the process of metal drilling have
been extensively studied and are well characterized in the litera-
ture [26–28].  Similar to those in bone drilling, the thermal effects
in metal drilling are driven by heat generation due to material
shearing through plastic deformations and various mechanisms of
friction. The heat from the friction between the chip and rake face of
the drill bit is significantly larger than the heat arising from both the
friction between the drill-bit flank and the new cut surface of the
workpiece (for a sharp tool) and that between the drill-bit periph-

ery and the cylindrical surface of the drilled hole. Those friction
mechanisms affect not only the instantaneous (local) heat gen-
eration, but also the tool wear and thermal changes in material
properties. Depending on the scale of the analysis, one can define
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Fig. 2. Schematic illustration of cutting process in drilling: (a) a cutting element along the cutting lip, (b) the oblique cutting geometry that represent the cutting action at
each  cutting element, and (c) the normal plane (perpendicular to the cutting edge) that shows the cutting process with three main deformation zones, corresponding to
major  heat generation mechanisms: (I) shear (cutting) deformation within the shear zone, (II) friction between the rake face of the cutting tool and the chip, and (III) friction
b kpiece
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etween the flank face of the cutting tool and the newly created surface of the wor

ore localized heat generation effects (such as by differentiating
riction effects of the chip with the drill bit close to the cutting edge
rom further along the flute), but the overall effect of friction on the
hermal behavior remains essentially the same.

While debate may  exist in the literature about the relative sig-
ificance of the various destructive effects associated with bone
rilling, there appears to be a consensus that mathematical model-

ng of the coupled thermal-machining process is key to the decrease
n tissue injury. Any approach to mathematical analysis of the asso-
iated thermo-mechanical effects of drilling must include at least
hree key elements: a constitutive law of heat transfer, charac-
erization of the heat generation during drilling, and a numerical
cheme to solve the mathematical representation of the physical
rocess. The heat generation is the link between machining and
he heat transfer process. In addition, the process of drilling makes
he representation of heat transfer more complex, dealing with heat
ransfer in moving bodies. When reviewing the literature, one must
ppreciate the contribution of a specific study in context of advanc-
ng the state of knowledge in one or more of the above key elements.
n this regard, the current study proposes a new constitutive model
or heat transfer in the drill bit and the chip stream, assuming one
imensional axial temperature distribution of the combined ther-
al  system. The current study uses established relationships of
achining and heat generation from the literature. Finally, the cur-

ent study proposes a new numerical scheme to solve heat transfer
n the drill bit-chip stream system, but uses an available numerical
cheme for conductive heat transfer in the bone. Hence, the main
ontribution of the current study is viewed as belonging to the mod-

ling of thermal effects in bone drilling. This study is motivated by
he need for a realistic and practical thermal model for the pro-
ess of bone drilling, which will ultimately lead to improvement in
rilling techniques and optimization of bone-drilling parameters.
.

This paper presents the new model and provides a parametric study
of selected drilling conditions on the thermal behavior during bone
drilling. Although the model is applicable to bone drilling for both
the cortical and the cancellous bones, the thermal and mechanical
properties for the bovine cortical bone are used are used for the
presented parametric study and sensitivity analysis.

2. Modeling

2.1. Heat generation

During the cutting process, a large portion of the cutting energy
is converted into heat, which leads to elevation of temperature in
the chips, the workpiece (bone), and the cutting tool (drill bit) [29].
With reference to the cutting operation illustrated in Fig. 2(c), heat
generation during cutting mainly arises from three sources: (I) pri-
mary shear (cutting) deformation within the shear zone, (II) friction
between the rake face of the cutting tool and the chip, and (III) fric-
tion between the flank face of the cutting tool and the newly created
surface of the workpiece. With respect to heat generation in Zones
I and II, the heat generated in Zone III is generally considered to be
negligible for a sharp cutting tool [29].

Without loss of generality, it is assumed in this work that heat
generation at the tip of the drill bit arises from the heat Q̇sh due
to shear deformation in the material within Zone I and from the
heat Q̇f due to the friction between the rake face of the tool and the

chip within Zone II. Therefore, the total heat generated at the tip of
the drill bit is obtained as Q̇T = Q̇sh + Q̇f . It is noted that the thermal
model presented here is applicable regardless of the particular heat
generation model used. Furthermore, the contribution to total heat



ing & P

f
t

c
i
r
(
a
o
t
i
a
t
l
w

g
p
s
l

Q

w
t
r
i
h
m
o

�

w
c
v

R

w
s
t
a
a
(

a
z

Q

w
r
s
d

�

w

�

H
v

v
e

J. Lee et al. / Medical Engineer

rom the small chisel edge is significantly smaller than that from
he cutting lips, and will be neglected.1

As illustrated in Fig. 2, the cutting action experienced along the
utting lips is that of the oblique cutting process, where obliquity
ndicates that the cutting edge is inclined (with the angle �) with
espect to the normal to the cutting velocity V. The web thickness
chisel edge, see Fig. 1(b)) causes the cutting geometry (e.g., rake
ngle) to vary along the cutting lips. Furthermore, the magnitude
f the cutting velocity and its orientation with respect to the cut-
ing edge varies with the radius along the cutting lips. Therefore,
n modeling the drilling process, the oblique cutting model is used
long the cutting edge, where all the process parameters are func-
ions of the cutting radius. In this work, we will consider the cutting
ips to be divided into a finite number of cutting elements, each of

hich experiences the oblique cutting mechanics.
For a position along the cutting edge with the radius r, the heat

enerated within the primary shear zone (I) is considered to be
roportional to the total shearing energy devoted to cutting. As
uch, the amount of heat arising from the cutting action at a cutting
ip position with radius r can be expressed as

˙
sh(r) = �(r)Q̇s(r), (1)

here Q̇s(r) is the energy associated with the cutting process along
he cutting lip location with radius r due to shearing of the mate-
ial within the primary deformation zone, and �(r) is a constant
ndicating the portion of the shear energy that is converted into
eat. The constant of proportionality is dependent upon the ther-
al  properties of the tool, chip, and workpiece [30]. The constant

f proportionality can be calculated as [29]

(r)  =
{

0.5  −  0.35  log(Rt(r)  tan  �n(r))  if  0.04  <  Rt(r)  tan(�n(r))  ≤  10

0.3  −  0.15  log(Rt(r)  tan  �n(r))  if  10  <  Rt(r)  tan(�n(r))
,(2)

here �n(r) is the normal shear angle which changes along the
utting lips. The thermal resistance Rt(r) depends upon the cutting
elocity, and is expressed as [29]

t(r) = 1
k

[�CptcV(r)], (3)

here k is the thermal conductivity of the workpiece, � is the den-
ity of the workpiece, and Cp is the specific heat of the workpiece,
c is the uncut chip thickness, and V(r) is the cutting (surface) speed
t any point along the cutting lips. The cutting speed at radius r
long the cutting edge can be calculated from the spindle speed ns

in rpm) as V(r) = 2�rns/60.
Based on the oblique cutting theory, the shearing energy Q̇s(r)

rising from the shear deformation in the primary deformation
one is given as [23]

˙ s(r) = Fs(r)Vs(r) = �s(r)As(r)Vs(r), (4)

here Fs(r) is the shear force arising from the cutting lip at radius
, As(r) is the shear area, Vs(r) is the shear velocity, and �s(r) is the
hear yield stress. Following [23], the shear yield stress during bone
rilling is assumed to be

s(r) = 80 �̇(r)0.06, (5)

here the shear (strain) rate �̇(r) is given as [31]

˙ (r) = CV(r)
. (6)
tc[tan(˛n(r)) + cot(�n(r))]

ere, ˛n is the normal rake angle, and C is the material constant,
alue of which is taken to be equal to 6 [23,31]. Similarly to the

1 This is due to the small size of the chisel edge with respect to the cutting lips,
ery low cutting velocities experienced in the chisel edge, and thinned or split chisel
dges observed in surgical drill bits.
hysics 33 (2011) 1234– 1244 1237

cutting velocity, the normal rake angle ˛n(r) and the shear angle
�n(r) varies along the cutting lip as a function of the radius r.

Based on the minimum energy principle with the assumption
that the primary shear zone is infinitesimally thin (i.e., to be a
plane), Ernst and Merchant [32] calculated the shear angle as

�n(r) = �

4
+ ˛n(r) − ˇn

2
. (7)

where ˇn is the friction angle for coefficient of friction 	 on the rake
face between the chip and the tool (	 = tan ˇn). Note that 	 = 0.751
is used for bone drilling in the current study [23], and the fric-
tion angle ˇn is assumed to be constant along the cutting lips. It
is noted that the irrigation conditions could significantly affect the
coefficient of friction on the rake face.

We will now consider a small element j along the cutting edge
at radius r with a width (along the cutting edge) of b. For this ele-
ment, the cutting-geometry parameters of uncut chip thickness,
shear plane area, and width of cut can now be related to cutting
conditions as

tc = fr/2
ns/60

sin p, As = btc

sin(�n(r)) cos(�(r))
, (8)

and

b = (rt − rch)/N

sin p
,  (9)

respectively, where N is the total number of elements, fr is the feed
rate in mm/s, 2 p is the point angle, rt is the drill-bit radius, and rch
is the chisel-edge radius. The inclination angle �(r) is obtained as

�(r) = − sin−1
((

w

r

)
sin p

)
, (10)

where 2 w is the web thickness of the drill bit. Furthermore, from
the kinematics of the oblique cutting process, the shear velocity Vs

along the cutting lip can be written as

Vs(r) = V(r)
cos(˛n(r)) cos(�(r))

cos(�i(r)) cos(�n(r) − ˛n(r))
, (11)

where �i is the shear flow angle indicating the direction of shear
within the shear plane. The shear flow angle can be obtained as,

�i(r)= tan−1
(

tan(�(r)) cos(�n(r)−˛n(r))− tan(
�(r)) sin(�n(r))
cos(˛n(r))

)
.

(12)

In this equation, 
� is the chip flow angle which varies along the
cutting lip, and following Stabler’s rule [19] the chip flow angle 
�

is assumed to be equal to the inclination angle �.
Replacing r with rj = rch + j�r, where �r  = (rt − rch)/N, and com-

bining Eqs. (4)–(11), the heat arising from the cutting element j due
to the shearing in Zone I can be given as

Q̇shj = �(rj)Fs(rj)Vs(rj) = �(rj)�s(rj)tcbV(rj) cos(˛n(rj))
sin(�n(rj)) cos(�i(rj)) cos(�n(rj) − ˛n(rj))

.

(13)

Therefore, the heat generated due to the primary shearing (cut-
ting) on each of the cutting lips can be written as

Q̇sh =
N∑

j=1

Q̇shj. (14)

The heat generation arising from the friction between the chip

and the tool (Zone II) will be calculated in a similar fashion. Unlike
that of the shear deformation, where a portion of the energy is
spent for shearing the material, in calculating the heat from the
friction, the entire energy is converted into heat. Accordingly, the



1 ing & 

h
c

Q

w
f

R

w
�

V

h
c

Q

Q
cos(

(

Q

b

Q

3

o
m
c
c
s
a
r
h
b
i
f

3

s
b
(
c
n
m
I
t
r
p
i
fl

rate of change of stored energy in the unit volume is given by

Ėst = (˝�cAc�zCp,c + �dAd�zCp,d)
∂T

∂t
, (23)
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eat generation due to friction in Zone II at a position along the
utting edge with radius r can be given as,

˙
f (r) = Ff (r)Vc(r) = R(r) sin(ˇn)Vc(r), (15)

here Ff(r) is the friction force and R(r) is the resultant (machining)
orce, which can be expressed as [18],

(r) = Fs(r)
cos(�n(r) + �n(r)) cos(�i(r)) cos(�i(r)) + sin(�i(r)) sin(�i(r))

,

(16)

here �n(r) = tan−1(tan(ˇn)cos(
�(r))) − ˛n(r) and
i(r) = sin−1(sin(ˇn)sin(
�(r))).

The velocity of chip flow Vc can be related to cutting velocity as

c(r) = V(r)
sin(�n(r)) cos(�(r))

cos(
�(r)) cos(�n(r) − ˛n(r))
. (17)

Replacing r with rj = rch + j�r, and combining Eqs. (13)–(17), the
eat arising from the friction energy at each element along the
utting lips can be expressed as

˙
fj = Ff (rj)Vc(rj), (18)

˙
fj = V�stcb sin ˇn sin �n cos �

[sin �n cos � cos(�n + �n) cos �i cos �i + sin �i sin �i] cos 
�

The total friction heat generated due to the primary shearing
cutting) on each of the cutting lips can now be written as

˙
f =

N∑
j=1

Q̇fj. (20)

Finally, the amount of heat Q̇T arising from each cutting lip can
e expressed as

˙ T = Q̇sh + Q̇f . (21)

. Mathematical model of heat transfer

The major difficulty in modeling heat transfer during drilling
riginates from the complex geometry of the drill bit, the relative
otion of the drill bit and the workpiece, and the flow of a stream of

hips along the drill-bit flutes. Since capturing thermal effects asso-
iated with the complex drilling process is quite challenging, and
ince some of those complexities are associated with different time
nd length scales, one can envision a simplified thermal model of a
educed complexity. For this purpose, the thermal model proposed
ere can be conveniently subdivided into two key systems: the drill
it-chip stream system, and the surrounding bone. The mathemat-

cal model for each system is presented separately – yet in a unified
ashion – and the coupling of the two systems is described below.

.1. Heat transfer in the drill bit-chip stream system

The underlying assumptions in formulating the drill bit-chip
tream system are that: (1) the thermal conductivity of the drill
it is about two orders of magnitude higher than that of the bone
16.2 W/(m ◦C) for steel versus 0.54 W/(m ◦C) for bone [33], (2) the
ircumferential velocity of the drill bit is four to six orders of mag-
itude higher than its axial velocity, (3) the drill-bit diameter is
uch smaller than its length, and (4) the chip stream is well mixed.

n the absence of more detailed information and without affecting
he generality of the model, it is assumed that the chip packing

atio equals one, whereas the released fluid from the drilled bone
erfectly fills the gaps between the solid bone chips. A variation

n the packing ratio would affect the volumetric flow rate in the
ute, which can be easily modified when experimental data become
Physics 33 (2011) 1234– 1244

�n − ˛n)
. (19)

available. Under these assumptions, one may  further assume neg-
ligible temperature variation in the circumferential direction, and
negligible temperature gradients in the drill in the radial direc-
tion in comparison with temperature gradients in the bone in the
same direction, whereas no general conclusion can be drawn with
regard to the temperature gradients in the drill in the axial direc-
tion. It follows that the drill can be modeled as a thermal lumped
capacity system in the radial direction and a distributed system in
the axial direction-this combination is a unique contribution of the
proposed modeling. Given this approach, the governing equation
of the system is formulated with a typical control volume displayed
in Fig. 3.

With reference to Fig. 3, the energy balance on a representative
unit volume in the drill bit-chip stream system can be written as:

Ėst = Q̇in,cond + Q̇in,conv − Q̇out,cond − Q̇out,conv − Q̇wall − Q̇cool + Q̇fric,

(22)

where Ėst is the rate of change of stored energy in the unit volume,
Q̇cond is the rate of heat transfer by conduction in the axial direction,

Q̇conv is the rate of convective heat transfer by the chip stream (pos-
itive value represents the direction of chip flow), Q̇fric is the rate of
heat generation due to friction between the drill-bit circumference
and the wall of the hole, and this term is neglected in this study
since Q̇fric is assumed to be less dominant than heat generated at
the drill-bit tip. Q̇wall is the rate of heat transfer by conduction in
the radial direction through the wall of the drilled hole, and Q̇cool

is the rate of drill bit cooling by convection, external to the drilled
hole. In fact, Q̇cool equals zero in the portion of the drill bit already
in drilled hole (Fig. 3A), whereas Q̇fric , Q̇wall , and Q̇conv equal zero in
the portion of the drill bit outside of the drilled hole (Fig. 3B). The
Fig. 3. Illustration of the typical control volumes used for mathematical formulation
(A: the drill bit outside the bone, B: the drill bit inside the bone, and C: the bone).
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here T is the temperature, t is the time, � is the density, z is the
xial direction (its origin at the dead center of the drill bit and it is
ointing toward the drill chuck), z is the height of the unit volume, A

s the cross-sectional area (on the r–� plane), Cp is the specific heat,
he indices c and d represent the chip and the drill bit, respectively,
nd  ̋ indicates if the particular unit volume of the system is in con-
act with the bone (Fig. 3A;  ̋ = 0) or not (Fig. 3B;  ̋ = 1). Selecting

 = 0 for the external portion of the drill bit follows an assumption
hat chips are continually removed from the hole opening during
he process of drilling. Note that the cross-section ratio of Ac to Ad
s typically in the range of 3–7.

The net rate of conductive heat transfer along the axis of the
ystem is given by

˙
in,cond − Q̇out,cond = ∂

∂z

[
(˝kcAc + kdAd)

∂T

∂z

]
�z, (24)

here k is the thermal conductivity. The net rate of convective heat
ransfer by the stream of chips is given by

˙
in,conv − Q̇out,conv = −˝�cVchAcCp,c

∂T

∂z
�z, (25)

here Vch is the axial velocity of the chip stream in the drill-bit
ute. The rate of radial heat transfer by conduction through the
all of the hole is given by

˙
wall = ˝

[
−kb2�R�z

∂T

∂r

∣∣∣∣
r=R+

]
, (26)

here R is the radius of the drill bit, and the “+” sign indicates that
he temperature gradient is evaluated at the wall from the bone side
e.g., the adjacent system), which, in fact, represents the coupling
f the drill bit-chip stream system with the bone system (described
eparately in the next subsection); the bone system is notated with
he index b. Note that the radial temperature gradient within the
rill bit cannot be evaluated since the temperature is lumped in
his direction. Further note that, since the energy balance for the
ystem is the basis for formulation, the lumped temperature is rep-
esentative of the average temperature, regardless of the inability
o trace the actual radial temperature variation.

Outside of the drilled hole, the drill bit is cooled by the surround-
ngs

˙
cool = (1 − ˝)h2�R(T − T∞)�z,  (27)

here h is the coefficient of heat transfer to the surroundings and
∞ is the surroundings temperature. The heat balance equation,
q. (22), can now be rewritten in terms of all the specific quantities
resented in Eqs. (23)–(27) as follows

(˝�cAcCp,c + �dAdCp,d)
∂T

∂t
= (˝kcAc + kdAd)

∂2T

∂2z
− ˝�cAcCp,c

∂T

∂z

+ 2˝kb�R
∂T

∂r

∣∣∣∣
r=R+

+ 2(  ̋ − 1)h�R(T − T∞) + Q̇ ′
fric, (28)

fter dividing the entire equation by the small but finite quantity
z, where Q̇ ′

fric
is the rate of heat generation by friction per unit

ength of the drill bit. Eq. (28) represents an implicit model assump-
ion of uniform and constant physical properties in the respective

aterials.
Two boundary conditions are assumed in the axial direction of

he drill bit-chip stream system: a known temperature at the drill

huck, and a known heat flux at the cutting edge of the drill bit, as
iscussed in more detail in the next subsection. The initial temper-
ture of the drill bit is assumed uniform, having the same value as
he drill chuck through the process of drilling.
hysics 33 (2011) 1234– 1244 1239

3.2. Heat transfer in the bone

With reference to Fig. 3, heat transfer in the bone can be repre-
sented as a simple heat diffusion equation:

1
r

∂

∂r

(
r

∂T

∂r

)
+ ∂2T

∂
2
= 1

˛b

∂T

∂t
, (29)

where 
 is the axial coordinate of the cylindrical system and  ̨ is the
thermal diffusivity. The relative motion of the drill bit-chip stream
system to the bone is given by:


 = L − Vdt, (30)

where L is the thickness of the specimen and Vd is the velocity
of drill-bit penetration. The boundary condition at the drill-bit tip
(z = 0) is given by:

Q̇T = −(kdAd + kcAc)
∂T

∂z

∣∣∣∣
z=0

+ kb(Ad + Ac)
∂T

∂


∣∣∣∣

=
d

, (31)

where 
d is the instantaneous location of the drill-bit tip in the
bone coordinate system. Due to the sparse vascular network and
the relatively low blood perfusion in the bone, the potential cool-
ing effect of blood perfusion is assumed negligible in the current
study. Nevertheless, if one assumes a significant cooling effect due
to blood perfusion, Eq. (29) could be replaced with the classical bio-
heat equation – also known as Pennes’ equation – without affecting
the generality of the model proposed in the current study.

In the thermal sense, the bone system is assumed semi-infinite
in the radial direction, representing a much larger thermal system
than the drill diameter. In this context, a one-dimensional phys-
ical domain may  be assumed semi infinite in the thermal sense
as long as the thermal information due to thermal events on one
of its boundaries has not propagated through the domain to the
further boundary. In practice, a system diameter larger than ten
times the drill diameter approaches that definition of semi infinity
but, nonetheless, it is problem dependent. In the axial direction,
the system may  be assumed semi-infinite or finite with convective
boundary condition on its distant boundary, based on the particu-
lar problem setup. Note that the length L in Eq. (30) refers to the
thickness of the physical system and not to the penetration depth
on the thermal information. Quantification of those semi-infinite
assumptions is presented in the discussion section. Heat transfer by
convection is assumed between the bone surface and the surround-
ings. The initial condition at the bone is assumed to be uniform
temperature.

4. Numerical solution

Governing Eqs. (28) and (29), subject to the internal boundary
condition presented by Eq. (31), were simultaneously solved using
an explicit finite-difference method [34]. This numerical scheme
is first order in time, second order in space, and conditionally sta-
ble. At any given time level, the temperature distribution in the
drill bit-chip stream system was solved first, Eq. (28), subject to
its boundary conditions from the previous time-level calculations.
Next, the temperature at the drill-bit tip was updated, and the tem-
perature distribution in the bone domain was  calculated, Eq. (29).
This process was  repeated at each time level as the transient process
progresses.

While the coupling boundary condition presented in Eq. (31)
has been maintained at each time level, the actual location where
it is calculated has been continuously updated. While this boundary

condition is always implemented at z = 0, segments of grid points
are continually removed from the bone domain within radius R
under the drill bit, to represent material removal. The current loca-
tion of the drill-bit tip in the bone is given by Eq. (30), which was
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Table 1
Thermal properties of (cortical) bone of bovine femur and drill bit used in this work.

Bone [33] Drill bit (316L
stainless steel)

Thermal conductivity (W/mK) 0.54 16.2
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Specific heat (J/(kg K)) 1260 502.4
Density (kg/m3) 1800 8030

sed to eliminate grid points from the mesh and update the formu-
ation of the boundary condition in Eq. (31).

For the specific calculations presented in this report, the drill
it has been subdivided into 1000 grid points, and the surrounding
one to a 300 × 400 array of grid points.

Numerical examples displayed in this report were all generated
or a bone domain diameter of 30 mm and height of 15 mm.  A drill
it diameter of 3.5 mm and 50 mm length were further selected
typical to orthopaedic surgery). Given stability requirements [34]
nd material properties (see Table 1), a typical time step of 10−6 s
as selected.

. Sensitivity analysis

A sensitivity analysis was performed to investigate the contri-
ution of the unique features of the new thermal model given in
q. (28) on the rate of heat transfer and the resulting temperature
eld.

The sensitivity analysis was focused on three key features: the
ffect of heat transfer along the drill-bit flutes by the chip stream,
he effect of cooling the drill bit by external means, and the effect
f initial conditions on the resulting temperature field.

The sensitivity analysis cases were performed in initial condi-
ions of 20 ◦C in the drill bit and 37 ◦C in the bone with a standard
rill bit, having the following parameters: diameter of 3.5 mm,

ength of 50 mm,  point angle of 90◦, helix angle of 23◦, and a feed
ate of 2 mm/s. The domain of the bone specimen was 15 mm  by
5 mm.  The thermal properties used for the sensitivity analysis are

isted in Table 1.

.1. Heat transfer along the drill-bit flute
Fig. 4(a) displays the variation of the maximum temperature at
he drill-bit tip with the progression of drilling at a spindle speed
f 2400 rpm in two representative cases: when the heat transfer

ig. 4. Variation of the maximum temperature due to chip removal and drill-bit cooling e
he  cooling effect of the chip stream for three drilling depths. The horizontal arrows indic
f  spindle speed for three cases of drill-bit cooling and three drilling depths: (1) to the su
he  coolant. All values are calculated for initial temperatures of 20 ◦C and 37 ◦C for the dri
ngle  of 90◦ and helix angle of 23◦ .
Physics 33 (2011) 1234– 1244

by convection is neglected (Vch in Eq. (25) is set to zero), and when
the convective heat transfer is fully taken into account. Fig. 4(a)
also displays the rate of heat transfer generated by the stream of
chips (right vertical axis), as calculated from Eq. (25). It can be seen
from Fig. 4(a) that the maximum tip temperature increases with
the increasing drilling depth, regardless of whether the convective
term is accounted for or not. At 9 mm depth, which is the maximum
drilling depth investigated here, the convective term reduces the
tip temperature by 5.9 ◦C (the tip temperature is 66.2 ◦C and 60.3 ◦C
for the cases of no convection and convection, respectively).

5.2. Cooling the drill bit by external means

Fig. 4(b) displays the variation of the maximum temperature as
a function of the spindle speed for three typical cases of drilling:
(1) the external portion of the drill bit is cooled by convection to
the surrounding air, (2) the external portion of the drill bit is cooled
by saline, and (3) an infinite heat transfer rate exists between the
external portion of the drill bit and the surroundings.

Case (3) represents an upper limit to cooling at the external por-
tion of the drill bit. The heat transfer coefficient by convection has
been calculated using the experimental correlation [35],

Nu = 0.1 Re2/3
r and Rer = (N/60)(Dd)2�air

2	air
, (32)

where Nu is the average Nusselt number, Rer is the rotating
Reynolds number, 	 is the dynamic viscosity and the index air
represent the air. This correlation yields heat transfer coefficient
values in the range of 18.8 at 3000 rpm to 55.0 at 15,000 rpm for
air, 2639.3 at 3000 rpm to 7717.4 at 15,000 rpm for saline (ther-
mal  properties similar to water), and infinite value for Case (3).
It can be seen from Fig. 4(b) that the maximum tip temperature
decreases with the increasing value of the heat transfer coefficient
by convection at any depth of drilling. Note that the heat trans-
fer coefficient by convection is of the order of 101 W/(m2 ◦C) and
103 W/(m2 ◦C) for air and saline, respectively. For all cases, the max-
imum tip temperature increases with the increasing spindle speed
and, independently, with the depth of drilling. Both effects could
be expected since the heat generation increases with the cutting
speed, and the cooling effect diminishes as the location of heat gen-

erated becomes more distant to the cooled portion of the drill bit. At
15,000 rpm and 9 mm depth, for example, the maximum tempera-
tures are 64.7 ◦C, 67.4 ◦C, and 68.1 ◦C, for the cases of an infinite heat
transfer coefficient by convection, saline cooling, and air-cooling,

ffects: (a) maximum temperature as a function of drilling depth with and without
ate the applicable axis for each curve, and (b) maximum temperature as a function
rrounding air, (2) to a surrounding saline, and (3) to an extremely high flow rate of
ll bit and bone, respectively, when using a 3.5 mm diameter drill bit having a point
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ig. 5. Temperature distribution along the drill bit in three initial-condition cases: (
c)  20 ◦C in the drill bit and 37 ◦C in the bone; calculated for a 3.5 mm diameter dri
elected  to be consistent with all other illustrations.

espectively. At 3000 rpm and 9 mm depth as another example, the
aximum temperatures are 58.2 ◦C, 61.4 ◦C, and 63.2 ◦C, for the

ases of an infinite heat transfer coefficient by convection, saline
ooling, and air-cooling, respectively. While the specific biological
esponse to thermal exposure is beyond the scope of the current
tudy, in terms of an overall effect, the difference between 58.2 ◦C
nd 68.1 ◦C may  be the difference between mild hyperthermic con-
itions and thermal ablation, depending on the exposure time to
levated temperatures. This range of temperatures signifies the
eed for a more precise modeling of bioheat transfer during bone
rilling.

.3. The effect of initial condition

Fig. 5 displays the axial temperature distributions in the drill bit
nd bone for three representative cases: (a) initial temperatures
f 0 ◦C and 37 ◦C for the drill bit and the bone, respectively; (b)
nitial temperatures of 20 ◦C and 20 ◦C for the drill bit and the bone,
espectively; and, (c) initial temperatures of 20 ◦C and 37 ◦C for the
rill bit and the bone, respectively. Note that the chuck temperature

s always assumed to remain at initial temperature of the drill bit.
Note that Case (b) is simulative of bench-top experiments, and
s included here for comparison purposes. Further note that this is
he only case where the initial condition of both the drill and the
one are identical, where temperature elevation here is solely due
o heat generation during drilling.

ig. 6. Temperature field in the bone when the drill bit reaches a depth of 9 mm,  followin
0 ◦C in the drill bit and 20 ◦C in the bone, and (c) 20 ◦C in the drill bit and 37 ◦C in the bon
ngle  of 23◦ .
 at the drill bit and 37 ◦C in bone, (b) 20 ◦C in the drill bit and 20 ◦C in the bone, and
aving a point angle of 90◦ and helix angle of 23◦ . Note that the direction of 
 was

The spindle speed and feed rate were maintained constant in all
cases at values of 2400 rpm and 2 mm/s, respectively. Fig. 6 displays
the resulting temperature fields for the above cases when the drill
bit reaches a depth of 9 mm.  The dramatic effect of drill bit cooling
can be observed in Figs. 5 and 6. The maximum drill-bit temperature
is 51.6 ◦C in Case (a), and it reaches 60.3 ◦C in Case (c).

Fig. 7 displays the axial temperature distribution in the drill
bit and the bone. There are two  major differences between
Figs. 5 and 7: the temperature distribution in Fig. 5 includes the
drill bit only, whereas the temperature distribution in Fig. 7 also
includes the bone. With reference to Cases (a) and (c) in Fig. 7, it
can be seen that early on in the drilling process (at a depth of 1 mm
for example), despite the generated heat at the drill-bit tip, the
drill bit may  have an overall cooling effect – lowering the tempera-
ture in the bone below its initial value. Only at a more advanced
stage (7 mm for Case (a) and 3 mm for Case (c)), the maximum
temperature becomes the temperature at the tip.

It can also be seen that at an intermediate stage, the tip temper-
ature may  exceed the initial temperature of the bone, but the bone
in close proximity to the temperature of the drill-bit tip may  be
lower than the bone’s initial temperature, reminiscence of the ini-
tial cooling effect of the drill bit. This effect may  explain the lower

temperature area ahead of the drill bit in Case (a) of Fig. 6. This
analysis further signifies the need for a detailed thermal analy-
sis of bone drilling for identification of the thermal history in the
bone.

g three initial-condition combinations: (a) 0 ◦C at the drill bit and 37 ◦C in bone, (b)
e; calculated for a 3.5 mm in diameter drill bit having a point angle of 90◦ and helix
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Fig. 7. Temperature distribution along the axis of the system (drill bit and bone) in three initial-condition cases: (a) 0 ◦C at the drill bit and 37 ◦C in bone, (b) 20 ◦C in the drill
b ed for
t oint.
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it  and 20 ◦C in the bone, and (c) 20 ◦C in the drill bit and 37 ◦C in the bone; calculat
hat  the vertical solid bars indicate the temperature when the drill bit reaches the p

. Parametric studies

Using the new model proposed in the current study, a paramet-
ic investigation was performed to identify how drilling conditions
nd drill-bit geometry affect the maximum temperature during
one drilling. This parametric investigation includes the spindle
peed, feed rate, drill-bit diameter, point angle, and helix angle.
he spindle speed and the feed rate were varied from 400 rpm
o 3000 rpm and 0.42 mm/s  to 3.3 mm/s, respectively, consistent
ith the literature [1,5,10]. The drill-bit diameter was varied in the

ange of 1.5 mm and 4.5 mm,  consistent with orthopaedic-surgery
ractice. The point angle was examined in the range of 70–130◦,
onsistent with the literature [10,11]; note that a point angle of
18◦ is frequently used in metal cutting. The helix angle was  inves-
igated in the range of 12–38◦, also consistent with the literature
2,7]. The current investigation focuses on drilling to a maximum
epth of 9 mm,  which is typical thickness of the cortical portion of
one, especially for bovine femur or tibia.

Fig. 8 displays the resulting temperature field in at various
epths, subject to a spindle speed of 2400 rpm and a feed rate of

 mm/s, when using a 3.5 mm  diameter stainless-steel drill-bit with
 point angle of 90◦ and a helix angle of 23◦. The initial temperature
f the drill bit and the bone was 20 ◦C and 37 ◦C, respectively, and

he temperature of the drill bit gradually increase up to 60.3 ◦C at

 mm depth as the drilling progresses. This case study was  selected
s the reference for the following parametric study, with the results
isplayed in Fig. 9.

ig. 8. Temperature field in the bone when the drill bit reaches a depth of (a) 3 mm,  (b) 

nd  37 ◦C for the drill bit and bone, respectively, for a 3.5 mm diameter drill bit having a p
 a 3.5 mm diameter drill bit having a point angle of 90◦ and helix angle of 23◦ . Note

As shown in Fig. 9(a), the maximum temperature increases with
the increasing spindle speed, when all the other parameters are
held constant, subject to the initial temperatures of 20 ◦C and 37 ◦C
for the drill bit and bone, respectively, a feed rate of 2 mm/s, when
using a 3.5 mm diameter stainless-steel drill-bit with a point angle
of 90◦ and a helix angle of 23◦. This trend has been noted from
several experimental studies [8,9,13]. The maximum simulated
temperature at 9 mm ranges from 54.3 ◦C at 400 rpm to 61.1 ◦C
at 3000 rpm, which is clearly within the hyperthermic tempera-
ture range. In fact, for all the studied cases, the tip temperature in
regions deeper than 6 mm is already in the hyperthermic tempera-
ture region. Of course, the expected thermal injury is a combination
of temperature and exposure time (in some literature referred to
as “thermal dose”), which is beyond the scope of the current study.
The current study, however, warrants a follow-on investigation on
the effect of the thermal history on thermal damage during bone
drilling. Hillery and Shuiab [11] mentioned that if the temperature
rises above 55 ◦C for a period of longer than half a minute, bone
endures serious damage. At a temperature of 45 ◦C serious damage
only occurs after 5 h of exposure. Based on this criterion, the spindle
speeds of 400 rpm at the feed rate 2 mm/s  used in the simulations
is likely to be accepted for bone drilling operation.

It can be seen from Fig. 9(b) that the maximum temperature

increases rapidly with increasing feed rate, when all other param-
eters are held constant, subject to the initial temperatures of 20 ◦C
and 37 ◦C for the drill bit and bone, respectively, a spindle speed of
2400 rpm, when using a 3.5 mm diameter stainless-steel drill-bit

6 mm,  and (c) 9 mm.  The values are calculated for the initial temperatures of 20 ◦C
oint angle of 90◦ and helix angle of 23◦ .
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Fig. 9. The variation of maximum temperature with (a) spindle speed, (b) feed rate, (c) drill-bit diameter, (d) point angle of the drill bit, and (e) helix angle of the drill bit. All
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alues are calculated for the initial temperatures of 20 ◦C and 37 ◦C for the drill bit a
ominal values are used: 2400 rpm spindle speed, 2 mm/s  feed rate, 3.5 mm diame
it.

ith a point angle of 90◦ and a helix angle of 23◦. At higher depths,
ven relatively low feed rates may  cause the maximum temper-
ture to exceed the thermal ablation threshold, commonly taken
s 56 ◦C; at such high temperatures, the exposure time to thermal
njury is measured in seconds. For example, the maximum temper-
ture is simulated to be 47.7 ◦C at a feed rate of 0.42 mm/s  and a
epth of 9 mm.  Increasing the feed rate to 3.3 mm/s  increases the
aximum temperature to 65.8 ◦C at the same depth of 9 mm.  This

trong dependence of the feed rate is a result of significant increase
n generated heat due to increased feed. Although the process is
ompleted in a much shorter time, thereby reducing the effect of
eat on the bone, the increase in heat generation due to increased

eed is considerably dominant.
The effect of drill-bit diameter on the maximum temperature

or the initial temperatures of 20 ◦C and 37 ◦C for the drill bit and
one, respectively, for a stainless-steel drill-bit having a point angle
f 90◦ and helix angle of 23◦ is shown in Fig. 9(c). It is seen that the
aximum temperature decreases slightly with the increasing drill-

it diameter. For example, the maximum temperature ranges from
2.6 ◦C to 58.8 ◦C, at 9 mm  depth, for a range of 1.5 mm  to 4.5 mm  of

 drill-bit diameter. This effect can be explained by the higher heat
onduction capability of larger drill bit, where the drill bit serves as

 cooling element (see Fig. 6 and related discussion about the drill
it’s cooling capability). It is also noted that a larger drill bit creates

 larger chip-stream flow, which contributes to heat removal from
he machined area (see Fig. 4(a) and related discussion about the
ooling effect of the chip stream).

As seen in Fig. 9(d), the maximum temperature show a strong
ependence upon the point angle, larger point angles producing
ignificantly higher maximum temperatures. At the reference con-

itions (a spindle speed of 2400 rpm, a feed rate of 2 mm/s, and a
tainless-steel drill-bit diameter of 3.5 mm having a helix angle of
3◦ for the initial temperatures of 20 ◦C and 37 ◦C for the drill bit and
one, respectively), the maximum temperature at a depth of 9 mm
e, respectively. For all parameters other than the studied parameter, the following
◦ point angle, 23◦ helix angle. Calculations are completed for a stainless steel drill

varied from 48.5 ◦C to 80.9 ◦C as the point angle was changed from
70◦ to 130◦, respectively. This effect is expected since larger point
angles induce higher shear deformations to the material, causing
increased heat generation.

Four different helix angles were examined in the simulation,
including 12◦, 23◦, 30◦, and 38◦. The reference conditions were a
spindle speed of 2400 rpm, a feed rate of 2 mm/s, and a stainless-
steel drill-bit diameter of 3.5 mm having a point angle of 90◦ for
the initial temperatures of 20 ◦C and 37 ◦C for the drill bit and
bone, respectively. As shown in Fig. 9(e), the maximum temper-
ature decreased as the helix angle increased. At 9 mm depth, the
maximum temperature ranges from 72.5 ◦C to 51.8 ◦C for the helix
angle range of 12–38◦. The simulation results show an agreement
with the suggestion provided by Natali et al. [7],  who  suggested the
use of a fast helix (high helix angle) for reducing thermal damage
in bone drilling. In the simulations, the highest maximum temper-
ature (72.5 ◦C) occurred at the helix angle of 12◦, contrary to the
recommendation by Fuchsberger [2],  who suggested a helix angle
from 12◦ to 14◦ for bone drilling.

Based on the results displayed in Fig. 9, it can be concluded
that the maximum temperature in bone drilling can be reduced
by selecting lower spindle speeds, lower feed rates, larger drill-
bit diameters (if possible), smaller point angles, and higher helix
angles. As expected, the deeper the drilled hole, the higher will be
the maximum temperature.

7. Summary and conclusions

A new thermal model for bone drilling has been presented with
applications to orthopaedic surgery. The new model combines a

unique heat-balance equation in the drill bit-chip stream system,
an ordinary heat diffusion equation in the bone, and heat generation
at the drill-bit tip based on established machining theory. The new
model is solved numerically, using a tailor-made finite-difference



1 ing & 

s
fi

s
t
a
t
i
t
t
d
t
s
d

t
t
h
m
r
w
h
s
t
c
b
p

A

M
N
f

C

t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

244 J. Lee et al. / Medical Engineer

cheme for the drill bit-chip stream system, coupled with a classic
nite difference method for the bone.

A sensitivity analysis of the new model by means of computer
imulations indicated that heat transfer along the flutes must be
aken into account. It contributes to cooling of the drill-bit tip,
nd hence, the bone in the vicinity of the drill-bit tip, and reduces
he maximum temperature with potential implications on thermal
njury. Heat transfer by the chip stream was integrated as a convec-
ive effect into the model. The sensitivity analysis further showed
hat drill bit cooling may  have a significant effect on the maximum
rill-bit temperature, even in an advanced stage of drilling, where
he tip is distant to the cooled portion of the drill bit. Finally, the
ensitivity analysis showed that the maximum temperature of the
rill bit is influenced by its initial temperature.

A parametric study with the new model has been conducted
o investigate the dependency of the maximum temperature upon
he spindle speed, feed rate, drill-bit diameter, point angle, and
elix angle. The results of the parametric study indicate that the
aximum temperature depends strongly on the hole depth, feed

ate, point angle, and helix angle. Higher maximum temperatures
ere observed at higher feed rates, higher point angles, and lower
elix angles. The effect of spindle speed and drill diameter were
een to be weaker; higher spindle speeds and smaller drill diame-
ers produced higher maximum temperatures. The proposed model
an be used to investigate optimal machining conditions and drill-
it geometries, which reduce thermal damage in the bone drilling
rocess.
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