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Abstract 

Heat, generated during the drilling of a dental implant site preparation leads to a 

temperature rise and consequently to a thermal injury of the bone tissue surrounding the 

implant site, which can cause the subsequent implant failure. In this paper, we present 

new findings related to the temperature rise during implant site drilling under real 

conditions on a bovine rib bone specimen. The experiments were designed with the help 

of a full-factorial design in randomized complete blocks, where the main effects of the 

drill diameter in combination with the drilling force and the drilling speed, and their 

interactions, on the temperature rise were determined. The temperature rise in the bone 

under real conditions was measured as the implant site was being prepared by a dentist 

using intermittent, graduated drilling and external irrigation. Results show that the drill 

diameter has statistically significant effect, independent of the drilling procedure used. 

Among the examined drilling parameters, the drill diameter has the greatest effect, where 

an increase in the drill diameter first causes a decrease in the temperature rise and further 

increase in the drill diameter causes its increase. During the continuous and one-step 

drilling the temperatures of the bones were up to 40.5 °C and during the drilling under 

actual conditions up to 30.11 °C.    
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Introduction 

Preparation of the implant site is very important for dental implant success. Heat, 

generated during the drilling into the bone leads to a temperature rise of the bone tissue 

surrounding the implant site. If the temperature of the bone tissue exceeds a critical 

temperature 47 °C for 1 minute, drilling into the bone can cause thermal osteonecrosis 

(the death of bone cells) and thus a subsequent implant failure
1,2,3

. Therefore, it is 

important to know how the various drilling parameters affect the temperature rise during 

the drilling into the bone
2,4

. There is no general agreement about the effects of the drilling 

parameters under real conditions, since there are only a few studies that consider real 

conditions during the dental implant site preparation, where intermittent drilling, 

graduated drilling and irrigation are normally used at the same time
5
. 

According to Augustin et al., the most influential parameter in limiting the 

temperature rise in the bone during the implant site preparation is irrigation, either 

internal
6
 or external

7
. Several other studies confirmed that when using any type of 

irrigation, the temperature of the bone remains below the critical temperature
6-9

.   

In implantology practice the drilling speed is usually prescribed by the 

manufacturer of the implant system. However, various researchers
1,3-5,10

 have 

investigated the effect of drilling speed on the temperature rise in the bone during the 

drilling.  

In implantology practice the drill bit is intermittently removed from the implant 

site during the drilling until the final drilling depth is reached. During this procedure the 

dentist adjusts the drilling force in accordance with his/her feeling and the bone’s 

hardness. When the drillings were not performed by a dentist
5,8

, researchers tried to 

imitate that with a constant drilling force
1
 or with a constant feed rate

6,9
.  

Due to the fact that in dental practice the use of irrigation during implant site 

preparation is required, that the value of the drilling speed is recommended by the 

manufacturer of the implant system and that the drilling force depends on the dentist’s 

feeling, the drill diameter is, to a large extent, the only parameter that can be more or less 

chosen by the dentist during the implant site preparation according to the quality and 

quantity of the jaw bones and the size of dental implant that is to be inserted. In dental 

practice the drilling of the implant site is not usually performed in a single step, rather it 

is gradually widened with larger drill diameters to the final diameter of the implant site. 

Several studies showed that the drill diameter has a significant effect on the temperature 

rise in the bone during the drilling
1,3-4,8,11

. 

The purpose of this paper is to present new findings relating the temperature rise 

in the bone under real conditions during the implant site drilling, where the implant site 

preparation was performed by a dentist using intermittent, graduated drilling and external 

irrigation. The experiments were designed with the help of 3
3
 full-factorial design in three 

randomized complete blocks, where the main effects of the drill diameter in combination 

with the drilling force and the drilling speed, and their interactions on the temperature 

rise, were determined.  



Material and methods 

Full-factorial experimental design in randomized complete blocks 

A suitable approach to planning the experimental studies of the main and 

interaction effects of the influential drilling parameters on the temperature rise during the 

implant drilling process is the statistical design of experiments method (DOE)
1
, where the 

number of measurements N depends on the number of studied parameters k, which 

represent the parameters for the process, the number of levels r at which the parameters 

are observed and the number of repetitions of the experiment for each parameter 

combination h, which enables a more precise estimate of the factor effect
12,13

:  

   kN r h . (1) 

In this research work the 3
3
 full factorial randomized complete block design (e.g., 

each block contains all the combinations of three parameters) was used to design the 

experiments, where we examined the effect of drill diameter in combination with drilling 

force and drilling speed at three levels of the examination. By randomizing the 

experiment, we assist in averaging out the effects of noise factors, present in the process, 

so that factors at all levels have an equal chance of being affected by the noise factors 

(drill wear, ambient temperature). Blocking, on the other hand, is a method of eliminating 

unwanted sources of variability, such as the cortical thickness and the shape of the bones, 

which could affect the trends of the temperature rise during the drilling, depending on the 

drilling parameters, by arranging similar experimental runs into blocks (i.e., groups). 

Generally, a block is a set of relatively homogeneous experimental conditions (e.g., 

similar structure of the bones) and therefore it is expected that the variability within a 

block is smaller than the variability between blocks. The measurements were randomized 

within each block in sequence, which was provided by the statistical analysis software 

Minitab, see Fig. 1, where the points in each block represent combinations of three 

parameters at different levels and the numbers represent the sequence of performed 

measurements. 

According to the results of 3
3
 full factorial randomized complete block design, the 

One-Variable-At-a-Time (OVAT) approach, where one input process variable is varied at 

a time, while holding the other factors of the process constant, was used to examine the 

effect of drill diameter on temperature rise in a bone under real conditions during the 

implant site preparation
12-13

. 



 

Fig. 1. 3
3
 full factorial design in three randomized complete blocks. 



Experimental set-up and measurement system 

The developed experimental set-up (see Fig. 2) and measurement system for an 

experimental study of the temperature rise in the bone, which were presented in detail in
1
, 

enable: drilling with different drill bits, setting and measurement of the drilling speed 

with a DC motor (which drives a drill bit) and a tachogenerator, setting of the final 

drilling depth, drilling with a constant drilling force, the implementation of intermittent 

drilling, measuring of the drill bit position and measuring of the drilling force. A constant 

drilling force is carried out on the principle of the gravitational method with the 

difference between the gravitational forces of an appropriately selected weight and the 

movable part of the guide unit (on which a drill and a DC motor are placed), which are 

connected by the belt over a pulley. The intermittent drilling is implemented with the 

help of the manual lifting mechanism.  

 

Fig. 2. Measurement system for the investigation of the temperature rise in the bone 

during drilling. 



For the investigation of the temperature rise under real conditions during the 

implant site preparation, the experimental set-up was upgraded with a coordinate table 

and a thermostated water bath. A coordinate table (Proxxon Micromot, Compound X-Y 

table KT 150, fine adjustment of scale 0.05 mm) enables a precise setting of the drilling 

location in the bone. A thermostated water bath, in which the experimental bone can be 

immersed, was installed in order to preserve the physiological properties of living bone. 

The temperature of the water in the bath is thermostated with the help of a coil heat 

exchanger placed in the water bath, through which the water from the heating thermostat 

(LAUDA ECO GOLD, temperature stability ±0.01 °C) is pumped. The temperature of 

the water in the thermostat is controlled with respect to the water bath temperature, which 

is measured with an external Pt 100 temperature sensor (temperature range −100 °C to 

+200 °C, accuracy class A (DIN EN 60751)) located near the bone in order to maintain 

the temperature of the bone before the drilling close to the temperature of an actual 

jawbone, see Fig. 3. A homogeneous temperature distribution in the water bath was 

achieved with a use of a stirrer placed in the water bath near the bone.  

Fig. 3. Thermostated water bath with immersed bone specimen. 

Bone specimen 

The measurements of the temperature rise during the implant site preparation 

were performed on bovine rib test specimens due to their resemblance with respect to 

human mandibular bone in terms of bone density, the relationship between the cortical 



and cancellous bone and the thermal conductivity
9
. The bones were purchased fresh, 

cleaned of soft tissues and cut into sections with a length of 10 cm. To preserve their 

physiological properties they were kept in a saline solution. During longer periods of 

storage they were frozen in order to preserve their thermo-mechanical characteristics. 

Due to the fact that the bones belonged to different animals with different ages, their 

physiological properties were expected to differ slightly. 

Operational procedure 

Before the investigation of the effect of the drill diameter on the temperature rise 

in the bone under real conditions during the implant site preparation, we investigated the 

effect of the drill diameter, in combination with the drilling force and the drilling speed, 

on the temperature rise during the drilling with the use of the statistical design of 

experiments (DOE) method using continuous and one-step drilling. The values of the 

studied parameters were selected according to the implant system’s manufacturer, XiVe, 

whose drill bits were used in the experiments. The measurements were performed with 

XiVe Twist drills for implant diameters of 3.0 mm, 3.4 mm and 3.8 mm, using drilling 

speeds of 800 min
–1

 (recommended by XiVe), 1200 min
–1

 and 1600 min
–1

 (selected to 

cover the maximum range of values used in dental implantology practice) and drilling 

forces of 10 N, 15 N and 20 N, which were estimated to be typical for dental 

implantology practice
14,15

. The final drilling depth was set to 13 mm, which is the length 

of the XiVe implants. 

In order to determine the location for the temperature measurements during the 

drilling into the bone, preliminary measurements were made with the thermovision 

method. In order to obtain a clear picture of the upper surface of the bone around the drill 

and the bone cross-section, the thermal camera was positioned at an angle of 

approximately 45° with respect to the bone and the thermostated water bath was drained. 

The drilling site was close to the bone’s cross-sectional surface so that the heat spreading 

from the drilling site longitudinally through the bone could be observed with the 

thermovision method. Fig. 4 shows the measured temperature field in the bone recorded 

with a fast thermal camera (FLIR, ThermaCAM S60, spectral range 7.5−13 μm, 

sensitivity 0.08 °C at 30 °C, accuracy ±2 °C) during drilling with a constant drilling force 

of 10 N, a drill diameter of 3.8 mm and a drilling speed of 800 min
-1

,
 
with the set 

emissivity of the bone at 0.98
16

. The results of preliminary measurements obtained with 

the use of the thermovision method showed that due to the higher density of the cortical 

bone, which causes more heat generation during the drilling, the highest temperature rise 

appear in the upper part of the bone. We would like to stress that the drilling during the 

measurements with the thermovision method was performed on a bone, of which the 

cortical thickness was greater than average in order to achieve higher temperatures so that 

the temperature field could be seen more clearly. 

Based on the results of preliminary measurements obtained with the use of the 

thermovision method and the fact that the cortical bone is more sensitive to the rise in 

temperature, which results from its limited blood supply that hinders the healing process 

after thermal damage, single-point measurements of the temperature rise in the bone 

during the drilling were performed with a calibrated thermocouple inserted into the 



cortical bone. The thermocouple was inserted into a hole with a diameter of 1.8 mm and a 

depth of 2 mm. From Fig. 4 it is also evident that the highest temperature during the 

drilling appears at the contact of the bone and the drill bit and, therefore, the wall 

thickness between the drilling hole and the hole with the inserted thermocouple was set to 

be as small as possible (1 mm).  

During the drilling the bones were partially (3/4 of the bone) immersed into the 

thermostated water bath with a set temperature of 37 °C, which resulted in an initial bone 

temperature of 28.5±0.75 °C (which is approximately the temperature of a real 

jawbone
17

) due to exposure of the upper part of the bone with the inserted thermocouple 

to the surrounding air at room temperature. Due to the fact that several measurements 

were performed on the same bone, the bone was left to cool down before each 

measurement until its temperature was stabilized at an initial value. Bone specimens were 

left in the water bath up to 20 minutes for the bone temperature to stabilize. The time of 

temperature stabilization was dependent on the size and cortical thickness of the bone.  

The experiments under real conditions during the implant site drilling were 

designed with the help of 3
3
 full –factorial design, therefore measurements were 

performed for all combinations of the three different values of the three studied 

parameters, which gives 27 experimental points, for which the measurements were 

repeated three times (81 measurements). The bones were distributed into three blocks 

according to a similar shape and the cortical thickness of the bones, which enabled us to 

conduct the experimental runs in each block under relatively homogenous conditions and 

therefore to reduce the effect of the variability of the bone properties. Furthermore, the 

experimental runs within each block were made according to a random run order 

provided by the statistical analysis software Minitab in order to reduce the effect of noise 

factors, such as the ambient temperature and the drill wear, see Fig. 1.   

The investigation into the effect of the drill diameter on the temperature rise in the 

bone under real conditions during the implant site preparation was carried out using the 

one-variable-at-a-time (OVAT) method for all three XiVe Twist drill diameters. The 

implant sites with diameters of 3.0 mm, 3.4 mm and 3.8 mm were prepared in the bovine 

rib bones using the graduated drilling method according to the protocol of the implant 

system manufacturer, XiVe. Each procedure was started by drilling a pilot hole with 

XiVe Twist Drill D 2.0 and followed by the preparation of the implant site by drilling the 

hole with Twist Drill D 3.0. In the preparation of larger implant sites the procedure was 

continued by graduated drilling with larger drill diameters until the diameter of the final 

implant site was reached (see Table 1). The drillings were made by a professional dentist 

who used the intermittent drilling method, which is typical for dental implantology 

practice. He was removing the drill bit from the hole with a manual lifting mechanism 

and therefore the drilling force was dependent on his feeling. The drilling speed was set 

to 800 min
-1

, as prescribed by XiVe. During the drilling an external irrigation with saline 

solution at room temperature and a volume flow rate of 10 ml/min was used. The 

temperature was measured in the cortical part of the bone at a depth of 2 mm and at a 

distance of 1 mm from the final implant site throughout the whole procedure. During the 

drilling the cut sections of the bones were partially (3/4 of the bone) immersed in the 



thermostated water bath in order to provide a bone temperature of approximately 28 °C 

before the drilling. 

Table 1. Implant site preparation protocol prescribed by the implant system manufacturer 

XiVe. 

Final implant site 
diameter df 

XiVe protocol 

Pilot hole Implant site preparation 

3.0 
XiVe Twist 
Drill D 2.0 

XiVe Twist Drill 
D 3.0 

  

3.4 
XiVe Twist 
Drill D 2.0 

XiVe Twist Drill 
D 3.0 

XiVe Twist Drill 
D 3.4 

 

3.8 
XiVe Twist 
Drill D 2.0 

XiVe Twist Drill 
D 3.0 

XiVe Twist Drill 
D 3.4 

XiVe Twist Drill 
D 3.8 

Statistical analysis 

Mean values of the actual temperatures during the drilling are given with their 

standard deviations, since this information tells the most about the damage to the bone. 

However, the investigation into the effects of the parameters was done using temperature 

rises rather than actual temperatures, in order to avoid the variability in initial 

temperatures and obtain the real effects of the drilling parameters. The parameter level 

means of the temperature rises were compared using factorial (design of experiments 

method) and one-way (real conditions during implant site preparation) ANOVA with 

statistical software Minitab, where P-values equal to or smaller than 0.05 were 

considered to be statistically significant. Also expanded measurement uncertainty U of 

the temperature difference measurements was estimated. It was obtained by multiplying 

the combined standard uncertainty u by a coverage factor k, which is 2 for 95 % 

confidence level. Combined standard uncertainty combines type A and type B 

measurement uncertainties. When estimating type B uncertainty, we considered 

uncertainties of measuring the initial and maximum temperature and the cross-correlation 

between them due to the fact that they were measured with the same thermocouple in a 

short period of time: 

 
2 2

B B, 1 B, 2 B, 1 B, 22T T T Tu u u u u    , (2) 

where uB,T1 is uncertainty of measuring initial temperature, uB,T2 uncertainty of measuring 

maximum temperature and ρ correlation coefficient between both temperature 

measurements, which can range in value from −1 to +1. To estimate uncertainty of 

measuring the individual temperature, we considered the following process uncertainties: 

uncertainty due to calibration of the thermocouple (uB,T1,cal = uB,T2,cal = 0.35 °C), 



uncertainty due to approximation (uB,T1,ap = uB,T2,ap = 0.03 °C) and uncertainty due to heat 

loss from the thermocouple wires to the surrounding air (uB,T1,hl = 0.04 °C, 

uB,T2,hl = 0.14 °C). Correlation coefficient was calculated as:  

 
B, 1,cal B, 2,cal B, 1,ap B, 2,ap B, 1,hl B, 2,hl

B, 1 B, 2

T T T T T T

T T

u u u u u u

u u

 
  , (3) 

 

where the  negative coefficient was used due to the fact that the reference temperature of 

the thermocouple (which contributes the most to the uncertainty due to calibration) was 

constant during the drilling and therefore the uncertainties of both temperature 

measurements compensate for one another. The correlation coefficient, estimated with 

the help of Eq. (3), was −0.96. Using the Eq. (2), the type B uncertainty was estimated to 

be 0.11 °C.                         

Results 

Results of the preliminary measurements with thermovision method are shown in 

Fig. 4, where the temperature field during drilling through cortical bone, temperature 

field in the moment, when final drilling depth is reached, and temperature field after the 

drilling can be seen. From the figure it is seen that the temperatures are the highest when 

drilling through cortical bone and at the contact of the drill bit and the bone.       

 

Fig. 4. Temperature fields recorded with the thermal camera during the drilling into the 

bone. 



Design of experiments method 

Examples of the measured signals of the drill-bit position and the temperature of 

the bone for two replicates of measurements for one combination of the drilling 

parameter values are shown in Fig. 5. From the measured signals of the drill-bit position 

in Fig. 5 it is evident that the drilling into the bone is slower through the cortical bone due 

to its higher density, while the drill bit drops very quickly to the final drilling depth when 

the cancellous bone is reached (the sudden change in the slope of the signal indicates the 

change in the bone properties). From the second drill-bit position signal can also be seen 

that the time of the drilling was longer due to the greater cortical thickness of the bone 

specimen, which resulted in higher temperature.    

 

Fig 5. Examples of measured temperature signals with corresponding drill bit position 

signals (F = 10 N, d = 3.8 mm, n = 1200 min
–1

). 

Table 2 shows average temperatures during the drilling and standard deviations of 

the mean for all the combinations of the parameters. We see that the temperatures during 

the drilling are up to 40.5 °C and do not reach the critical temperature threshold
22

. 

Standard deviations of the mean of the maximum temperature in the bones are relatively 

high, which is due to the use of blocks in the experimental design, where each replicate of 

the measurements at each parameter combination was done on bone with different 

cortical thickness.    

 



Table 2. Averaged maximum temperatures during drilling and experimental standard 

deviations of the mean for each combination of the drilling parameters. 

 F, N 10 15 20 

d, mm n, min−1 Tmax, °C 
s(Tmax), 
°C 

Tmax, °C 
s(Tmax), 
°C 

Tmax, °C 
s(Tmax), 
°C 

3 

800 37.32 2.28 36.19 1.94 35.48 1.82 

1200 35.10 2.17 34.81 1.16 33.36 0.80 

1600 34.24 2.38 31.15 0.10 31.38 0.58 

3.4 

800 34.45 1.99 34.33 1.33 31.95 0.86 

1200 34.13 1.99 31.75 1.10 31.27 0.42 

1600 31.39 0.38 31.85 0.67 30.69 0.17 

3.8 

800 38.49 0.36 36.31 1.52 40.36 1.16 

1200 40.49 1.29 39.19 1.96 33.36 1.08 

1600 35.59 1.52 35.51 0.98 34.88 1.77 

The averaged values of the measured temperature rises during the drilling into the 

bone and expanded measurement uncertainty for each combination of the drilling 

parameters are shown in Table 3. Shown temperature rises were used to obtain the effects 

of the drilling parameters, in order to avoid the variability in the initial temperature. The 

results show that the averaged maximum temperature rises in the observed range of the 

parameters values are up to 12°C. Although the expanded measurement uncertainties are 

relatively large, the trend of the effect of the individual parameter can be seen. The 

reason for large measurement uncertainties is the use of blocks, which were necessary to 

obtain the real effects of the drilling parameters.    

 

 

 

 

 



Table 3. Averaged temperature rise of the bone and the estimated expanded uncertainty 

of the temperature rise measurement for each combination of the drilling parameters. 

 F, N 10 15 20 

d, mm 
n, 
min−1 ∆T , °C U(∆T), °C ∆T , °C U(∆T), °C ∆T , °C U(∆T), °C 

3 

800 9.26 4.85 7.88 3.54 7.17 4.23 

1200 6.92 4.71 6.36 2.40 5.04 1.55 

1600 6.11 4.70 2.84 0.50 2.86 1.47 

3.4 

800 6.40 3.34 6.08 2.54 3.48 1.55 

1200 5.79 4.46 3.44 2.09 2.81 0.99 

1600 3.19 0.66 3.23 1.25 1.99 0.49 

3.8 

800 10.49 0.79 7.92 3.26 5.73 3.08 

1200 12.00 2.63 10.89 3.93 4.96 2.07 

1600 7.17 3.37 7.23 2.40 6.28 3.88 

 

Fig. 6 shows the main effects of the individual drilling parameters. The results of the 3
3
 

full factorial design show that the drill diameter has the largest effect on the temperature 

rise. The increase in the drill-bit diameter from 3.0 mm to 3.4 mm causes a decrease in 

the maximum temperature rise due to the chip jamming in the drill flutes when drilling 

with the smallest drill diameter. On the other hand, further increase in the drill-bit 

diameter from 3.4 mm to 3.8 mm causes the increase in the maximum temperature rise 

due to larger contact surface between the drill bit and the bone and therefore higher 

energy applied for cutting the bone. The latter factor is more important for the effect of 

the drill diameter, since the increase in the temperature rise between 3.4 mm and 3.8 mm 

is greater than the decrease between 3.0 mm and 3.4 mm. The results show that the 

drilling force and the drilling speed have a similar effect, where the temperature rise is 

decreasing almost equally with the increasing of both parameters due to the reduced 

drilling time.  

 



Fig 6. Main effects plot for the experiment. 

The interaction effects of the drilling parameters are shown in Fig. 8. The largest 

interaction effect on the maximum temperature rise during the drilling have the drill 

diameter in combination with drilling speed and the drill diameter in combination with 

drilling force, whereby the effect of the drill diameter at different forces has similar trend.   



 

Fig 7. Interactions plot for the experiment. 

Table 4 shows the results of the factorial ANOVA for the effects obtained with 

the full factorial complete block design. We can see that all the main effects of the 

drilling parameters, the interaction effect of drill diameter and drilling speed and the 

interaction effect between all three examined drilling parameters are statistically 

significant. Statistically significant is also the effect of blocks, therefore we can conclude 

that the distribution of bones into three blocks according to a similar shape and the 

cortical thickness was meaningful, although it contributed to larger measurement 

uncertainties (higher standard deviations of the mean).        

 

 

 

 

 

 

 

 



Table 4. ANOVA table for the effects obtained with full factorial design. 

Error source df SS MS F p 

Blocks 2 249.820 124.910 61.450 0.000 

F 2 127.591 63.796 31.380 0.000 

d 2 219.578 109.789 54.010 0.000 

n 2 97.629 48.814 24.010 0.000 

F∙d 4 14.892 3.723 1.830 0.137 

F∙n 4 15.227 3.807 1.870 0.129 

d∙n 4 34.623 8.656 4.260 0.005 

F∙d∙n 8 34.767 4.346 2.140 0.048 

Error 52 105.704 2.033     

Total 80 899.830       

The temperature rises in the bone during the implant site 

preparation 

Due to the fact that drill diameter has great interaction effect in combination with 

the drilling force and the fact that in dental practice the drilling force depends on the 

dentist’s feeling, the investigation into the effect of the drill diameter on the temperature 

rise in the bone was carried out also under real conditions. 

Figs. 8 and 9 show the measured signals during the preparations of the implant 

sites with final diameters of 3.0 mm and 3.8 mm. From the measured signals of the drill-

bit position it is clear that during the graduated drilling each drill bit was removed from 

the drilled hole three times before the final depth of drilling was reached. The 

measurement signals of the drilling force show that the largest force during the 

preparations of the implant sites is applied to the bone during the drillings of the pilot 

holes and reaches values up to 40 N (depending on the bone test specimen properties, see 

Figs. 8 and 9). The results of the measurements show that the highest temperature rises in 

the bone were measured during the drillings with the final drill diameters.  



 

Fig. 8. Measured signals during the preparation of the dental site with a diameter of 

3.0 mm. 



Fig. 9. Measured signals during the preparation of the dental site with a diameter of 

3.8 mm. 

Table 5 shows the temperatures during the implant site preparation, temperature 

rise and expanded measurement uncertainty of measuring the temperature rises in the 

bones. From the results of the measurements it is evident that during the drilling into the 

bone for the dental implant placement using the graduated and intermittent drilling with 

an external irrigation, the temperature rises are far below the critical temperature. 

Table 5. Measured temperatures, temperature rises and expanded measurement 

uncertainty during the actual drilling conditions. 

d, mm Tmax, °C ∆T, °C U(∆T), °C 

3 30.11 1.70 0.45 

3.4 29.14 0.82 0.42 

3.8 29.86 1.33 0.32 

Fig. 10 shows the average maximum temperature rises measured during the three-

times-repeated preparations of the implant sites with final diameters of 3.0 mm, 3.4 mm 

and 3.8 mm with their experimental standard deviations of the mean for three repeated 

measurements. The trend of the effect of the drill diameter on the maximum temperature 

rise in the bone during the implant site drilling is similar to that determined with the use 



of the DOE method. In contrast to the results obtained with the use of the DOE method, 

the highest temperature rises are caused by drilling the implant sites with the drill 

diameter of 3.0 mm. From the table 6 it is also evident that the effect of the drill diameter 

under real conditions is statistically significant.  

 

Fig. 10. Averaged maximum temperature rises of the bone during the preparation of 

implant sites with final drill diameters of 3.0 mm, 3.4 mm and 3.8 mm. 

 

Table 6. ANOVA table for the results obtained during actual drilling conditions. 

Error source df SS MS F p 

d 2 1.171 0.585 6.980 0.027 

Error 6 0.503 0.084     

Total 8 1.674       

Discussion 

In this paper we present the new findings relating the effect of drill diameter on 

the temperature rises during implant site drilling under actual conditions on the bovine rib 

bone specimen. The experiments were designed using 3
3
 full-factorial design in three 



randomized complete blocks (according to a similar shape and the cortical thickness of 

the bones), where the main effects of the drill diameter in combination with the drilling 

force and the drilling speed, and their interactions with respect to the temperature rise, 

were determined. Measurements were performed for all combinations of the three 

different values of the three studied parameters and repeated three times. The average 

maximum temperatures in the bone were up to 40.5 °C and did not exceed the critical 

temperature threshold. We should stress that when drilling into the bones with greater 

cortical thickness, the temperatures sometimes very much exceeded the critical 

temperature (see Fig. 4). However, these results were not included in the experimental 

design because such bone specimens represented a small sample. Experimental standard 

deviations of the mean of the actual temperature for three repeated measurements were 

up to 2.38 °C and expanded uncertainties for measuring the temperature rise were up to 

4.85 °C, which is relatively large but expected due to the fact that experiments were 

designed in blocks. Therefore, the major part of the expanded uncertainty comes from 

type A uncertainty (type B uncertainty was estimated to be 0.11 °C), which is the result 

of variability in the structure of bones. Furthermore, bone is an inhomogeneous biological 

tissue of specific structure and properties, and the bones used in the experiments 

belonged to different animals with different ages, which caused larger diversity of their 

physiological properties. However, the trends of the effects of drilling parameters can be 

seen and are similar to that obtained on homogeneous PMMA test specimens, used as a 

substitute for the bone in our previous work
1
, where the achieved repeatability was better.         

The results of the analysis obtained with factorial design, where the continuous 

and one-step drilling with constant drilling force was used, show that the drill diameter 

has the greatest effect on the temperature rise during the drilling. The increase in the drill-

bit diameter from 3.0 mm to 3.4 mm causes a decrease in the maximum temperature rise 

due to the chip jamming in the drill flutes when drilling with the smallest drill diameter. 

On the other hand, further increase in the drill-bit diameter from 3.4 mm to 3.8 mm 

causes the increase in the maximum temperature rise due to larger contact surface 

between the drill bit and the bone and therefore higher energy applied for cutting the 

bone. A higher temperature rise with a larger drill diameter was confirmed by several 

studies
3,7-8,11

. Pandey et al.
11

 also showed that the drill diameter has the largest effect on 

the temperature rise when observing the effects of the drill diameter, the drilling speed 

and the feed rate.   

The results show that the drilling force and the drilling speed have similar effect, 

where the increase in both parameters causes a decrease in the maximum temperature rise 

due to the reduced drilling time and thus the time of the heat generation and the heat 

transfer from the drill bit to the bone.  

Several studies showed that drilling force affects the temperature rise in the bone, 

but there is no consent about how the temperature is affected by the drilling force
1,18-21

.  

Various researchers have investigated the effect of drilling speed on the 

temperature rise in the bone during the drilling. Aldabagh et al.
9
 and Bogovič et al.

1
 and 

Sharawy et al.
5
, on the other hand, performed experiments with a constant drilling force 

or the drilling was performed by a dentist. Their studies showed lower temperature rise 



when drilling with higher drilling speeds due to the fact that less time is needed to 

achieve the same depth of osteotomy and so less heat is generated due to the cutting of 

the material. 

Factorial ANOVA showed that the effects of drill diameter, drilling force and 

drilling speed are statistically significant and that interaction effects are, in general, less  

important than main effects. 

Due to the fact that the results of 3
3
 full-factorial design show that the drill 

diameter does not have significant interaction effect in combination with drilling force 

and the fact that in dental practice the drilling force depends on the dentist’s feeling, the 

investigation into the effect of the drill diameter on the temperature rise in the bone was 

carried out also under real conditions.  

The results of the measurements under real conditions show that the highest 

temperature rises in the bone were measured during the drillings with the final drill 

diameters. This does not necessarily indicate that less heat was generated in previous 

steps of the drilling procedures, since the thermocouple was inserted at a distance of 

1 mm from the finally drilled implant site throughout the whole procedure and was 

therefore at a greater distance from the drilling sites made in previous steps of the 

graduated drilling. However, it is expected that the maximum temperature rises, which 

appear at the contact of the bone and the drill bit (see Fig. 4) in previous steps, are not 

crucial for dental implantology practice since the thermally damaged bone in these steps 

of the drilling procedure is removed afterwards by drilling with the final drill diameter. 

As the drilling force applied to the bone during the preparations of the implant 

sites with different final diameters was almost identical (see Fig. 9), the trend of the 

effect of the drill diameter on the maximum temperature rise in the bone during the 

implant site drilling is similar to that determined with the use of the DOE method, where 

the measured temperature rises in the bone during the continuous drillings with different 

drilling forces and drilling speeds showed that for most of the combinations of these two 

parameters the increase in the drill diameter from 3.0 mm to 3.4 mm causes a decrease in 

the maximum temperature rise and an increase in the drill diameter from 3.4 mm to 

3.8 mm causes its increase. In contrast to the results obtained with the use of the DOE 

method, the measurements of the temperature rise in the bone during the implant site 

preparations show that the highest temperature rises are caused by drilling the implant 

sites with the smallest final diameter. This is due to the used graduated drilling protocol, 

where in comparison with the final drilling of the implant site with a diameter of 3.8 mm, 

more bone is removed when drilling the dental site with a diameter of 3 mm and therefore 

more energy is applied for cutting the bone. From the results of the measurements it is 

evident that during the drilling into the bone for the dental implant placement using the 

graduated and intermittent drilling with an external irrigation, the temperature rises are 

far below the critical temperature.   

 

 



Conclusions 

Among the examined parameters, the drill diameter has the greatest effect on 

temperature rise during the continuous and one-step drilling. The increase in the drill 

diameter has larger effect between 3.4 mm and 3.8 mm, where the temperature rise 

increases, than between 3.0 mm and 3.4 mm, where the temperature rise decreases. The 

effects of drill diameter, drilling force and drilling speed are statistically significant. The 

effect of the drill diameter on the temperature rise under clinical conditions is also 

statistically significant and similar to that determined with the use of the continuous and 

one-step drilling, where the temperature rise first decreases and then increases with the 

increase in the drill diameter. During the continuous and one-step drilling the 

temperatures of the bones were up to 40.5 °C and during the drilling under actual 

conditions up to 30.11 °C.   

Ethical approval 

Bovine bone specimens used in the experiments belonged to animals slaughtered solely 

for the purpose of further processing in the food industry. Therefore, no ethical approval 

is required. 
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