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Abstract. In this study, the drilling process was performed with Kirschner wire (K-wire) for stabilization after

reduction of Salter–Harris (SH) type-3 epiphyseal fractures of distal femur. The study was investigated both

experimentally and numerically. The numerical analyses were performed with finite element method (FEM),

using DEFORM-3D software. Some conditions such as friction, material model and load and boundary must be

identified exactly while using FEM. At the same time, an analytic model and software were developed, which

calculate the process parameters such as drilling power and thrust power, heat transfer coefficients and friction

coefficient between tool–chip interface in order to identify the temperature distributions occurring in the K-wire

and bone model (Keklikolu Plastik San.) material during the drilling process. Experimental results and analysis

results have been found as consistent with each other. The main cutting force, thrust force, bone model temper-

ature and K-wire temperature were measured as 80◦ N, 120◦ N, 69 ◦C and 61 ◦C for 400 rpm in experimental

studies. The main cutting force, thrust force, bone model temperature and K-wire temperature were measured as

65◦ N, 87◦ N, 91 ◦C and 82 ◦C for 800 rpm in experimental studies. The main cutting force, thrust force, bone

model temperature and K-wire temperature were measured as 85◦ N, 127◦ N, 72 ◦C and 67 ◦C for 400 rpm in

analysis studies. The main cutting force, thrust force, bone model temperature and K-wire temperature were

measured as 69◦ N, 98◦ N, 83 ◦C and 76 ◦C for 800 rpm in analysis studies. A good consistency was obtained

between experimental results and finite element analysis (FEA) results. This proved the validity of the software

and finite element model. Thus, this model can be used reliably in such drilling processes.

1 Introduction

A Salter–Harris fracture is a fracture and it involves the epi-

physeal plate or growth plate of bone. Salter–Harris fractures

are widely seen as an injury type in children, occurring in

15 % of childhood long bone fractures (Salter and Harris,

1963).

Fractures of the distal femur epiphysis have a particularly

high risk in terms of growth arrest and other morbidities

(Basener et al., 2009; Eid and Hafez, 2002; Mann and Ra-

jmaira, 1990; Peterson et al., 1994). The factors causing this

situation are considered to be age, fracture type, degree of

displacement, the wavy structure of physics and quality of

the fracture reduction (Dahl et al., 2014; Liu et al., 2013;

Lombardo and Harvey, 1977). Considering the histology of

the situation which is the main cause for angulation and

growth complications, physeal bar formation is considered to

be the main cause (Dahl et al., 2014; Herring, 2002). In the

treatment of Salter–Harris (SH) type-3 epiphysis fractures of

distal femur, partially threaded screws are applied in paral-

lel to the articular bone and do not go through the physis

line, or Kirschner wires (K-wire) are recommended for fixa-

tion (Wheelessonline, 2014; Zionts, 2003). In particular, the

technique of fixation with K-wire is widely used.

In our daily lives, any fracture can occur in our muscu-

loskeletal system as a result of any trauma. These fractures
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Figure 1. The drilling operation with K-wire and the forces occur-

ring.

are fixed by surgeons using a variety of screws, implants or

K-wire. In particular, if the surgeon used a screw to stabilize

the fracture, a drill bit suitable for dimensions of the screw

would be needed to perform the drilling process. In the liter-

ature, bone drilling processes are commonly encountered in

order to ensure the broken bone stability. During the drilling

process, friction-induced heat emerges due to the temper-

ature difference between drilling tool and bone. This heat

results in undesirable thermal damage to the bone and sur-

rounding tissues. The temperature that causes the emergence

of heat has a certain critical value. There are many studies on

this critical value in the literature. The study by Hillery and

Shuaib (1999) showed that the bone undergoes serious dam-

age when the temperature rises above 55 ◦C in 30 s. Eriksson

et al. (1984) studied in vivo and presented that the cortical

bone of a rabbit showed thermal necrosis above 47 ◦C in 60 s.

Augustin et al. (2008) reported that the temperature could in-

crease above 47 ◦C, which causes irreversible osteonecrosis

during the bone drilling process.

Optimization of drilling parameters is very important es-

pecially bone drilling processes in terms of necrosis in bone

and soft tissues. This status requires expensive experimen-

tal equipment and additional safety measures to protect from

biohazards today. Finite element analysis (FEA) of bone

drilling may be an important feature in new surgical tech-

niques. Experimental work eliminates equipment costs as

well as potential health risks associated with biological ma-

terials. Modeling of the bone drilling process using FEA may

be useful for validation of experimental or analytical results.

It is considered as a reliable tool to develop new surgical

techniques (Alam et al., 2010).

Many researchers also simulated the bone drilling pro-

cess using the computer-aided FEA tool. Surgical drill bit

or K-wires are used in many of these studies and are re-

lated to temperature occurring in bone or necrosis caused

by them. Some studies are related to optimum drilling pa-

rameters. Gok et al. (2015a) developed a new driller sys-

tem to prevent osteonecrosis, and so they performed opti-

mization of bone drilling processing parameters (Gok et al.,

2015b). Yuan-Kun (2008, 2009) developed an elastic–plastic

dynamic FEA tool to simulate the effects of processing pa-

rameters on the temperature rise during the bone drilling pro-

cess in which the drill bit and Kirschner pin are used. Yuan-

Kun (2011) proposed an empirical equation to calculate the

peak bone temperature caused by the applied force and rev-

olutions per minute and compared the results with the FEA

simulations. Sezek et al. (2012) measured the inevitable tem-

perature changes that occurred in orthopaedic drilling and

studied them to optimize the drilling parameters within a safe

drilling temperature lower than 45 ◦C. Alam et al. (2009) de-

veloped a FEA model of the bone drilling process and com-

pared results with experimental results.

In the literature, there are many available studies analyzed

by using FEA in bone drilling processes (Gok et al., 2015a,

b). But there are no studies to determine the process param-

eters like heat transfer coefficient, drilling power or machin-

ing power and friction coefficient between tool–chip inter-

faces, which are very important inputs in numeric simula-

tions. Software, analytic model and finite element method

(FEM) calculate these process parameters, having been de-

veloped for bone drilling simulations by using K-wire in the

study.

2 Development of the analytic model and software

for the drilling process using K-wire

During the drilling process, moment of rotation occurs due

to the rotation and thrust force occurs due to the thrust move-

ment on the drill bit (Fig. 1). The moment of rotation creates

the drilling power given in Eq. (1), while thrust force creates

the thrust power given in Eq. (2). A large part of the mechan-

ical energy generated during the drilling process is converted

into the heat energy given in Eqs. (4) and (5), respectively.

Software was developed to calculate the heat transfer coeffi-

cient and the thermal conductivity coefficient between bone

model, K-wire and ambient using following equations. The

software was developed using Visual Basic 6.0 (Fig. 2). In

this interface, drilling parameters and heat transfer param-

eters are input sections. Drilling power, thrust power, total

mechanical power, heat transfer between K-wire with bone,

heat transfer for K-wire and heat transfer for bone model are
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Figure 2. The interface of the developed software.

output sections.

Pc =
Mc · n

9550
(1)

Pf =
Ft ·Vf

60 · 1000
(2)

PT= Pc+Pf (3)

In here, Pc is the drilling power, Pf is the thrust power, PT

is the total power, n is the spindle speed,Mc is the torque, Ft

is the thrust force, and Vf is the feed rate.

Qconvection = ht ·A · (T − To) (4)

Qconduction =−k ·A ·

(
∂T

∂n

)
(5)

In here, ht is the heat transfer coefficient for convection, k is

the thermal conductivity coefficient for conduction, A is the

contact area, T is the bone model or K-wire temperature, To
is the ambient temperature, and ∂T

∂n
is the derivative along the

outward drawn normal to the surface.

If conservation of energy law (first law of thermody-

namics) is applied to this control volume (Fig. 3), Eq. (6)

would be obtained; the general equation of heat conduction

in Eq. (7) is also obtained by ignoring the higher terms in

Taylor series. By writing the m mass, in the internal energy

formula in the right side of the Eq. (25) as in Eq. (26), it is

then put into place in Eq. (27).

Einput−Eoutput+Egenerated−Econvection =1U (6)

For the input energy Eq. (6), the input heat amounts in the x,

y, and z axes are shown in Eqs. (7), (8), and (9). The areas in

these equations are defined in Eqs. (1), (2) and (3) for x, y,

and z axes. k, in these equations, is heat conduction coeffi-

cient. Because of the contact between the workpiece and the

drill bit, a heat transfer with conduction occurs.

Qx =−k ·Ax ·
∂T

∂x
(7)

Qy =−k ·Ay ·
∂T

∂y
(8)

Qz =−k ·Az ·
∂T

∂y
(9)

Ax = dy · dz (10)

Ay = dx · dz (11)

Az = dx · dy (12)

For the output energies, if, by using Taylor’s series expan-

sion (Qx+dx , Qy+dy and Qz+az), higher-order terms are ne-

glected, Eqs. (13), (14), and (15) are acquired.

Qx+dx =Qx +
∂Qx

∂x
· dx (13)

Qy+dy =Qy +
∂Qy

∂y
· dy (14)

Qz+dz =Qz+
∂Qz

∂z
· dz (15)

The generated energy in the system is written as volumetric

in Eq. (4). Equation (18) can be written for the heat transfer

with the environment of workpiece and the drill bit. Equa-

tion (19) can be written for the collected energy in the sys-

tem. Here, mass is m, specific heat capacity is cp, and the

control volume is defined as dv.

Egenerated =Q · dv (16)

dv = dx · dy · dz (17)

Qconvection = ht · dAz · (T − To) (18)

1U =m · cp ·
∂T

∂t
(19)

Putting these equations above in their places in Eq. (6), the

following equations are acquired.

Qx +Qy +Qz−
(
Qx+dx +Qy+dy +Qz+dz

)
+Q · dv

−htAz (T − To) · dz=m · cp
∂T

∂t
(20)

−
∂

∂x

(
−k ·Ax ·

∂T

∂x

)
dx−

∂

∂y

(
−k ·Ay ·

∂T

∂y

)
dy

−
∂

∂z

(
−k ·Az ·

∂T

∂z

)
dz+Q

· dv−htdAz (T − To)dz=m · cp ·
∂T

∂t
(21)
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Figure 3. Thermal model of the drilling process using K-wire.

∂2T

∂x2
k ·Ax · dx+

∂2T

∂y2
k ·Ay · dy+

∂2T

∂z2
k ·Azdz

+Q · dv−ht ·Az · (T − To) · dz=m · cp ·
∂T

∂t
(22)

ρ =
m

dv
,m= ρ · dv (23)

∂2T

∂x2
· k · dy · dz · dx+

∂2T

∂y2
· k · dx · dz · dy+

∂2T

∂z2

· k · dx · dy · dz+Q · dx · dy · dz−ht · dx · dy · dz (T − To)

= ρ · dv · cp
∂T

∂t
(24)(

∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
+
Q

k
−
ht · (T − To)

k

=
ρ · cp

k
·
∂T

∂t
(25)

In Eq. (27) the general equation of heat conduction is ac-

quired by writing thermal expansion coefficient, α, as in

Eq. (26) and Ulutan et al. (2009).

α =
k

ρ · cp
(26)(

∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
+
Q

k
−
ht · (T − To)

k
=

1

α

∂T

∂t
(27)

In here,Einput is the input energy to system,Eoutput is the out-

put energy from system, Egenerated is the accumulated in the

system energy, Econvection is the output energy from system

with convection, Q is the heat energy, and α is the thermal

diffusivity coefficient.

Table 1. Bone model drilling process parameters for simulation

model.

Drilling process Spindle speed

parameters (rpm)

400 800

Drilling power (W) 2.51 4.08

Thrust power (W) 0.08 0.05

Total power (W) 2.59 4.14

Friction coefficient 0.53 0.41

3 The bone model drilling processes

A mini 2.5 kW CNC machine was used for the bone model

drilling processes. The drilling processes were performed on

bone model samples similar to bone by using a K-wire in

3 mm diameter (rake angle −28◦ and clearance angle +6◦)

with spindle speeds of 400 and 800 rpm and feed rate of

40 mm min−1. The drilling moment and thrust force which

occurred during drilling processes were measured by using

a Kistler 9257B dynamometer. Two measurement devices

were used for temperature measurements (Fig. 4). While the

bone model temperature values were measured using PT100

thermocouple, the K-wire temperature values were measured

using non-contact temperature sensor. The PT100 sensor was

used to measure the temperature of the bone model sample

as illustrated in Fig. 6. As seen, a hole of 6 mm diameter was

prepared by drilling in the bone model to place the thermo-

couple rod with the distance of 0.5 mm to the surgical drill

bit to measure the bone model temperature levels during the

drilling. The distance to place the thermocouple was used

about 1 mm by researchers.

4 Computer-aided finite element analysis

The aim of this study was to calculate the thrust power and

drilling power as well as heat transfer coefficients required

for numerical simulations of bone model drilling processes

using a K-wire. DEFORM-3D finite element-based program

was used to perform these bone model drilling processes. The

3-D model of K-wire used in the simulations was created by

SolidWorks 2013, and 3-D model of the workpiece was mod-

eled by using the Geometry Primitive feature of DEFORM-

3D software.

4.1 Loading and boundary conditions

Firstly, the mesh division for FEA was performed. Tetra-

hedral element type was selected for the mesh processing.

While the mesh structure of bone model consists of 21 498

elements and 4853 nodes, the mesh structure of K-wire con-

sists of 22 958 elements and 5742 nodes. The mesh struc-

ture of bone model and drill bit are given in Fig. 5a. In addi-

Mech. Sci., 6, 147–154, 2015 www.mech-sci.net/6/147/2015/
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Figure 4. Schematic circuit view of bone model drilling test unit.

tion, the simple cylindrical bone model was fixed from lateral

surfaces and bottom. In the drill bit model, different spindle

speeds around its axis and constant feed rate in the direction

of a drilling axis (Z) are given in Fig. 5b. The contact al-

gorithm between drill bit and bone model was identified as

master and slave in the software, where the master element

was drill bit and slave element was bone model, respectively.

The friction equation of Coulomb was preferred for the fric-

tion model of these two elements. Coulomb friction model

may be used in low cutting speed. However, high tempera-

tures and high normal stresses occur in high cutting speeds

(Arrazola et al., 2008). The friction coefficient between K-

wire and chip during the orthogonal cutting process (Fig. 6)

is calculated with Eqs. (28) and (29) (Özel, 2006). The forces

in Eqs. (28) and (29), respectively, are the main cutting force

Fc occurring on the rake face and the thrust force Ft. These

forces are measured by using a dynamometer. These forces

are, respectively, the shear force (Fs) occurring on the shear

plane and the vertical force to it (Ns). Lastly, (F ), which oc-

curs on the friction plane, and (N ), which is vertical force to

it, are calculated by using (Fc) and (Ft), where µ is the fric-

tion coefficient, β the friction angle, and γ the rake angle as

seen in Fig. 6.

µ= tanβ =
F

N
(28)

µ=
Ft+Fc tanγ

Fc−Ft tanγ
(29)

Such a friction model is preferred for low cutting speeds in

general. In the simulation study, in which both spindle speeds

were used, the drilling process parameters calculated by soft-

Figure 5. The structure of (a) bone model and K-wire as well as

(b) boundary conditions.

ware developed are given in Table 1. The heat transfer coef-

ficients were calculated for each 1 mm of the drilling process

(Fig. 7).

4.2 Material model

A material model including mechanical and thermal proper-

ties of the bone model and K-wire was defined in the simula-

tion. The stainless steel (AISI 304) material properties were

selected for the K-wire. The mechanical and thermal prop-

erties of the AISI 304 and bone model materials are given

in Table 2. The mechanical properties of the materials must

www.mech-sci.net/6/147/2015/ Mech. Sci., 6, 147–154, 2015
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Figure 6. Two-dimensional (2-D) forces system in drilling opera-

tions (Merchant’s force circle).

have been exactly known since the drilling processes were

performed at high temperatures and strain rates. Therefore,

the flow stress curve of the bone model material was used.

Due to the lack of flow stress curves for all materials, ten-

sile test data were used carefully for the different temper-

atures and strain rates. The flow stress curves (McElhaney

and Byars, 1965) were used in the simulation for the bone

model material model defined as a function of strain, strain

rate, and temperature as can be seen in Fig. 8. The flow stress

σ̄ in Eq. (30) was selected to exhibit true material behavior

as a function of the effective plastic strain (ε̄), effective strain

rate ( ˙̄ε), and temperature (T ).

σ̄ = (ε̄, ˙̄ε,T ) (30)

5 Results

Bone model drilling experiments were performed using K-

wire for two spindle speed values (400–800 rpm) and bone

model and K-wire temperatures were obtained separately.

Moreover, numerical analyses were performed based on the

FEM, using DEFORM-3D software. The main cutting force

and thrust force were measured both experimental and via

FEM. These two features are very important for drilling op-

erations. Especially, the temperature value occurring in bone

during the drilling process is very important in terms of

necrosis. If this temperature value exceeds 47 ◦C, irreversible

damage may occur in bone and surrounding tissues. The heat

transfer coefficient values were calculated using these tem-

perature values via developed software for drilling simula-

tion. Finally, experimental results and FEA results were com-

pared.

As it can be seen in Fig. 9, it has been observed that the

main cutting force and thrust force reduced with increasing

spindle speed as a result of experimental and drilling simu-

Figure 7. The heat transfer coefficients for each 1 mm of the

drilling process.

Figure 8. Flow stress of bone (McElhaney and Byars, 1965).

lations of the bone model drilling processes using a K-wire

(Fig. 9a and b). Conversely, the temperature values of K-wire

and bone model increased as a result of the increase in spin-

dle speed (Fig. 9c and d). In Fig. 10, the maximum tempera-

ture values occurring in bone models at the different spindle

speeds were presented.
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Table 2. Mechanical and thermal properties of the drill bit and bone model materials.

Drill bit material properties (AISI 304)

(Deform_Material_Library)(Deform_Material_Library)

Elasticity modulus (GPa) 20 ◦C (210)

Poisson’s ratio 0.3

Thermal expansion coefficient 93.33 ◦C (1.20× 10−5)

(10−6 ◦C−1)

Thermal conductivity(W/mK) 100 ◦C (17)

Heat capacity (N mm−2 ◦C) 93.33 ◦C (2.78)

Emissivity 0.7

The bone model material properties

(http://www.matweb.com/)(http://www.matweb.com/)

Modulus of elasticity (GPa) 17

Poisson’s ratio 0.35

Thermal conductivity (W mK−1) 0.38

Specific heat (J kg ◦C) 1260

Figure 9. Experimental and FEA results: (a) main cutting force,

(b) thrust force, (c) bone model temperature, and (d) K-wire tem-

perature in the bone model drilling process.

6 Discussion

After that bone model drilling processes were performed us-

ing K-wire, the main cutting forces, thrust force, bone mod-

els and K-wires temperature values were obtained both ex-

perimentally and via FEM. The temperature values in bone

model samples and K-wire occurred above the critical tem-

perature value (47 ◦C). This situation is not desired by sur-

Figure 10. The maximum temperature values occurring in bone

model at the different spindle speeds: (a) 400 rpm and (b) 800 rpm.

geons too much. To prevent this temperature, there are sev-

eral methods. One of them is to select the optimum cutting

parameters. The other is to cool the drill bit, cutting tool or

K-wire from internal or external. This study focused on de-

veloping the software, analytic model and FEM model to cal-

culate process parameters using drilling simulations on the

bone model samples using K-wire. In studies performed by

Gok et al. (2015a, b) bone temperature values were measured

less at the lower spindle speed. Additionally, non-contact

temperature sensor was used for measure temperature val-

ues in K-wire in this study. A more sophisticated measuring

device may be used instead of this device in future studies.

Additionally, in future, another study may be performed us-

ing K-wires of a different type.

7 Conclusions

An analytic model and software was developed to calculate

the drilling and thrust power required for chip removal in

the numerical simulations of bone model drilling processes,

as well as heat transfer mechanisms and coefficients be-

tween drill bit, bone model and environment, respectively.

www.mech-sci.net/6/147/2015/ Mech. Sci., 6, 147–154, 2015
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Computer-aided numerical simulation of the bone model

drilling process was also performed using DEFORM-3D

software. Based on both experimental and FEA results, the

following conclusions can be obtained:

– As it can be seen in Fig. 9, it has been observed that

the main cutting force and thrust force reduced with in-

creasing spindle speed as a result of experimental and

drilling simulations of the bone model drilling processes

using a K-wire. Conversely, the temperature values of

K-wire and bone model increased as a result of the in-

crease in spindle speed.

– There is a good consistency between experimental re-

sults and FEA results. This has proved the validity of

the software and finite element model. Thus, this model

can be used reliably in such drilling processes.

– The temperature values in bone model samples and

K-wire occurred above the critical temperature value

(47 ◦C). Use of lower spindle speeds is recommended.

Edited by: J. van den Dobbelsteen

Reviewed by: S. Neseli and one anonymous referee
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