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bstract

rilling is extensively used in operations on bones and dental implants, and yet poses a considerable challenge because it can damage cells
s well as cause mechanical and thermal stresses to the bone. The goal of this study was to assess the temperature changes and instrument
ear using both zirconium dioxide (ZrO2) ceramics and tungsten carbide (WC) tools using a 3-dimensional finite element analysis (FEA)
f bone drilling. The wear of conical burrs made from ZrO2 and tungsten carbide was measured using scanning electron microscopy (SEM)
nd image processing software. Temperature was measured by an infrared thermometer. As well as 3-dimensional FEA, the temperature and
ear of the burrs was predicted with the aid of the Johnson-Cook model for bone material properties. Comparison between the ZrO2 and WC
urrs using SEM showed that the ZrO2 burr was less worn than the WC burr (p = 0.044) and there was significant difference in temperature

etween the two (p = 0.020). We conclude that ZrO2 tools are a suitable alternative to WC, particularly in superficial drilling with coolant, as
hey wear less than the WC tools. The results of the FEA successfully predicted the variation in temperature and the wear on the tools.

 2019 The British Association of Oral and Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.
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ne of the important factors in patients’ health is the integrity
f the surface of the bone after osteotomy, which can pose
ome difficulties during an operation. Among the most
mportant challenges are possible rises in temperature,1,2
ecrosis of the bone, and unfavourable mechanical pressure
which alone can easily lead to mechanical fracture). These
ffects can all damage or harm living cells and organs.3
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epending on the amount of the heat produced, bones may
evelop hyperaemia, necrosis, fibrosis, or increased osteo-
last activity during the osteotomy.4,5 Variables that affect
he temperature during bone drilling can be divided into three
ategories: characteristics and geometry of instruments,4

haracteristics of bone,2 and operational conditions such as
peed, cooling conditions, and pressure.6

An uncontrolled osteotomy in oral surgery could provoke
ony damage. In particular, in the field of implantology it
s important to pay attention during preparation of the bone.
y decreasing damage during the osteotomy the surgeon can

ncrease the success rate of the implant, and some studies

ave been reported about the design and cutting properties.
or example, the stability of different designs of drill was

nvestigated by Gehrke et al.7

blished by Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.bjoms.2019.05.002
http://www.sciencedirect.com/science/journal/02664356
mailto:m-koopaie@tums.ac.ir
mailto:mariakoopaie@gmail.om
https://doi.org/10.1016/j.bjoms.2019.05.002


558 M. Koopaie et al. / British Journal of Oral and Maxillofacial Surgery 57 (2019) 557–565

F irconium
(

t
a
p
t
i
a
n

t
n
b

M

E

T
a

e
B

1
r
I
F

t
a
B
d
r
e
c
s

ig. 1. (A) Energy-dispersive X-ray spectroscopy (EDAX) analysis of the z
C) Geometry of burrs used.

One of the most important challenges in bone drilling has
o do with temperature.3 Many factors influence the temper-
ture during drilling such as the properties of the tool,4 the
roperties of bone,2 and the type of operation.6 Investiga-
ions have reported that temperatures of over 44 ◦C lead to
rreversible damage. One of the causes of the rise in temper-
ture during drilling is the amount of wear on the tool, which
eeds to be controlled to avoid thermal osteonecrosis.8

The purpose of this study was to examine the wear and
emperature changes of two conical tools made from zirco-
ium dioxide (ZrO2) and tungsten carbide (WC) in vitro and
y 3-dimensional finite element analysis (FEA).

aterial  and  methods
xperimental  technique

wo conical burrs with different material properties (ZrO2
nd WC) were used. These were analysed chemically using

c
i
a

 oxide (ZrO2) tool. (B) EDAX analysis of the tungsten carbide (WC) tool.

nergy-dispersive X-ray spectroscopy (EDAX) (Fig. 1A and
).

The WC tool has 10 cutting edges and the ZrO2 tool
6. For both of them the cutting edge angle was 60◦, the
ake angle 20◦, and helix angle 25◦ (Wilson Precision Tool,
nc). The geometrical dimensions of the burrs are shown in
ig. 1C.

We used samples of bovine bone because of the similari-
ies to human mandibular bone in both mechanical properties
nd the relation between cancellous and cortical bone.8,9

one samples were free from any musculoskeletal disor-
er or osteopenia. Samples were cleaned and all soft tissues
emoved, and then immersed in a solution of sterile saline and
thanol (1: 1), to minimise any thermophysical or mechani-
al changes to the proteins in the bones. The samples were
awn into blocks approximately 60 ×  60 × 10 mm3, and then

lamped in a Chiron Model FZ 12 MT CNC Vertical Machin-
ng Center with Fanuc 31i B5 5 Axes Continuous Path Control
s a drilling robot. The tools were used according to the man-
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ig. 2. Surface fitting of split Hopkinson pressure bar results (20 ◦C and dif
ovine bone.

facturer’s instructions (Wilson Precision Tool, Inc), and all
ests done at 20 ◦C.

Instead of drilling in one step (associated with trauma
ecause of intense force), the conical burr was used.10

o use this, we made a preliminary hole with a diame-
er of 2 mm under the same conditions with a conventional

C drill. Next, we made a bony osteotomy 5 mm deep.
he Chiron Model FZ 12 MT CNC Vertical Machining
enter with three degrees of freedom was used through-
ut to reduce inconvenient errors caused by surgeon’s
ands.

Saline solution was used to remove debris and for cool-
ng. After drilling of each hole, the temperature of the
urr was measured by an infrared thermometer (FLIR
G165, Wilsonville) placed at a standard distance of 12 cm

rom each sample. After drilling of 15 holes by each burr
nd before SEM analysis, burrs were disinfected using
ltrasonic cleaning (water at 37 ◦C) for 10 minutes, then
ashed with water and dried with compressed air jets.
fter drilling 15 times with each instrument, the wear of

he tool was evaluated using SEM (with EDAX attach-
ent, Carl-Zeiss EVO MA15). EDAX spectra were collected

n the Zeiss Ultra Plus equipped with an EDAX detec-
or (Oxford, Aztec-X-80) using AZTEC software (Oxford
nstruments).Tool wear was measured in relation to the
dge of the new tool (in mm). Tool wear using SPIP soft-
are (version 6.4, Image Metrology A/S) was measured and

eported.
This measurement was also repeated for both types of

nstrument after drilling 30 and 45 times. All the tests were
epeated three times and the mean values of the burr tem-
erature and tool wear have been reported. Based on the
reliminary test and review of relevant publications, the rotat-
ng speed of the milling tool and feed-rate were chosen to
e 800 rpm and 0.02 mm/m respectively.11 The experiments

ere made at 20 ◦C room temperature and 20% humid-

ty. D
i

train rate) on Johnson-Cook material using Matlab software for samples of

inite  Element  Analysis  (FEA)

EA is a well-known computational approach to understand-
ng the biomechanical conditions during osteotomy. With the
rediction by FEA of mechanical and thermal stress during
steotomy, osteonecrosis could be avoided. Each simula-
ion run lasted about 21 hours with an Intel Core i73.5-GHz
PU and 16 GB of RAM. To use FEA we chose a piece of
andible that had a hole in it. We constructed a finite element
odel based on the Jonson-Cook material model adapted for

steotomy.

ool  geometry  and  material  specifications

hree-dimensional models of tool and bone are required
or FEA, as more accurate and realistic models lead to
ore reliable results. The tool used in this study had com-

licated features from the perspective of modelling, so a
igh-resolution optical scanner (CometL3D; Carl Zeiss) was
sed for scanning the instruments. The camera’s resolution
as set to 8 megapixels using blue light-emitting diode (LED)

canning. Datasets were converted into STL files using soft-
are (Colin 3D; Carl Zeiss), and these files were imported

o DEFORM-V11 (SFTC, Scientific Forming Technologies
orporation). For definition of material properties of the WC
urr, we used the library of DEFORM-V11 and for the mate-
ial properties of the ZrO2 burr the data were imported to
EFORM-V11.12 Solid mesh was generated with 23915 ele-
ents and 5930 nodes for burrs. For increasing accuracy of

he simulation the mesh was refined at the drilling site. The
nvironment temperature in the simulation was set to 20 ◦C.
he friction coefficient between instrument and bone was
onsidered 0.25 for the ZrO2 tool and 0.4 for the WC tool.13

efinition  of  bone  material  model
uring drilling and osteotomy, the bone withstands mechan-
cal and thermal stresses, which leads to plastic deformation.
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Table 1
Constants used for the finite element analysis.

Property Value

Young’s modulus13 1.0e10 kg m−1 s−2

Poisson’s ratio14 0.36
Thermal conductivity15 0.64 W/mK
Specific heat15 1216 J/kgK
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ensity14 2.00e3 kg/m3

e used the Johnson-Cook model for modelling of bone
aterial properties during drilling (see Eq. (1) below). To find

he measurements of the Johnson-Cook equation for bone, we
sed the split Hopkinson pressure bar test (SHPBT) on the
amples and the results fitted the Johnson-Cook equation. A
ultilevel surface fitting technique in different temperature

nd strain rates was used in Matlab R2015a software (Math-
orks Inc). A sample of surface fitting (20 ◦C and different

train rate) is shown in Fig. 2 (Confidence level 99.5%).
The constant variables were obtained: A  = 2.8, B = 139.5,

 = 0.8, C  = 0.027, α  = 0.025 and used in the following relation
hat relates the stress, σ̄  to the effective plastic strain, ε̄  as

¯  = (
A  +  Bε̄n

) (
1 +  C  ln

(
ε−

ε−
0

)) ( ˙̄ε
˙̄ε0

)α

(1)

Other variables used in the FEA are shown in Table 1.
The thermal conductivity coefficient of liquid coolant was

000 W/m2K.17 Like the experimental test, the model in the
EA had an initial hole 2 mm in diameter. The hole was then
xtended using the burr.

tatistical  analysis

he main outcome measurements (temperature and tool
ear) are expressed as mean (SD), and the t  test was used

o compare temperature and tool wear between the two types
f burr (ZrO2 and WC). Additionally this method is useful
or comparison of two variables that may be related in some
eatures (in this study macro geometry). IBM SPSS Statis-
ics for Windows, (version 22, IBM Corp.) was used for the
nalysis. We found significant differences in the temperature
easurements in the cortical bone with the two types of tool

p = 0.020).

esults

ool  wear

he rate of tool wear increased with the increasing number of
oles in both tools; however, this was less for the ZrO2 than
he WC tool (Figs. 3A and B). For this reason the overall
ear of the ZrO tool after the drilling of 45 holes was about
2
alf that of the WC tool (11 compared with 25 �m, Fig. 3C),
nd the t test indicated that the difference between the two
ypes after the drilling of 45 holes was significant (p = 0.044).

t
g
a

axillofacial Surgery 57 (2019) 557–565

ool wear increased rapidly after 30 episodes of drilling in
he WC burrs, while the ZrO2 instrument was still sharp even
fter drilling 30 times.

The edges of both burrs are shown in Fig. 4. Column A
hows the WC burr and column B the ZrO2 burr.

emperature

he mean (SD) temperature of the WC burr using the infrared
hermometer was 38.3 (5.02) ◦C and for the ZrO2 36.4
3.46)◦ C after drilling 45 holes. Generally, when the num-
er of drilled holes increased the temperature increased in
oth burrs, that in the WC burr increased more than that in
he ZrO2 burr, and the difference after drilling 45 holes was
ignificant (p = 0.011). As the number of holes increased, the
ifference between temperatures of the burrs also increased,
ossibly as a result of relatively more tool wear in the WC
urr than the ZrO2 burr.

EA  results

uring the experiments and the osteotomy the diameter of
he conical form of burr constantly changed, which led to
n unsteady temperature. When cooling was not used, the
emperature could rise up to 150 ◦C. Fig. 5A shows one of
he middle steps of the FEA of the WC burr. The temperature
nalysis of the bone is shown in Fig. 5B. The points with the
ighest temperatures (about 60 ◦C) and more wear of the tool
re shown in Fig. 5C. The tools became worn in the area of
he highest temperatures. The FEA results confirm the data
rom the SEM.

The temperature profile from the drilled bone surface to
 point under 2.2 mm of the surface for both burrs is shown
n Fig. 5D. As shown in the diagram the temperature of the
rilled bone surface of the ZrO2 burr is less than that of the
C burr.

iscussion

ool  material

irconium dioxide or zirconia is useful for drilling bone
ecause of its mechanical properties and biocompatibility,
eliability, strength, and resistance to corrosion.18 Some
tudies have shown that the heat generated by a ceramic
nstrument in osteotomy is greater than that of the steel burr,
ut this increase in temperature does not have adverse effects
n the bone.19 Harder et al reported no significant differences
n this regard between ceramic and steel burrs.20 There are
eports on the effect of the instrument’s material on the tem-
erature and generation of heat,9 and some studies claimed
hat the tool material does not have a significant effect on

he heat generation during the osteotomy.20 However, despite
rowing advances in the manufacturing of ceramic burrs, only

 limited number of studies have tried to address such an
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Fig. 3. (A) Wear of the tungsten carbide (WC) tool after drilling 45 holes in the same conditions. (B) Wear of the zirconium dioxide (ZrO ) tool after drilling
4 d WC t
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5 holes in the same conditions. (C) Comparison of the wear of the ZrO2 an

mportant effect, and there is still a lack of consensus when it
omes to its dental applications.20 This motivated our choice
f material for the present study.

For the assessment of the wear of the tool, we used opti-
al microscopes and SEM.9,21,22 Some studies have reported
hanges in chemical properties of the surgical tool after
rilling 50 times,22 and studies on osteoprotegerin suggest
hat after about 50 times, healing differs significantly and
hat could be a limiting factor in the use of the drill. This

ould be the effect of tool wear and surface integrity in the
egion of osseointegration. Although in some cases cooling
s used to prevent an increase in the temperature, operation

m
b

2

ools.

ith a worn tool can increase the temperature,23 reduce the
urface integrity of the bone, and also damage the bone.9

t has been reported that the rise in temperature that follows
xcessive use of the surgical tool will have an impact on bone
emodelling because of the effect of the tool’s wear on the
uality of the surface of the hole.21

Koo et al19 examined surgical steel drills coated with tita-
ium nitride, as well as those coated with WC, and zirconia.
hey investigated the tool wear using temperature measure-

ent as a dependent factor.19 We measured tool wear directly

y SEM and image processing software.
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Fig. 4. Comparison of the wear between the zirconium oxide (column B) and the tungsten carbide (column A) tools: 1 and 2 = new burrs; 3 = after drilling 15
holes; 4 = after drilling 30 holes; and 5 = after drilling 45 holes.
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Fig. 5. (A–C) Temperature profiles of tool and bone samples. 

emperature

nfrared thermography during osteotomy with cylindrical and
onical burrs has been investigated, and drill geometry has
n important role in the temperature of the osteotomy.10 The
omparison of temperature and tool wear has been studied
etween stainless steel and ceramic tool in osteotomy of the
mplant bed.9 These results are consistent those of the present
tudy with regard to comparison of temperature between
eramic and metal burrs. The temperature in the standard
ethod compared with the single-drill technique has been

nvestigated by Lucchiari et al1 and the results indicated that
here was no significant difference in outcome when a liq-
id coolant was used compared with when it was not used.1
ny change in the geometry of the instrument will affect the
mount of heat generated.24 It seems that one of the reasons
or increasing the temperature of the tool is erosion at the

h
r
i

perature of the two burrs at different depths of bone drilling.

dge that necessitates more force being necessary for its use
nd finally results in more mechanical and thermal stresses.

hange  in  chemical  properties

ig. 6 shows the edge of the instrument that has been eroded.
o investigate this edge better by SEM and analysis of images
ith AZTEC software, we looked at a line scan of different

lements on the edge. As shown in Fig. 6, two separate parts
n 25 �m of cutting edge of burr were considered. In the first
art (approximately 10 �m long) the chemical composition
as changed, and in the second part phosphorus and calcium

base elements of bone) were found. In the first part tool
ear was seen on sharp edges, and in the second part debris

ad adhered to the lateral surface of the burr. Staroveski et al
eported similar tool wear at the cutting edge of bone-drilling
nstruments.25
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Fig. 6. Chemical composition of tip of the tungsten carbide drill.
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Ceramics have major advantages such as resistance to
ear and corrosion, and biocompatibility, but their applica-

ion as surgical instruments has been restricted because of
ow thermal conductivity, cost, and brittleness. In this study
he cost of the burrs was the same, and the ZrO2 tool was
ade up of two sections to increase the flexibility. To com-

ensate for the low heat transfer coefficient of the ZrO2, a jet
f mixed air and saline with a flow rate of 200 ml/minute was
sed externally. While the heat generated during osteotomy
y the ceramic burr was being controlled, there was less tool
ear than with the WC burr. When we used ceramic burrs the
eed for replacement because the tool was worn was reduced,
nd the geometry of the hole was more accurate.9

onclusion

 rise in temperature during the drilling of bone may lead to
steonecrosis. The conflicting results of temperature during
rilling by WC and ZrO2 burrs indicated that it was a complex
henomenon. Our results show that more frequent use of the
rO2 burr necessitates cooling it to avoid necrosis. However,

he ZrO2 burr is recommended for superficial rather than deep
oles in bone. If the affordable cooling system is used for the
rO2 tool, the tool wears less in comparison with the WC
urr, and if it is used continuously, a lower temperature is
chieved than with the WC burr.
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