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Abstract.  Based on a survey done recently in Japan, 30 percent of the serious accidents occurred in oral 
implant surgery were concerned with the mandibular canal and 3/4 of them were related to drilling. One of 
the reasons lies in the lack of the education system. To overcome this problem, a new educational system 
focusing on drilling the mandibular trabecular bone has been developed mainly for dental college students in 
the form of an oral implant surgery training simulator that enables student to sense the reaction force during 
drilling. On the other hand, the conventional system uses polymeric model. Based on these systems, two 
approaches were proposed; the evaluation by experienced clinicians using the simulator, and experimental 
works on the polymeric model. Focusing on the combination of the drilling force sensed and drilling speed 
obtained through both approaches, the results were compared. It was found that the polymeric models were 
much softer especially near the mandibular canal. In addition, the study gave us an insight of the 
understanding in bone quality through tactile sensation of the drilling force and speed. Furthermore, the 
clinicians positively reviewed the simulator as a valid tool. 
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1. Introduction 
 

The oral implant surgery is one of the treatments of prosthesis for patient with tooth’s 

deficiency that had been widely used for more than 30 years (Albrektsson et al. 2008). In 

particular, it mainly consists of the jawbone drilling process for implanting artificial teeth. The 

mandibular canal inside the jawbone contains nerve system and blood vessel running through the 

porous trabecular bone. Due to that, serious problems might happen if the drill penetrated through 

the canal. Based on a survey by Japan Academy of Maxillofacial Implants between 2009 and  
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2011, it was estimated that 30 percent of the accidents occurred were concerned with the 
mandibular canal in trabecular bone region and 3/4 of those were related to drilling. 

One of the reasons for oral implant failures is the dentist’s lack of knowledge and surgical 
experience (Augustin et al. 2008, Chrcanovic et al. 2014, Kim et al. 2010, Limbert et al. 2010, 
Melo et al. 2006). The lack of experiences and knowledge of oral implant surgery gain during 
studies in dental colleges and universities causes them to work with various initiatives (De Bruyn 
et al. 2009, Donos et al. 2009, Kusumoto et al. 2006, Mattheos et al. 2009, 2014, Rhienmora et al. 
2010, Ucer et al. 2014, Urbankova 2010, Wienrick et al. 2007). Particularly, technical practice 
using detailed models is adopted in order to teach surgical procedures. However, its properties are 
naturally different from a real jawbone and the models are expensive and not suitable for repeated 
practice. In addition, most of these models are made of resin and can only provide a single pattern 
of tactile sensation to the user during drilling (Van de Velde et al. 2008) although it is reported that 
there are 4 kinds of classification according to the size of the cortical and trabecular bone’s 
microstructure (Lekholm 1985). 

The tactile sensation can be considered as the sensation of the force at the tip of the doctor’s 
finger or relatively considered as the drilling force. There are a few numbers of studies on the 
drilling force (Friberg et al. 1995, Sugaya 1990) but it is difficult to quantify the force sense felt by 
the clinician. As a result, it is nearly impossible to teach inexperienced clinicians the force sensed 
by a skilled clinician. The drilling force is closely related to the apparent mechanical properties, 
especially stiffness, which leads to the quality of the bone tissue. There are many studies in the 
biomechanics field related to oral implantology (Bonnet et al. 2009, Chang et al. 2011, Haïat et al. 
2013, Mathieu et al. 2014, Matsunaga et al. 2010, 2011, Misch et al. 1999, Sui et al. 2014, Yeniyol 
et al. 2013) and it was found that the quality of the bone depends on various factors including its 
microstructure (Basler et al. 2013, Dempster 2000, Pothuaud et al. 2002) and bone mineralization 
(Sansalone et al. 2012). A way to predict the drilling properties is by using the image-based 
modeling technique and finite element analysis (FEA) that is widely used in bone stress analyses 
based allowing precise modeling of a three-dimensional trabecular bone structure (Ohashi et al. 
2010). 

In this study, the tactile sensation during drilling was quantified relatively to the drilling force 
and speed. Two approaches to study the drilling force and speed were considered. The first 
approach is from the clinicians’ point-of-view based on their evaluation of the oral implant surgery 
training simulator’s database calculated using FEA. The second approach of this study is based on 
the students’ point-of-view while practicing on polymeric model conventionally used in dental 
colleges. Focusing on the combination of the drilling force and speed obtained, the results were 
compared. 

 
 

2. Method 
 
2.1 Development of oral implant surgery training simulator 
 
The first approach for studying the drilling force and speed for the mandibular bone is from the 

viewpoint of the experts; the clinicians that have accumulated experiences of oral implant surgery 
cases. In order to get the clinicians’ data and their view on the drilling force and speed, an oral 
implant surgery training simulator was used. The purpose of the simulator is actually to learn the 
correlation between the drilling force and the micro-architecture of trabecular bone for a variety of  

16



Fig. 1 
simulat

 
 

patient
the dis
an ove

The
force s
handpi
softwa
Fig. 2 
chapte
sound 

 
2.1
Firs

by a m
voltage
individ
provid
dimens
hypoth
the me
from th
of the 
resolut

Drillin

Developed o
tor using a dec

ts. The requi
stribution of 
erview of the
e training sim
sensible dev
iece by the u
are of the sim
with their m

er. With the 
and vibratio

1.1 Micro-CT
stly, the micr

micro-CT sca
e and a resol
duals were t
ded and its 
sional voxel 
hetically defi
ental forame
he jawbone a
implant. For
tion of the m

ng force and sp

oral implant s
centering jig (

ired drilling 
bone density

e oral implant
mulator has t
ice that cons
user and an 
mulator. The

micro-CT ima
training sim
n of a real ha

T image bas
ro-CT image

anner (HMX-
lution of 0.06
aken. The ja
alveolar bo

 FE model o
fined at the p
en. In order t
area with a l
r accuracy, h
micro-CT im

peed for mand

surgery simul
(upper right) m

force for a p
y and micro-
t surgery trai
two parts, th
sists of a loa
actuator to c

e database th
ages. Details

mulator, the u
andpiece. Th

sed modeling
es of the left
-225 Actis4,
66 mm and 0
awbone was 
one resorpti
of the mandi
position of th
to reduce th
ength of 30 m

hexahedral vo
mages. The c

 
 
 
 
 
 

dibular trabec

lator. The up
made to be use

patient may 
-architecture 
ining simula

he hardware 
ad cell to m
control the sp
hat contains t
s of the calcu
user is able 
his could mak

g 
t part of the j
, Tesco Co., 
0.05 mm slic
 an edentulo

ion had pro
ibular bone w
he first bicus

he computatio
mm in the m
oxel element
computationa

cular bone in 

per left figur
ed with this si

vary accord
of the trabec
tor. 
and the softw

monitor the in
peed that ref
the results o
ulation metho
to sense the
ke the user fe

jawbone we
Tokyo, Japa

ce. Three sam
ous jaw with
ogressed. Us
was reconstr
spid tooth w
onal cost, th

mesiodistal di
ts were used 
al and nume

oral implant s

re shows a cl
imulator instea

ding to the dr
cular bone re

ware. For the
nput force gi
fers to the da
f the drilling
od will be de
e reaction fo
eel closer to 

re extracted 
n) with a 10

mples of jawb
h no informa
sing the CT
ructed. The i

with reference
he analysis ta
irection from
with the len

erical analysi

surgery 

 
linician hand
ad of normal 

rilling depth
egion. Fig. 1

e hardware, 
iven through

database, that
g force is sh
escribed in th
orce, as well
a real surger

from a dono
00-kVp x-ray
bone from d
ation of age

T images, a
insertion pos
e to the posi
arget was ex

m the insertio
ngth set as th
is and const

ling the 
drill 

h due to 
1 shows 

it has a 
h a real 
t is, the 

hown in 
he later 
l as the 
ry. 

or body 
y power 
ifferent 
or sex 

 three-
sition is 
ition of 
xtracted 
on point 
he same 
truction  

17



 
 

were d
 
2.1
The

drilling
behavi
jawbon
drill, a
unknow
model 
by a 2
implan
z-axis.
proper
for all 
proper
conditi
the dri
the dep
fresh c
the no
The re

F

done using V

1.2 Sequenti
e calculation
g stage in t
iors, such a
ne, effects of
and the destr
wn paramete
consists of t

2.0 mm cylin
nt insertion p
 Only the dr

rties, assumin
material we

rties compare
ion between 
ill enters the 
pth of 13 mm
cadaver that w
des of the fr

eaction force 

Moh

Fig. 2 Results 

VOXELCON 

ial linear sta
ns of the requ
the implant 
s the dynam
f cutting the
ruction of th
ers, it was si
the jawbone 
nder and a r
position is se
rilling force 
ng an isotrop
ere defined a
ed to the bon
the drill and
trabecular bo

m. For the bo
will be descr
ront edge of
at the bottom

hammad Aima

of calculated 

(Quint, Toky

atic finite elem
uired force fo
surgery pro

mic motions 
scraps of th

he jawbone, 
implified int
constructed 

rigid stand a
et at the top 

for the trab
pic material, 
as 200 GPa, 
ne tissue were
d the bone ti
one area. Th
oundary con
ribed later. A
f the drill im
m side of the

 
 
 
 
 
 

aduddin Atiq b

drilling force

yo, Japan).

ment analys
for drilling of
cedure. Con
of the dril

he jawbone, c
a nonlinear 

to a sequenti
 using micro
at the bottom
of the mode
ecular bone 
the drill and
15 GPa and 
e set surroun
ssue. The sta

he analysis w
ndition, we re
A prescribed
mitating the d
e drill was the

bin Kamisan e

e with their mi

sis (FEA) 
f jawbone w
nsidering the
l, interaction
contact cond
analysis is 

ial linear stat
o-CT images
m part of th
l and the dri
region was 

d bone Young
0.3 respectiv

nding the dril
arting point w
as carried ou
eferred to the
displacemen

drill’s movem
en calculated

et al. 

cro-CT image

ere carried o
e strict pred
n of muscle
dition betwee
required. Ho
tic analysis. 
, the drill wh
e jawbone m

illing directio
calculated. F
g’s modulus 
vely. Elemen
lling area to 
was set at th
ut with interv
e experiment

nt of 0.01 mm
ment inserted
d. 

 
es 

out by assum
diction for th
e and joints 
en the bone 
owever, with
The comput

hich was sim
model. The 
on is defined
For the mec
and Poisson

nts which ha
indicate the 

he position at
vals of 0.5 m
nt done by dr
m was applie
d into the ja

ming the 
he drill 

to the 
and the 
h many 
tational 

mplified 
drill or 

d as the 
hanical 

n’s ratio 
ave low 
contact 
t which 

mm until 
rilling a 
ed to all 
awbone. 

18



 
 
2.1
To 

based 
tested 
bone. 
placed
the exp
betwee
the dri

 
2.1
The

Depart
 
 

Table 1

Clin

Drillin

Fig. 3 Expe
approval num

1.3 Calibratio
ensure the 
on the expe
including no
Fig. 3 show

d at the top o
periment don
en 5 N to 6 
illing force u

1.4 Database
e calculated 
tment of Im

1 Clinicians’ in

nicians 

A 

B 

C 

D 

E 

F 

G 

H 

ng force and sp

eriment on fr
mber: 00356) 

on of calcula
confidence o
erimental me
ormal drilling

ws the fresh 
f an electron
ne, the drillin
N for the tra

using sequent

e’s evaluatio
drilling forc

mplantology,

nformation wi

Clinic

Cases 

Over 100 

Over 100 

30 

20 

15 

5 

3 

1 

peed for mand

resh human 

ated procedu
of the nume
easurements
g, perforation
cadaver that

nic balance to
ng force rang
abecular bon
tial linear sta

on by experi
ces for all 3
 Tokyo Den

ith tested samp

ians’ informa

Graduat

 
 
 
 
 
 

dibular trabec

cadaver (Tok

ure 
erical predict

of drilling 
n of mandibu
t was fixed 
o measure th
ges were betw
ne. The resul
atic FEA. 

rienced clinic
3 samples w
ntal College

mples 

ation 

ted (years) 

33 

14 

5 

6 

3 

6 

5 

2 

cular bone in 

kyo Dental C

tion, the num
force for fr

ular canal an
completely 

he force impr
ween 10 N to
lts were used

cians 
were evaluate

e that have 

Sample 1

O 

O 

O 

O 

O 

O 

O 

O 

oral implant s

College Ethic

merical resu
esh cadaver.

nd perforation
to the stand

ressed on the
o 12 N for th
d to calibrate

ed by eight c
experienced

Sample te

1 Sample

O 

O 

O 

O 

O 

O 

O 

O 

surgery 

 
cs Committee

ults were cal
. Three case
n of lingual c

d. The cadav
e cadaver. Ba
he cortical bo
e the calcula

clinicians fr
d implant s

ested 

e 2 Sam

-

O

O

-

-

-

-

-

e 

librated 
es were 
cortical 
ver was 
ased on 
one and 
ation of 

rom the 
surgical  

ple 3 

- 

O 

O 

- 

- 

- 

- 

- 

19



proced
The cl
showin
located
out usi
shown
they w
asked 
experie
drilling

 
2.2
 
In o

experim
classes
models
resemb
model 
polym
devise
Lekho
except
round 
Switze
the dep
mandib
the rot

The
connec

 
 

dures. Table 
linicians wer
ng the micro
d 1 mm abov
ing the oral i

n the required
were shown 

to give the
ences of ha
g the sample

2 Experimen

order to obta
mental work
s were done
s imitate th
bling the tra

P9-IMP.6 is
meric material

d by the Ja
lm and Zarb
tion of mode
bur and the

erland), the p
pth of 15 m
bular canal. 
tation speed w
e polymeric 
cted to a com

Moh

1 shows the 
re firstly giv
o-CT images 
ve the depth
implant surge
d drilling for
the graph th

eir overall im
andling surgi
es on a stiffne

ntal works on

ain data from
k on polymer
. The experi
e mandibula

abecular bone
s an excepti
l that is used

apanese Oral
b’s bone clas
el P9-IMP.6 b
 twist drill w

polymeric mo
mm except fo

Using the sa
was set at 80
model was l

mputer. The p

F

hammad Aima

information 
en a detailed
of the samp

h of the man
ery training s
rce, and their
hat contained
mpressions o
ical procedu
ess scale. 

n polymeric 

m the second 
ric models (N
iment was d
ar part of th
e, surrounde
on, since it 

d to show the
l of Implant
sification  (
being in betw
with a 2 mm
odel was dril

or model P9-
ame motor un
00 rpm. 
oaded on a p
precision ba

ig. 4 Polymer

 
 
 
 
 
 

aduddin Atiq b

of the clinic
d explanatio

ples (Fig. 2) a
ndibular cana
simulator. D
r input force
d their input
of the traini
ure, they we

model 

approach pro
(Nissin Dent
done on three
he jawbone
ed by a thick

exclusively 
e mandibular
tology Socie
(Lekholm 19
ween Type I

m diameter (
lled until the
-IMP.6, who
nit and handp

precision bal
alance was us

ric model of m

bin Kamisan e

cians’ that tes
n of the syst
and the targe
al. Then the 
uring the sim

e and speed. 
t drilling for
ing simulato
ere asked to

oposed whic
al Products 
e types of m
and made f

k dense poly
contains a w

r canal insid
ety. Accordin
985), all the m
II and III.  B
(Drill kit 7-1
e desired dep
se depth wa
piece used d

lance (UW42
sed to measu

mandibular bon

et al. 

sted and eval
tem and the 
eted depth th
drilling simu

mulation, the 
After the sim

rce and spee
or. In additio
o mark the s

h is the stude
Inc, Kyoto, 

models as sho
from polyme
ymer for the 
wire surroun

de the jawbon
ng to its ma
models are o
By using two
15 mm, Nob
pth. The mod
as set until th
during the clin

200H, Shima
ure the input 

ne 

luated the da
jawbone mo

hat had to be
mulation was 
e clinicians w
mulation wa
ed. They we
on, based o
stiffness felt

ent’s point-o
Japan) used 
own in Fig. 

meric foam m
cortical bon

nded by thic
ne. This mod

maker, based 
of Type III w
o types of dr

bel Biocare, 
del was drille
he drill touc
inicians’ eval

adzu, Kyoto,
t force given

 

atabase. 
odel by 
 drilled 
carried 

were not 
as done, 
ere also 
on their 
t while 

of-view, 
during 
4. The 

material 
ne. The 
ck solid 
del was 
on the 

with the 
rill, the 
Zurich, 
ed until 
hes the 
luation, 

 Japan) 
n during 

20



the dri
to mea
each o
drilled
divided
mm an
taken a

 
 

3. Res
 
The

images
in the 
the for
higher 
betwee

Nex
backgr
the ev
their p
of dril
Table 
had les
the sam
clinicia
realisti

Bas
becam
drilling
drilling
there a

 
 

Fig
acc

Drillin

illing and it w
asure the dep
of the model
d with a supp
d into two re
nd the deep r
and recorded

sults 

e results of 
s are shown 
cortical bon
rce sensed d
r when near 
en each bone
xt, the evalu
round and ex

valuation, cli
personal drill
ling the jaw
1 and Fig. 6,
ss and less e
me differenc
ans mostly 
ic. 
sed on the ev

me a point of 
g speed for 
g speed of th
are unclear d

g. 5 Some of t
ompanying le

ng force and sp

was recorded
pth and calcu
l was drilled
posed consta
egions based
region for de
d.  

the calculate
in Fig. 2. Th
e region was

during actual
the cortical 

e and it fluctu
uation of the
xperiences o
nicians show
ing style. Fo

wbone and so
, the bone sti

experience of
e of stiffness
gave positiv

valuation do
interest, thu
the polyme

he clinicians
differences be

the clinicians
eft hand handl

peed for mand

d in the comp
ulate the drill
d either 3 or
ant input for
d on the drill
epth beyond 

ed drilling f
he drilling fo
s fit with the
l surgery. A
bone region
uates reflecti
e calculated 
f a real surg
w different h
or the stiffnes
ome results a
iffness felt b
f surgery cas
s for each sa
ve comment

one, the relat
us the approa
ric model sh

s’ evaluation
etween each 

’ way of hand
ing, one hand

 
 
 
 
 
 

dibular trabec

puter. A scal
ling speed. 3
4 times. Ea

rce of 1.5N, 
led depth. T
7.5 mm. Th

force in the 
orce is assum
e calibration 
s it can be 

n. In the trab
ing the chara
drilling forc

gery based on
handpiece ho
ss scale, each
are shown in
by the clinici
ses. In comp
ample; Samp
ts about the

tion of drillin
ach from the 
hown in Fig
. The results
sample and 

dling the hand
d handling) 

cular bone in 

le was put pa
3 sets of mod
ach type and
2.2N and 3N

The shallow r
e average dr

trabecular b
med under co

done on the
seen in the 

becular bone 
acteristics of 
ce was done
n the inform
olding style
h clinician w
n Fig. 6. Bas
ans differ an
arison of eac

ple 1 is much
e training si

ng speed and
students’ po

g. 4 was rec
s are as show
each polym

dpiece (From 

oral implant s

arallel to the 
del were used

d set of mode
N. The polym
region for de
rilling speed 

one region f
onstant drillin

fresh cadav
figure, the f
region, the 
the local mic

e by 8 clinic
ation shown 
as shown in

was asked to e
sed on the in
nd it gets soft
ch sample, al
h stiffer than 
imulator and

d force sense
oint-of-view 
corded and c
wn in Fig. 7.
eric model, a

right; Revers

surgery 

e handpiece i
d for each ty

del was mark
ymeric model
epth lower th
of each regi

from the mi
ng speed. Th
ver so that it 
force appear
forces differ
croarchitectu
cians with d
n in Table 1. 
n Fig. 5, mi
evaluate the 

nformation g
fter as the cli
all the clinici

Sample 2. O
d said it wa

ed by the cli
was propose
compared w
. As it can b
although the

 
se hand handl

in order 
ype and 
ked and 
ls were 
han 7.5 
ion was 

icro-CT 
he force 
best fit 

rs to be 
rentiate 
ure. 
ifferent 
During 
irroring 
feeling 

given in 
inicians 
ans felt 

Overall, 
as very 

inicians 
ed. The 

with the 
be seen, 
ey show 

ling, 

21



 

 

Fig. 7 
square 
three sa

Results of dr
markers indic

amples evalua

Moh

Fig. 6

rilling force a
cate the result
ated by the clin

hammad Aima

6 Results of so

nd speed on 
ts for the poly
nicians 

 
 
 
 
 
 

aduddin Atiq b

ome of the cli

training simu
ymeric model 

bin Kamisan e

inicians’ evalu

ulator and pol
experiment w

et al. 

uation 

ymeric mode
while the circl

 

el. The triangu
le marker indi

ular and
icate the

22



 
 
 
 
 
 

Drilling force and speed for mandibular trabecular bone in oral implant surgery 

differences in terms of microstructure and bone type classification (Lekholm 1985). In general, the 
comparisons of the polymeric models show a much higher drilling speed in the deep region than in 
the shallow region. By comparing the drilling speed from both the proposed approach, the drilling 
speed of the clinicians’ ranged from 0.3 mm/s to 0.9 mm/s but the drilling speed based on the 
experimental work on the polymeric model ranged as high as 1.5 mm/s. The higher drilling speed 
was obtained from drilling the polymeric model although it was done with an input force of 3 N, 
lower than the force used for clinicians’ evaluation. Even with a higher input force of 9 N, the 
drilling speed is much lower than that of the polymeric models. Looking at the obtained data, the 
curve of the clinicians’ evaluation seems to show a lower slope than the curves recorded using the 
polymeric model thus showing the polymeric model to be much softer than the calculated data 
from a real jawbone. 

 
 

4. Discussion 
 
Matsunaga et al. reviewed the biomechanical study on jawbone while considering the structural 

properties of the trabecular bone region and underlined the need to incorporate the bone quality in 
biomechanical analysis (Matsunaga et al. 2011). Although it only stated its need while analyzing 
three-dimensional FE models, the present study puts together two approaches including the FE 
analysis, as stated, in order to further expand the analysis. We proposed the approach of using the 
polymeric model and compared both of the analyses while incorporating the bone quality. As 
stated in the National Health Institutes of Health (NIH) Consensus Development Panel on 
Osteoporosis Prevention, Diagnosis, and Therapy, bone strength is also affected by bone quality 
hence comes the importance of incorporating the bone quality. 

The comparison of drilling force and speed between the two approaches largely differs as 
shown in Fig. 7: the scattering of the clinicians’ evaluation’s data is denser than in the polymeric 
models. Regardless of the differences, Sugaya measured and recorded similar scattering while 
studying the relationship between the cutting force and bone mineral content (Sugaya 1990). The 
author’s study aimed at finding out more about the bone quality for dental implant by taking into 
account mineralization parameter of the bone quality. The ranges of bone mineral content increases 
as the cutting force increase, thus showing the same similarity with the present study by changing 
the parameter of the bone mineral content with the drilling speed. This shows that the relation of 
the drilling force and speed could be one of the parameters in studying and quantifying the bone 
quality. It could also be a way to evaluate and quantify the tactile sensation while drilling the 
jawbone. 

According to the evaluation done and the positive reviews obtained, the developed simulator 
can be considered as a valid tool. This shows that the polymeric model seems to be exaggerated 
based on the high drilling speed recorded even in low input force. Nevertheless, the structure of 
the polymeric model could potentially be helpful for students when they start learning the oral 
implant surgery since the high drilling speed could let the students be very careful while drilling, 
especially near the mandibular canal. 

 
 

5. Conclusions 
 
In order to carry on a deeper study about the drilling force and speed in oral implant surgery, a 
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training simulator has been developed and evaluated by experienced clinicians. The tactile 
sensation of drilling the jawbone can be obtained through the simulator as it shows great potential 
while avoiding any risk in difficult procedures and enabling the user to increase their level of 
proficiency through repeated practice. The drilling speed and force obtained while doing the 
evaluation was further expanded and the experiment using polymeric model was done. All this 
enables us to study the biomechanics of oral implant surgery and learn more about the bone quality 
through the tactile sensation of the drilling process by studying the relation of the drilling force 
and speed. The two approaches gave different results thus providing us merits and demerits of both 
approaches in order to educate students in the field of oral implant surgery. 
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