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The main purpose of this study was to analyse the temperatures generated during the bone bed preparation, given the internal struc-
ture of the bone bed, the geometry of the hole, and the treatment parameters such as the type of cooling and the rotational speed of the
drill. The investigated material was domestic pig ribs, in which holes were drilled three times using two drill bit systems used for
Hiossen® and Paltop® dental implantation. The ThermaCAM® P640 thermal imaging camera was used for measurement of drilling tem-
peratures. After the holes were drilled, each rib was examined using the 1172 SkyScan microtomograph, Bruker®, to compare the ge-
ometry of the machined holes. The presented study proved that larger diameter drill bits (Hiossen® drill bits) generate more heat during
the machining process, as evidenced by higher temperatures obtained for the Hiossen system in each case. It was proved that rotational
speed, drill bit diameter and cooling system have a significant effect on the amount of heat generated during bone tissue preparation. The
density and type of bone tissue in which the hole is prepared are significant factors affecting the amount of heat generated.
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1. Introduction

The preparation of holes in bone in both dental and
orthopaedic surgery involves overcoming the resis-
tance forces that the bone tissue exerts on the drill bit
[11]. During the preparation, friction is generated
between the bone tissue and the rigid element – a drill
bit (which additionally becomes stiffer as rotational
speed of the tool increases). On the other hand, there
is also pressure made by the operator during the pro-
cedure. In hard tissues, friction must be overcome by
significant tool pressure at the preparation site. The
high pressure and friction between the drill bit and the

bone tissue are the cause of the high temperature that
affects both the drill bit and the surrounding tissues.
The heat balance in the drilling process includes the
frictional work of the drill point contact surface
against the surface of the material under machining
(10% of heat generated), the frictional work of the
tissue against the drill point contact surface (20% of
heat generated), as well as the elastic and plastic de-
formation work of the material layer (70% of heat
generated). The amount of generated heat is also pro-
portionally affected by the depth of the drilled hole
and the speed of the machining process. The gener-
ated temperature is affected not only by the heat gen-
erated in the drilling process, but also by its dissipa-
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tion from the preparation zone. Approximately 75% of
the heat is dissipated through the bone material pro-
duced during the machining process, the type and shape
of which are determined by the properties of the tissue
itself as well as the machining conditions and the ge-
ometry of the drill point. Other routes of heat dissipa-
tion include the tissue during preparation and the tool
used during machining (25%). Heat dissipation from
the machining zone depends largely on the speed of the
machining process. At low machining speeds for high-
speed steel tools, much of the generated heat is trans-
ferred to the material under machining. As the drill bit
speed increases, the transfer of heat into the material
under machining becomes more difficult, thus a greater
role in its reception is taken by the material that con-
stantly leaves the preparation zone.

An increase in temperature during bone tissue
drilling may lead to necrosis of the surrounding tissues,
failure of osseointegration and a reduction in the long-
term success of implantation. In terms of materials,
biological tissues such as bone and dental tissues be-
long to the ceramic-polymer composites, where there
is a proteinaceous polymer. Initially, the temperature
threshold for thermal bone damage, which is an irre-
versible process, was estimated at 56 °C. However,
Eriksson and Albrektsson’s [8] study conducted on
rabbit bone tissue found that an increase in bone tem-
perature as low as 50 °C or 46 °C, lasting longer than
a minute, causes irreversible changes in bone tissues.
Similar results were also obtained by Alwan [1], who
proved that an increase in temperature during im-
plantation causes the death of cells, peri-implant tis-
sues and thermal denaturation of collagen in bone
tissue. When collagen is denatured, free and structured
water is released and the chain conformation is desta-
bilised; due to thermal vibration, the chain changes into
a disordered structure. The loss of water additionally
affects the disruption of biological processes related to
preadsorption in the process of implant and tissue
osseointegration, so that in the FBR (fluidized bed
reactor) process, the implant is surrounded by a fi-
brous capsule, which may lead to its destabilisation
[9]. According to Sener et al. [25], Eriksson et al. [8]
and Brisman [4], the effects of overheating on sur-
rounding bone include necrosis, fibrosis, bone cystic
degeneration, a general decrease in the osteoblastic
activity. These effects are due to the physical char-
acteristics of the bone itself, which has a very low
thermal conductivity that prevents the heat dissipa-
tion while drilling.

The effects of factors such as function of drill bit
design [5], [22], [23], [26], repeated utilisation of drill
units [6] and irrigation method [3] on the heat values

(temperature) generated in the machining process has
been the subject of many scientific studies. According
to Flangan [10] and Marković et al. [20], a reduction
in the heat generated during bone tissue drilling and
implant placement procedure can be achieved by in-
creasing the drill bit diameter, decreasing the rota-
tional speed of the drill bit during drilling or using
bone condensing technique. In bone tissue (especially
cancellous tissue) under drilling, the drill bit grooves
that evacuate bone chips may become clogged. The
result is an inaccurate hole, an increase in temperature
in the preparation zone and, in extreme cases, the drill
bit damage. There have been many studies concerning
the impact of drilling process parameters (drill bit
diameter, rotational speed) and the type of a cooling
system used on the temperature generated during bone
machining and thus cell necrosis. Kalidindi [15] ob-
tained the highest temperatures for machining without
a cooling system. Kirstein et al. [17], [18] found that
the lack of a cooling system results in increased bone
tissue damage (regardless of the machining speed
used). According to Mecran et al. [20], the coolant
volume that is necessary for the most effective cooling
is 56 ml/min. The authors also indicate that the tem-
perature of the used coolant has a significant effect on
reducing both thermal necrosis and its risk. Sener et al.
[25] revealed that lower coolant temperature (10 °C)
may reduce both the temperature generated during
machining and the risk of thermal damage. Moreover,
Nam et al. [21], Augustin et al. [2] and Kalidindi [15]
observed that the higher the drill bit rotational speed,
the higher the temperature obtained during machining.
According to Kim et al. [16], the optimal rate that
stimulates osseointegration and reduces thermal dam-
age ranges from 1000 rpm to 1500 rpm. The opposite
results were presented by Sharawy et al. [24]. Namely,
the authors obtained lower temperatures at higher rota-
tional speeds.

The existing studies on the aforementioned subject
provide information concerning the temperature gen-
erated during mechanical treatment of bone tissue and
resulting thermal necrosis from the perspective of
machining process parameters such as rotational speed,
drill bit diameter, type of cooling system. No study has
included the thickness of the cortical bone layer and the
geometry of the drilled hole (diameter, length) in the
analysis. These are factors that, combined with prepa-
ration process parameters, may also affect the heat
generated during drilling in bone [5], [15]. This study
aimed to analyse the temperature generated during
bone bed preparation, given the internal structure of
the bone bed, the geometry of the hole (diameter,
length) and the treatment parameters.
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2. Materials and methods

2.1. Experimental model

The investigated material consisted of twelve do-
mestic pig ribs of similar size, given the length, thick-
ness and width (Fig. 1). It should be stressed that these
models show different values of geometrical parame-
ters [12], [14]. The average mean diameter of the ribs
used in this study was 10.23 ± 1.35 mm, while the
average thickness of the cortical bone tissue layer was
1.8 ± 0.4 mm. The ribs were obtained from a slaugh-
terhouse. Each rib was drilled three times to use dental
implants. Two types of implant systems were evaluated:
Paltop® (Burlington, MA, USA) and Hiossen® (Engle-
wood Cliffs, NJ, USA). The diameter of the drill bits
was a sequence dedicated to a given system. Drill bits
with a diameter of 2.0 mm, 2.4 mm and 3.75 mm were
used for the Paltop® system, while those with a di-
ameter of 2.8 mm, 3.8 mm and 4.0 mm were used for

the Hiossen® system. Both systems used drill bits with
the same point angles – 120° (Fig. 2).

The geometry of drill bits was assessed using the
Discovery V20 stereo microscope, Zeiss®.

For drilling, the NeoSurge implant engine (NEO
BIOTECH, Saeshin United, Korea) was used with an
auto-reverse option, equipped with a 32:1 contra-angle
handpiece. Each hole was made three times. Firstly, an
initial hole (with the smallest diameter) was drilled,
which was then reamed twice to obtain the final di-
ameter and shape of the hole. The holes were drilled
using three different rotational speeds, i.e., 800 rpm,
1200 rpm and 1500 rpm, and under different cooling
conditions – without cooling (dry cooling), cooling
using 0.9% NaCl solution at 3 °C and cooling using
0.9% NaCl solution at room temperature (20 °C). The
thrust force was similar in all measurements. The
pressure ranged from 0 to 720 g (750 g ± 12 g). The
drilling method used in this study was based on previ-
ous studies that were published in detail in other arti-
cles [16], [17]. Temperature measurements were taken
each time during machining.

Fig. 1. The cross-section and reconstruction of one of the domestic pig ribs under study;
images were obtained using the SkyScan 1172 computed microtomograph, Bruker®
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2.2. Thermography

The ThermaCAM® P640 (FLIR Systems, Inc.,
Boston, USA) infrared thermal imaging camera with
the spectral range of 7.5–13 μm and matrix of 640
 480 pixels was used for recording temperature changes
during drilling. Temperature readings and graphic im-
ages were recorded and analysed by the dedicated
software (Fig. 3). The measurements were conducted
in a closed room without air flow, at various tempera-
tures and ambient conditions. In the presented study,
the method of thermographic measurement was based
on previous studies that were published in detail in
other articles [17], [18].

Fig. 3. ThermaCAM® P640 image showing
the temperature distribution during the bone preparation

2.3. The qualitative and quantitative
analysis of drilled holes that were cre-

ated in the machining process

After the holes were drilled, each rib was investi-
gated using the high-resolution computed microtomo-
graphy to analyse the geometry of the machined holes.
The SkyScan 1172 computed microtomograph (Bruker®,

Kontich, Belgium) was used. Data recording was con-
ducted with a resolution of 12 µm, with the following
tube parameters of 89 kV/112 uA. An Al + Cu filter was
used during recording. The exposure time was 2000 ms,
the total gantry angle rotation was 180° and the unit
rotation angle was 0.42°. 3D structural properties were
measured using DataViewer and CTAn software. The
geometry of the machined holes (diameter, length) and
the thickness of the cortical bone tissue layer were de-
termined based on the studies. These parameters were
analysed for each hole in two planes – sagittal and fron-
tal. The diameter of the holes was measured in the im-
mediate vicinity of the cortical bone tissue and at the
centre of the hole.

2.4. Statistical analysis

The statistical analysis was performed using Statis-
tica v13 software (StatSoft, USA) and GraphPad Prism
v.9 with the level of statistical significance  = 0.05. The
statistical analysis included the following verifica-
tions: (i) verification of the normality of the distribution
of the analysed variables and (ii) verification of statisti-
cal significance of the differences obtained between
three cooling systems. The normality of the distribu-
tion of the analysed variables was verified using the
Shapiro–Wilk test. Significant differences in terms of
the maximum temperatures recorded during drilling
with different cooling systems were analysed using
the Kruskal–Wallis test.

3. Results

The obtained results were divided into three groups
according to the cooling system used, i.e., “without

Fig. 2. Drill bits of the systems used during drilling: A – Hiossen® system and B – Paltop® system
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cooling” – results obtained during machining without 
using a cooling system, “cooling 3 °C” – results ob-
tained when using the saline cooling system at 3 °C, 
“cooling 20 °C” – results obtained when using the 
saline cooling system at 20 °C. The results were ana-
lysed in two steps. First, the temperatures were com-
pared according to the implant system used (Hiossen®, 

Paltop®), as well as the rotational speed and cooling 
system used (Tables 1 and 2). Secondly, the geometry 
of the drilled holes (shape, hole length) was considered 
in the analysis (Figs. 6 and 7), as well as the thickness 
of the cortical bone tissue layer (Fig. 5). 

Higher temperatures during bone machining were 
obtained using the Hiossen® system. The obtained tem- 

 

Fig. 4. The comparison of rib holes made using two Hiossen® and Paltop® systems under different cooling conditions: 
without cooling, cooling at 3 °C, cooling at 20 °C 

Table 1. The maximum temperatures obtained 
during machining with Paltop® drill bits 

Drill bit 
diameter 

[mm] 

Rotational 
speed 
[rpm] 

Maximum temperature [°C] 

without 
cooling 

cooling 
at 3 °C 

cooling 
at 20° C 

2.0 800 40.5 18.8 24.0 
2.0  1200 50.1 21.6 24.6 
2.0  1500 54.3 22.5 24.2 
2.4 800 30.3 17.3 25.8 
2.4  1200 38.5 21.9 24.0 
2.4  1500 41.7 23.3 26.3 
3.75 800 30.7 20.6 26.5 
3.75  1200 34.4 20.2 25.9 
3.75  1500 35.3 19.8 25.3 

 

Table 2. The maximum temperatures obtained 
during machining with Hiossen® drill bits 

Drill bit 
diameter 

[mm] 

Rotational 
speed 
[rpm] 

Maximum temperature [°C] 

without 
cooling 

cooling 
at 3 °C 

cooling 
at 20 °C 

2.8 800 52.2 24.4 25.1 
2.8  1200 53.9 25.3 25.6 
2.8  1500 55.1 25.1 26.3 
3.5 800 37.5 21.1 26.0 
3.5  1200 39.2 30.3 26.6 
3.5  1500 40.4 21.1 27.3 
4.0 800 31.9 20.9 25.3 
4.0  1200 33.5 22.9 24.6 
4.0  1500 34.8 20.9 25.2 
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peratures were higher compared to those obtained for
the Paltop® system, both in the case of dry drilling and
in the cases where cooling systems were used. The
highest temperatures (31.9 °C–55.1 °C) were obtained
for the “without cooling” group (drill bit diameter of
2.8 mm), with the maximum temperature, 55.1 °C,
obtained at 1500 rpm. For the Paltop® system, the re-
sulting temperatures range from 30.3 °C to 54.3 °C. The
temperature of 54.3 °C was also obtained at 1500 rpm.
For preparation without cooling for the Hiossen® sys-

tem, the cortical bone layer thickness was 1.00 mm
(median) and the hole length was 11 mm (median).
For the Paltop® system, these parameters were lower
and were 0.72 mm (thickness of the cortical bone
layer) and 9.31 mm (length of the drilled hole).

Lower temperatures were obtained during drill-
ing with a cooling system. These temperatures
ranged from 18.8 °C to 26.5 °C for the Paltop® sys-
tem and from 20.9 °C to 30.3 °C for the Hiossen® sys-
tem. For the Paltop® system, the obtained temperatures

       

Fig. 5. The thickness of the cortical bone tissue layer during machining with A – Hiossen® and B – Paltop® drill bits.
The horizontal line shows the median

Fig. 6. The length of the hole made with A – Hiossen® and B – Paltop® drill bits.
The horizontal line shows the median

Fig. 7. The diameter of the hole made with A – Hiossen® and B – Paltop® drill bits.
The horizontal line shows the median
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Fig. 8. The comparison of individual drilled holes and bone around the hole in the frontal and sagittal planes.
The holes were made using two Hiossen® systems under different cooling conditions – without cooling, cooling at 3 °C

and cooling at 20 °C – and with different rotational speeds such as 800 rpm, 1200 rpm and 1500 rpm

Fig. 9. The comparison of individual drilled holes and bone around the hole in the frontal and sagittal planes.
The holes were made using two Paltop® systems under different cooling conditions – without cooling, cooling at 3 °C

and cooling at 20 °C – and with different rotational speeds such as 800 rpm, 1200 rpm and 1500 rpm
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varied with the cooling medium temperature and they
were lower (regardless of the machining speed used)
when a saline solution at 3 °C is used. The differences
between the “cooling 3 °C” and “cooling 20 °C”
groups were 26% for 800 rpm, 22% for 1200 rpm and
13% for 1500 rpm. For the Hiossen® system, the differ-
ences obtained between these groups were lower – 12%,
3% and 13%, respectively. For the “cooling 3 °C”
group, the temperatures obtained during machining
are 22.1 °C (for 800 rpm), 26.2 °C (for 1200 rpm)
and 22.4 °C (for 1500 rpm). For cooling with the saline
solution at room temperature (“cooling 20 °C” group),
temperatures were similar – 25.5°C, 25.6°C and
26.3 °C, respectively. It should be noted, however, that
for the preparation using saline at 3 °C (the “cooling3
°C” group), the thickness of the cortical bone layer
was 1.27 mm (median) and the length of the drilled
hole was 9.96 mm (median), whereas for this solution
at room temperature (the “cooling 20 °C” group) these
values were significantly lower – 0.92 mm and 8.52 mm,
respectively. For the Paltop® system, the temperatures
obtained when cooling with saline at room temperature
had higher values compared to those obtained when
cooling with this solution at 3 °C. These differences
were 26% for 800 rpm and 13% for 1500 rpm. It should
be noted, however, that in that case the holes were
drilled entirely through the cortical bone layer.

In the next step, the diameter of the drilled holes
was analysed (Fig. 7). For both the Paltop® and Hiossen®

systems, the smallest differences between the expected
hole diameter, understood as the drill bit diameter, and
the diameter of the drilled hole were found in the
“without cooling” group. For the Hiossen® system, these
differences were approximately 12% and they were
obtained at 800 rpm, while for the Paltop® system they
are 20% (at 1500 rpm). It should be noted that for the
Paltop® system, the bone tissue had a thicker cortical
layer. In the case of preparation with cooling systems,
there were larger differences between the aforemen-

tioned diameters – 17% for the Hiossen® system and
23% for the Paltop® system. In each case, the differ-
ences between the measurement groups are not statis-
tically significant ( = 0.05).

4. Discussion

The present study is the analysis of the tempera-
ture generated during the bone tissue machining. The
existing studies in this field are related only to the
impact of the parameters of the machining process
(rotational speed, drill bit diameter) on the amount of
heat generated. No study presented so far has consid-
ered the structure of the bone tissue as well as the
geometry of the holes made. Thus, this article presents
a comprehensive approach to the subject; the analysis
included both parameters of the machining process
(rotational speed, cooling method), the geometry of
the drill bits used, as well as the thickness of the corti-
cal bone layer and the geometry of the holes made.

In this study, drill bits of two implant dental sys-
tems were used – Paltop® and Hiossen®. The macro-
scopic analysis revealed that these drill bits have similar
geometry (point angle) (Table 1, Fig. 2), however, their
diameters vary (Table 2). The conducted analysis
proved that larger diameter drill bits (Hiossen® drill
bits) generate more heat during the machining process,
as evidenced by higher temperatures obtained for the
Hiossen system in each case. The drill bits used in this
case have larger diameters compared to the Paltop®

system – 2.8 mm, 3.5 mm, 4 mm. The diameters of the
Paltop® drill bits are 2.0 mm, 2.4 mm, 3.75 mm.
These results do not confirm the results of the analy-
ses conducted by Flangan [10] and Marković [19],
according to which an increase in the drill bit diameter
reduces the amount of heat generated during the ma-
chining of bone tissue. It should be noted that the

Fig. 10. The comparison of two sample holes with a chip formed during the A – Hiossen® system drilling process
(cooling at 3 °C, rotational speed of the drill bit at 1500 rpm) and B – Paltop® system drilling process

(cooling at 20 °C, rotational speed at 1500 rpm)
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structural analysis using high-resolution computed
microtomography revealed the presence of chips in
the holes made with the Paltop® drill bits, which may
indicate that heat dissipation from the area under ma-
chining is impeded and this is typical of machining of
engineering materials. However, the hypothesis in
question was not confirmed by the obtained results of the
presented study. Despite the impeded chip evacuation in
the case of machining with the Paltop® drill bits and
the resulting disturbed heat balance, higher tempera-
tures were obtained in the case of machining with the
Hiossen® drill bits (Table 2).

The results also show a significant effect of the
applied rotational speed on the amount of heat gener-
ated, i.e., the amount of heat increases as the rota-
tional speed increases (Tables 1 and 2). For both the
Hiossen® and Paltop® systems, temperatures obtained
at 1500 rpm have the highest values (55.1 °C for the
Hiossen® system and 54.3 °C for the Paltop® system).
The obtained results are consistent with those presented
by Nam et al. [21], Augustin et al. [2] and Kaldindi
[15], according to which the amount of generated heat
increases with increasing drill bit diameter and rota-
tional speed. However, these results contradict those
presented by Sharawy et al. [24], who observed that the
temperature generated during machining at 2500 rpm is
lower compared to the temperature generated during
machining at 1667 rpm. According to the authors,
these differences are due to the time that is required
for making holes of a given length (in the studies con-
ducted by the authors, the hole length was fixed at
8 mm). The results obtained in the present study do
not confirm this relationship, which will be discussed
in the next section. Nevertheless, it should be empha-
sised that the drilled holes do not have the same
length.

According to the analysis conducted in the pre-
sented study, the amount of heat generated during
machining is also a consequence of the cooling system
used. The obtained results clearly reveal that the use
of cooling system reduces the amount of heat gener-
ated during the preparation, which is evidenced by the
lower temperatures obtained in this case compared to
the temperatures obtained in the case of machining
without the cooling system. This proves previous lit-
erature reports [15]. These results partly confirm the
results obtained by Mecran et al. [20], according to
which the amount of generated heat is also affected by
the temperature of the cooling medium used. In the
cases (for the Hiossen® system) in which there were
no statistically significant differences between both
the thickness of the cortical bone tissue (Fig. 5A) and
the length of the drilled holes (Fig. 6A), the amount of

heat generated when using saline at room temperature
is greater compared to the amount of heat generated
when using this solution at 4 °C. The use of different
coolant temperatures did not affect the amount of heat
generated for different thicknesses of the cortical bone
layer under study, as was obtained for the Paltop®

system (Fig. 5B). The relationship between the tem-
perature generated during the preparation and the
depth of the drilled holes/coolant temperature was sta-
tistically significant for both systems (Figs. 5 and 6).
This indicates a significant impact of the hole length
on the amount of heat generated in the machining proc-
ess – the greater the hole length, the greater amount of
heat generated during machining. The results obtained
for the Paltop® system also show a significant impact
of the thickness of the cortical bone layer on the
amount of heat generated – the amount of heat in-
creases with increasing thickness. According to Eriks-
son et al. [7], [8], this is related to the internal struc-
ture of the cortical bone tissue. This tissue has higher
stiffness compared to cancellous tissue, which results
in the need for higher pressure and higher friction
during machining. Moreover, due to the low porosity
of cortical bone tissue, the energy generated during
the machining process is not dissipated (as is the case
of cancellous tissue machining – due to high porosity
of this tissue and filling of pores with bone marrow
and blood vessels). Specific mechanical parameters,
i.e., increased bone density and hardness in the corti-
cal layer, are used in bicortical implantation [13]. It
should also be noted that the obtained results re-
vealed that the use of a cooling system in the form of
a saline solution at a certain temperature does not
affect the accuracy of the drilled hole. The differ-
ences between the drill bit diameter and the diameter
of the drilled hole for machining without a cooling
system and with saline cooling are not statistically
significant ( = 0.05).

5. Conclusions

The results obtained in this study revealed a sig-
nificant effect of rotational speed, drill bit diameter
and type of cooling system on the amount of heat
generated during bone preparation. These results par-
tially support previous literature reports. An increase
in both the drill bit diameter and in the rotational
speed increases the amount of heat generated. This
study found that the thickness of the cortical bone
layer is also a significant factor that affects the
amount of heat generated (Fig. 5). Due to the compact
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structure of this tissue, its high stiffness and the ab-
sence of pores and blood vessels in its structure, the
drilling process requires a lot of pressure, and the en-
ergy generated during machining is entirely converted
into heat. According to the obtained results, the tem-
perature generated during preparation may be reduced
by using a coolant (at low temperature), which re-
duces the risk of negative effects of heat on bone tis-
sue cells and on thermal necrosis [27]. The observed
relationships are of great importance for understand-
ing the process of thermal energy dissipation in bone
tissue, giving the opportunity to consider them in
clinical settings. This is essential for controlling the
tissue cooling process, ensuring optimal parameters
– this has a direct effect on osseointegration.
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