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Experimental analysis of the temperature rise during the simulation of an implant 

drilling process using experimental designs 

 

 

Abstract 

 

The temperature rise during dental implant site preparation performed with drilling can cause 

the death of bone cells in the bone tissue surrounding the drilling location and, as a 

consequence, the implant failure. Since the temperature rise during the bone drilling is a result 

of complex processes influenced by many parameters, in this paper we present the use of an 

experimental design method to determine the effects of the drilling parameters on the 

temperature rise. For this purpose we developed a measurement system that allows drilling 

with different drill bits, settings and measurements of the drilling force and drilling speed, 

settings of the final drilling depth, measurements of the position of the drill bit and 

measurements of the temperature in the test specimen. The measurements were performed on 

PMMA test specimens in order to provide good repeatability of the measurements. To 

determine the main effects of the drilling parameters and their interactions, the measurement 

results were analyzed using 3
3
 full factorial design. In order to mathematically describe the 

drilling process and to determine the optimum values of the influential parameters that cause 

the minimum temperature rise in the range of parameters values used in implant dentistry, 

response surface methodology was used. The mathematically determined optimum values for 

the parameters were also experimentally confirmed. 

 

Keywords: bone drilling, temperature rise, design of experiments, implant dentistry, optimum 

drilling parameter value 
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1  Introduction 

 

Dental implant success depends on many factors, among which implant site preparation by 

drilling is especially important. During the drilling into the bone the heat is generated, which 

leads to the temperature rise of the bone tissue surrounding the implant site. This temperature 

rise during the bone drilling is a result of complex processes, which, in addition to the 

structure and properties of the bone, are influenced by many process parameters, such as the 

drilling procedure, the irrigation system and the coolant temperature, the drilling depth, the 

drilling speed, the drilling force, the geometry and material of the drill bit and, consequently, 

the drilling time [1]. During the implant site preparation it is important that the temperature of 

the bone tissue does not exceed a critical temperature, otherwise the drilling into the bone can 

cause thermal osteonecrosis (death of bone cells) and thus the implant failure [1,2]. For this 

reason it is important to choose values for the drilling parameters that lead to the minimum 

temperature rise and the shortest time of exposure of the bone to the increased temperatures 

[3]. Previous studies have generally focused only on the effects of individual parameters, 

while their interactions were not analyzed. For this reason, there is no general agreement 

about the optimum combination of values of the drilling parameters. The results of the studies 

that discuss the effects of individual process parameters on the temperature rise are difficult to 

compare directly, because they were performed under different conditions: on different bone 

specimens [4-6], with different procedures and implant drilling systems [4,5], at different 

initial specimen temperatures and different ranges of values of the influential parameters. The 

most influential parameter according to Augustin et al. [7] is the internal irrigation. However, 

among the process parameters, for which the values can be chosen during the implant site 

preparation process by dentists, the studies indicate that the most influential are: the drilling 

force, the drill diameter and the drilling speed [1,8]. 

 

One of the most influential parameters that affect the temperature rise in the bone during the 

drilling is, according to Matthews and Hirsch [9] and Brisman et al. [6], the drilling force. 

When examining the effect of the drilling force, Augustin et al. [1] concluded that the drilling 

force has two roles: on the one hand, a higher drilling force reduces the drilling time and thus 

the time for the heat to transfer to the bone, but, on the other hand, a higher force increases the 

friction between the bone and the drill bit and thus the instantaneous heat generation is 

greater. Therefore, it is important to find the optimum value of the drilling force, i.e., one that 

is not too high so as to generate excessive heat, but sufficient to reduce the drilling time as 
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much as possible and thus the time period during which heat is generated due to the friction 

between the bone and the drill bit. Comparisons of the results of different studies show that 

the effect of the drilling force on the temperature rise also depends on the values of other 

process parameters associated with drilling [10,11]. 

 

The drill diameter also has a significant effect on the temperature rise. A higher temperature 

rise with an increased drill diameter was confirmed by several studies, Kalidindi [2], Kim et 

al. [12] and Sener et al. [13]. The friction that occurs during the drilling is proportional to the 

size of the contact surface between the drill bit and the bone. By increasing the drill-bit 

diameter the contact surface increases, which results in increased friction. Consequently, more 

intensive heat generation during the drilling causes a higher temperature rise in the bone [1]. 

 

Opinions about the effect of the drilling speed on the temperature rise are divided. It was 

observed that the effect of the drilling speed on the temperature rise also depends on the 

drilling force. Reingewirtz et al. [14] and Kalidindi [2], who performed experiments with a 

constant drill feed rate, identified a higher temperature rise when drilling with higher drilling 

speeds. They concluded that a higher cutting speed increases the shear stress and the friction 

between the drill bit and the specimen, which results in a greater heat generation rate. 

Aldabagh et al. [15], on the other hand, performed experiments with a constant drilling force. 

The results of their studies show a decrease of the temperature rise with an increase in the 

drilling speed due to the fact that, when drilling with lower drilling speeds and a constant 

drilling force, more time is needed to achieve the same depth of the osteotomy and therefore 

more heat is generated due to the cutting of the material. 

 

The studies of other authors show that the temperature rise within the bone in the vicinity of 

the drilling location is influenced by many interrelated effects associated with the process 

parameters. After selecting the process parameters to be studied, authors generally employed 

two approaches: in the first approach they were changing the value of only one parameter at a 

time and leaving the values of all the other parameters unchanged, while in the second 

approach they performed measurements with all possible combinations of the values of the 

parameters. Although the second approach allows a determination of the interactions between 

the parameters, the authors mostly observed only the main effects of the studied parameters 

on the temperature rise during the drilling [2,4]. 
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The purpose of this paper is to determine the functional dependence of the temperature rise 

during an implant site preparation on the three, according to other researchers, the most 

influential drilling parameters, i.e., the drilling force, the drilling speed and the drill diameter. 

In order to enable the setting of different drilling parameters in the range of values that are 

typical for implantology practice [4,8,13] and measurements of their effects on the 

temperature rise in the test specimen a measurement system was developed. For the 

determination of the main effects of the individual process parameters and their interactions 

on the change in the specimen temperature during the drilling, the experimental results were 

analyzed using the statistical design of experiments methodology. In order to find the 

optimum values of all three parameters within the observed ranges a mathematical model 

relating the input and output process variables was built with the help of the response surface 

methodology. 

 

The theoretical basis for the temperature rise modeling during the drilling process is presented 

in Section 2. The measurement system that was developed with the purpose of examining the 

effects of the drilling force, the drill diameter and the drilling speed on the temperature rise in 

the experimental specimen is presented in Section 3. In addition, the measuring procedure, the 

analysis of the obtained experimental results using the statistical design of experiments 

method and the determination of the optimum values of the parameters with the help of the 

mathematical model relating the temperature rise in the specimen to the independent 

parameters of the drilling process are presented in Section 4.  
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2  Modeling of the temperature rise during the drilling process 

 

The heat generation during drilling is caused by the tearing of intramolecular bonds in the 

bone tissue, the shear deformations, the friction between the rake face of the drill bit and the 

chips, and the friction between the flank face of the drill bit and the bone [3]. Most of the 

mechanical energy, required for the drilling process, is converted into heat, which is then 

transferred to the bone chips, the drill bit and the bone surrounding the implant site. Due to 

the continuous removal of material, the inhomogeneous structure and the anisotropic thermal 

properties of the bone, the heat transfer during the drilling process is a complex physical 

phenomenon. However, if a radial symmetry is considered, the temperature distribution in the 

homogeneous and isotropic bone is governed by a heat diffusion equation [3]: 

 

 
2

2

1 1

η αb

T T T
r

r r r t

    
  

    
,  (1) 

 

where T is the temperature, r and  are the radial and the axial coordinates of the cylindrical 

system, respectively, t is the time and ,α λ ρb b b p bc  is the thermal diffusivity of the bone, 

with λb  being the thermal conductivity, ρb  the density and cp,b the specific heat of the bone. 

A schematic view of the test specimen during the drilling process is shown in Fig. 1. The 

instantaneous location of the drill-bit tip in the bone coordinate system is given by: 

 

 ηd L x  , (2) 

 

where L is the thickness of the specimen, and the instantaneous position of the drill bit 

dx v t  depends on the velocity of drill-bit penetration dv . The initial condition of the bone is 

usually assumed to be a uniform temperature and the boundary condition at the drill-bit tip is 

given by the generated heat rate: 

 

  T sh fQ Q Q , (3) 

 

where the rate of heat generation due to the shear deformation in the material shQ  and the rate 

of heat generation due to the friction between the rake face of the drill bit and the chip fQ  
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(the friction between the flank face of the drill bit and the bone is generally considered to be 

negligible for a sharp cutting tool) depend on the thermal properties of the tool, the chip and 

the bone, and on the drilling parameters, such as the drilling force, the diameter and the 

angular velocity of the drill bit.  

 

 

Figure 1. Scheme of the test specimen during the drilling process. 

 

 

Studying a complex process, such as drilling into a bone, requires, in addition to a 

determination of the main effects of the individual drilling parameters, a knowledge of the 

parameters interaction effects and taking into account various random effects (e.g., the 

random chip removal due to the different compaction and speed of the chips expelled from the 

cutting region) on the temperature rise during the drilling. For this reason the temperature rise 

in the bone during the drilling is studied in this paper with the help of the statistical design of 

experiments method. On the basis of the performed experiments this method allows a 

determination of the mathematical formulation that describes the entire process of the 
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temperature rise during the drilling into the bone. The number of measurements N depends on 

the number of studied parameters k, which represent the inputs for the process, the number of 

the levels r at which the parameters are observed and the number of repetitions of the 

experiment for each parameter combination h [17]: 

 

 kN r h . (4) 

 

In order to describe the nonlinearities of the individual effects we used a full factorial 3
3
 

design, in which the inputs for the model are represented by the experimental points, which 

contain all possible combinations of the three parameters (drilling force, drill diameter and 

drilling speed) at three levels of the examination. The experimental range and the position of 

the experimental points of this design are schematically shown in Fig. 2. 

 

 

 

Figure 2. Experimental points in the 3
3
 factorial design. 

 

 

To determine the optimum values of the effective parameters where the minimum temperature 

rise during the drilling process is obtained the response surface methodology was used.  For 
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the approximation of the functional relationship between the temperature rise during the 

process of the drilling in the bone and the independent parameters of the process a second-

order polynomial model was used:  

 

 
2 2 2

o F F d d n n FF F dd d nn n Fd F d Fn F n dn d nT b b x b x b x b x b x b x b x x b x x b x x           , (5) 

 

where bo is the offset term, and bF, bd, and bn are the regression coefficients for the main 

effects, bFF, bdd, and bnn are for the quadratic main effects, bFd, bFn, and bdn are for the two-

factor interaction effects and xF, xd, and xn  are coded variables of the individual parameter (F 

for the drilling force, d for the drill-bit diameter, n for the drilling speed). 
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3  Measurement system 

 

In order to examine the effects of different parameters on the temperature rise during the 

drilling into the test specimen we developed the measurement system that is schematically 

shown in Fig. 3. The developed measurement system allows drilling with different drill bits, 

settings and measurements of the drilling force and drilling speed, settings of the final drilling 

depth, measurements of the position of the drill bit and measurements of the temperature in 

the test specimen. The drilling into the test specimen is enabled with the rotational and feed 

movements.  

 

The rotational movement is created using a DC motor with a built-in tachogenerator (Control 

Techniques, type DCM 2C 30/03 A2, range 0-3000 min
–1

, motor voltage constant 

10.7 V/1000 min
–1

, rated stall torque 0.47 Nm, range of the control signal 0-10 V; 

tachogenerator voltage constant 10V/1000 min
–1

, tachogenerator linearity error 0.1%). The 

DC motor and the tachogenerator are connected into a feedback loop with a servo drive (Mini 

Maestro DCD 60x7/14). On the basis of the voltage signal from the tachogenerator, the servo 

drive supplies the motor with the required electrical current in order to maintain the set 

drilling speed, regardless of the motor load. On the motor shaft, a keyless drill chuck (Röhm, 

type 141 Supra-SK) with a clamping capacity from 0.5 mm to 10 mm is mounted.  

 

The feed movement of the drilling system in the vertical direction and the completely vertical 

position of the drill bit are enabled with the help of a linear guide unit (Festo, type FENG-40-

100-KF). On the movable part of the guide unit an additional massive stainless steel plate is 

mounted with the function of damping the vibrations caused by the motor. Drilling with 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 assembly (the drilling system, the movable part of the guide unit and the 

massive plate), which are connected by a belt over a pulley. The final drilling depth into the 

test specimen is set with the position of the lateral plate, and the location of the drill bit in the 

test specimen is measured with an LVDT displacement sensor (G. L. Collins Corporation, 

type SS-107, estimated expanded measurement uncertainty 0.04 mm). The core of the LVDT 

displacement sensor is mounted on a massive plate, while the housing is mounted (next to the 

guide unit) on the support lateral plate. The drilling force, which is transmitted from the drill 

bit to the test specimen, is measured with a load cell (HBM, type U3, measuring range 0-
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500 N, nominal sensitivity 2mV/V, estimated expanded measurement uncertainty 0.02 N in 

applied measuring range 0-30 N) that is mounted under the test specimen. The load cell with 

the integrated lateral force compensation is connected to the bridge amplifier (Dewetron, type 

DAQ-Bridge-M, full scale output –5 to +5 V, accuracy <0.05%, set sensitivity 0.2mV/V). 

Two positioning plates, placed under the load cell, can be moved perpendicularly with respect 

to one another, which enables a precise setting of the drilling location in the test specimen. 

After the drilling is completed, the drill bit is removed from the drilling hole with the help of 

the manual lifting mechanism, which generally also enables the implementation of 

intermittent drilling and the simulation of other drilling procedures that are typical for dental 

practice. 

 

The temperature in the test specimen is measured with an uncoated thermocouple (type J, 

measuring junction diameter 1.78 mm) that is connected to a thermocouple measurement 

device NI USB-TC01 (operating range 0-55°C, resolution 20 bit, sampling rate 4 Hz, the 

estimated expanded measurement uncertainty of the temperature measurement with the 

connected thermocouple type J 0.2 °C). The output signal from the LVDT displacement 

sensor is connected to a data-acquisition (DAQ) board NI USB-6009 (analog input resolution 

14 bit, set sampling rate 1 kHz) and the signals from the bridge amplifier and the 

tachogenerator to the DAQ board NI USB-6251 (analog inputs and outputs resolution 16 bit, 

set sampling rate 10 kHz). Based on the output voltage from the DAQ device NI USB-6251 

the desired drilling speed is set through the servo drive and the motor. The controller of the 

measurement system and the signal processing are realized in the LabVIEW programming 

environment. The operation of the measurement system is shown in the block diagram in 

Fig. 4. 
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Figure 3. Schematic view of the measurement system. 
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Figure 4. Block diagram of the measurement system. 
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4  Results 

 

The experimental study of the effects of the most influential drilling parameters on the 

temperature rise during the implant drilling process, i.e., the drilling force, the drill diameter 

and the drilling speed, was performed for values of the studied parameters that were selected 

to cover the maximum range of values used in implantology practice. There are many 

influential drilling parameters, but these three are the ones for which the values can be chosen 

during the implant site preparation process by dentists in order to regulate the temperature 

conditions in the bone. Based on this, measurements of the temperature rise during the drilling 

were performed for drilling forces of 10 N, 15 N and 20 N [4,8], for drill-bit diameters of 

2.5 mm, 3 mm and 3.5 mm [2,12] and drilling speeds of 1300 min
–1

, 1800 min
–1

 and 

2300 min
–1

 [2,5], where the final drilling depth was set to 15 mm [2]. For the drilling, drill 

bits produced according to DIN 338 with the point angle and flutes similar to those of the drill 

bits implemented in implant dentistry were used.   

 

The experimental study of the effect of the drilling parameters on the temperature rise during 

the bone drilling was performed on a homogeneous and repeatable PMMA (polymethyl 

methacrylate) test specimen. This material was used as a substitute for human bone because of 

its similar thermal properties and, in contrast to bone, it is homogeneous and isotropic and 

thus allows better repeatability of the results and a more accurate determination of the effects 

of the individual drilling parameters [2]. 

 

The test specimens were of cylindrical shape with a diameter of 59 mm and a thickness of 

45 mm. The temperature of the test specimen was measured with a calibrated thermocouple 

inserted into the hole with a diameter of 1.8 mm and a depth of 8.5 mm at the center of the 

test specimen. The hole was filled with thermal paste in order to prevent the measuring 

junction being in contact with the air, which is an insulator that could influence the 

temperature measurements in the test specimen. The insertion depth of the thermocouple (the 

center of the measuring junction) was determined as being half of the final drilling depth. 

Since most of the heat is generated at the tip of the drill bit, it can be considered as a simple 

point heater moving into the specimen. The generated heat is transferred through the 

specimen in which the thermocouple measures the temperature with a certain time delay due 

to the heat conduction through the wall between the drilling hole and the hole with the 
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inserted thermocouple. The measured temperature rise due to the generated heat depends on 

the distance between the moving drill bit and the thermocouple. In order to measure the 

highest temperature rise in the test specimen this distance has to be as small as possible. 

Therefore, the wall thickness between the drilling hole and the hole with the inserted 

thermocouple was set (with the help of the positioning plates) to be 1 mm. Based on an 

assumption of specimen isotropy, a single-point measurement was implemented to determine 

the temperature rise in the test specimen during the drilling. 

 

Before each measurement a zero adjustment of the displacement sensor (at the contact 

between the drill-bit tip and the test specimen surface) and the load cell (at the gravitational 

force of the test specimen) was performed. With the help of the manual lifting mechanism the 

drill bit was moved closer to the test specimen surface and released at the beginning of the 

measurement in order to carry out the drilling with a constant force. After the drill bit reached 

the final drilling depth (15 mm) it was instantly lifted from the hole. Several measurements 

were performed on the same test specimen. Therefore, before each measurement the test 

specimen was cooled down with an additional external cooling until its temperature was 

stabilized at an initial value of 28 °C (which is approximately the temperature of an actual 

jawbone [16]). Before each measurement we also tried to provide identical initial conditions 

by cooling the drill bit to the ambient temperature. 

 

Measurements of the effects of the drilling parameters on the temperature rise were performed 

for all combinations of the three different values of the three studied parameters, which gives 

27 experimental points, in which the measurements were repeated three times. During the 

drilling the measurement signals of the drilling force, the drilling speed, the drill-bit position 

and the temperature in the test specimen were measured, where the temperature rise was 

defined as the difference between the highest temperature caused by the drilling and the initial 

temperature of the test specimen (i.e., its temperature before the drilling). Examples of the 

measured signals for one combination of parameters values are shown in Fig. 5. From the 

figure it is evident that due to the material conductivity, the wall thickness, the depth of the 

temperature measurement and the response of the temperature sensor, the test specimen 

temperature starts increasing towards the end of the drilling process and reaches a maximum 

value with some time delay after the drilling is completed. 
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Figure 5. Measured signals (set values of the studied parameters F = 20 N, d = 3 mm, 

n = 1800 min
–1

). 

 

 

The averaged values of the measured temperature rises and their repeatability (estimated as 

the experimental standard deviation of the mean for three repeated measurements) for all 

combinations of the drilling parameters values are shown in Table 1. The results of the 

measurements show that for low drilling forces and low drilling speeds the repeatability is 

generally approaching 1 °C, since for these values of the parameters the cutting of the 

material is less efficient, which results in a longer drilling time, more random chip removal 

and also in higher temperature rises. Random chip removal causes different heating of the test 

specimens and therefore deteriorates the repeatability of the measurements. In contrast, when 

drilling with combinations of the drilling parameters values for which the temperature rise 

was lower and the chip removal more efficient, the repeatability of the measurements was 

generally better. 
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Table 1. Averaged maximum temperature rise of the test specimen and the experimental 

standard deviation for each combination of the drilling parameters. 

 

 
F, N 10 15 20 

d, mm n, min
–1

 
Δ ,

K

maxT
 

(Δ ),

K

maxs T
 

Δ ,

K

maxT
 

(Δ ),

K

maxs T
 

Δ ,

K

maxT
 

(Δ ),

K

maxs T
 

2.5 

1300 18.79 0.92 10.99 0.10 11.82 0.38 

1800 15.56 0.40 9.18 0.26 10.42 0.23 

2300 13.81 0.06 7.11 0.51 7.42 0.26 

3 

1300 15.18 0.56 9.38 0.42 9.93 0.76 

1800 13.97 0.19 7.36 0.38 6.30 0.19 

2300 8.72 0.07 6.33 0.12 4.68 0.27 

3.5 

1300 26.14 0.83 15.65 0.25 14.00 0.27 

1800 22.78 0.29 12.21 0.30 12.83 0.55 

2300 19.01 0.65 9.54 0.17 11.16 0.44 

 

 

Table 2. Averaged drilling times for each combination of the drilling parameters. 

 

 
F, N 10 15 20 

d, mm n, min
–1

 t , s t , s t , s 

2.5 

1300 24.76 10.40 5.48 

1800 14.70 5.70 3.60 

2300 8.30 3.87 2.70 

3 

1300 23.21 8.90 6.47 

1800 12.57 5.40 4.00 

2300 7.83 4.00 2.93 

3.5 

1300 25.97 9.63 6.20 

1800 18.94 6.63 4.40 

2300 13.20 5.10 3.47 
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The measured temperature rises in the test specimen during the drilling with a constant drill 

diameter and a constant drilling speed show two typical trends with the increasing drilling 

force. The trend, where the maximum temperature rise Δ maxT  during the drilling is decreasing 

with the increasing drilling force from 10 N to 15 N and slightly increasing with the 

increasing drilling force from 15 N to 20 N, is typical for most of the combinations of the 

remaining two parameters values. This is due to the fact that the drilling force is a parameter 

that, on one hand, reduces the drilling time and thus the time of the heat generation and the 

heat transfer from the drill bit to the test specimen. The drilling times that were determined 

from the duration of the applied force to the specimen are presented in Table 2. On the other 

hand, a higher drilling force at the same time causes an increase in the cross-sectional area of 

the chips and therefore an increase in the energy applied for the material removal, which 

results in higher temperature rises in the upper range of studied values of the drilling force. 

The trend of temperature rises during the drilling changes only for the drillings with three 

combinations of parameters values, where the maximum temperature rise during the drilling is 

decreasing over the entire range of the studied values of the drilling force. This trend is typical 

for drilling with a drill-bit diameter of 3 mm and drilling speeds of 1800 min
–1

 and 2300 min
–

1
, and with a drill-bit diameter of 3.5 mm and a drilling speed of 1300 min

–1
, where the 

greatest effect on the trend of the maximum temperature rises with the increasing drilling 

force comes from the reduction of the drilling time. From Tables 1 and 2 it is evident that the 

drilling time is the longest and thus the maximum temperature rise during drilling is the 

highest when drilling with the lowest drilling force, and vice versa. It is clear that the change 

in the drilling force from 10 N to 15 N causes a larger difference in the drilling time than the 

change of the drilling force from 15 N to 20 N, and thus also a greater change in the increased 

maximum temperature rise during the drilling. This is due to the fact that the energy applied 

for material removal is higher for the drilling with higher forces, which has, however, a 

smaller effect on the temperature rise than the reduced drilling time when drilling with the 

above-mentioned values for the remaining two drilling parameters. 

 

The measured temperature rises in the test specimen during the drilling with a constant 

drilling force and a constant drilling speed indicate that the increase in the drill-bit diameter 

from 2.5 mm to 3 mm causes a decrease in the maximum temperature rise during the drilling. 

With a further increase in the drill-bit diameter from 3 mm to 3.5 mm the maximum 

temperature rise significantly increases and reaches the highest value for the entire range of 

the studied values of the drill diameter. The maximum temperature rise is, in addition to the 
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length of the drilling time, also affected by other influential drilling parameters. Thus, 

compared to drilling with the middle-sized drill diameter, the chip removal was less efficient 

for the drilling with the smallest drill diameter, which results in an increase in the maximum 

temperature rise. On the other hand, for the drilling with the largest drill diameter the contact 

surface between the drill bit and the specimen increases and therefore the energy applied for 

material removal and consequently the maximum temperature rise are the highest. 

 

The measurements results show that when drilling with a constant drilling force and a 

constant drill diameter the trend of the effect of the drilling speed is the same across the entire 

range of the studied parameter values. Results in Table 1 show that the maximum temperature 

rise is decreasing with the increasing drilling speed. From Table 2 it is evident that the 

decrease of the maximum temperature rise with the increasing drilling speed is the result of 

the reduced drilling time. Drilling with drilling speeds between 1500 min
–1

 and 2000 min
–1

 is 

also applied in most implant systems, as in this range, in addition to the minimum temperature 

rises, the best drilling accuracy is achieved [8].  

 

From the results of the measurements only the trends of the effects of the drilling parameters 

on the maximum temperature rise can be observed. In order to determine the importance of 

the main effects of the individual drilling parameters and their interaction effects on the 

maximum temperature rise during the drilling, the design of experiments method, i.e., 3
3
 full 

factorial design, was used. The factorial design was performed with the statistical analysis 

software Minitab. For the analysis of the effects with the design of experiments method, the 

averaged values of the maximum temperature rises measured in each of the 27 experimental 

points were used, where the real parameter values were coded (normed on the interval from 1 

to 3). In Table 3 the levels of the used design with the corresponding values of the individual 

drilling parameters are shown. 

 

Table 3. Values of the studied drilling parameters at individual levels of the used 3
3
factorial 

design.  

 

Level F, N d, mm n, min
–1

 

1 10 2.5 1300 

2 15 3 1800 

3 20 3.5 2300 
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Figs. 6 and 7 show the effects of the drilling parameters, determined with the design of 

experiments method. In the graphs shown, the importance of the effect is determined by the 

slope of the line between two levels of the individual drilling parameters, where the sign of 

the slope determines whether the maximum temperature rise is increasing or decreasing with 

the increasing value of the parameter. Fig. 6 shows the main effects of the individual drilling 

parameters. It is evident that in the observed range the largest effect on the temperature rise 

comes from the drilling force, as with a change of the drilling force the temperature rise 

changes the most. The drilling force has, however, the largest effect between the first and the 

second levels, where the increase in the drilling force causes a decrease in the maximum 

temperature rise. Between the second and third levels the effect of the change in the drilling 

force is small, as the maximum temperature rise only slightly increases with the increased 

drilling force. The results show that the second most influential drilling parameter is the drill 

diameter. As with the drilling force, the maximum temperature rise first decreases and then 

increases with the increasing drill diameter. In contrast to the drilling force, the drill diameter 

has the largest effect between its second and third levels. The results also show that for the 

entire observed range the change in the drilling speed has the smallest effect on the change of 

the temperature rise, where the maximum temperature rise is decreasing almost equally with 

the increasing drilling speed. By observing the individual ranges of the parameters values it is 

evident that the largest effect on the decrease of the maximum temperature rise comes from 

the increase in the drilling force from the first to the second levels, and the largest effect on 

the increase of the maximum temperature rise comes from the increase in the drill diameter 

from the second to the third levels. The smallest effect on the maximum temperature rise 

during the drilling comes from the change of the drilling force between the second and third 

levels.  
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Figure 6. Main effects of the drilling parameters on the temperature rise determined with the 

factorial design.  

 

 

Fig. 7 shows interaction effects of the drilling parameters. It is evident that the largest 

interaction effect on the maximum temperature rise during the drilling comes from the drilling 

force and the drill diameter. The change in the drill diameter has the greatest effect at the 

lowest drilling force. However, the maximum temperature rise at all drilling force levels is 

decreasing when increasing the drill diameter from the first to the second level and increasing 

when increasing the drill diameter from the second to the third level. Similarly, the interaction 

effect of the drilling force and the drilling speed shows that the change in the drilling speed 

has a slightly greater effect at the lowest level of the drilling force, while at the higher two 

levels the effect of the change in the drilling speed is approximately constant and causes 

similar changes in temperature rises during the drilling. A simultaneous increase in the 

drilling force and the drilling speed causes a decrease of the maximum temperature rise in the 

examined range. The results of the interaction effects of the drill diameter and the drilling 

speed show that when drilling with a constant drilling speed the highest maximum 
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temperature rises are caused by drilling with a drill diameter at its third level and the lowest 

maximum temperature rises when drilling with a drill diameter at its second level. 

 

 

 

Figure 7. Interaction effects of the drilling parameters on the temperature rise determined 

with the factorial design.  

 

 

The optimum values of the effective parameters where the lowest maximum temperature rise 

during the drilling process appears were determined with the help of a second-order 

polynomial model approximate description of the drilling process, obtained with the response 

surface methodology performed in the programming environment Minitab: 

 

 

2 2

2

45.238 17.639 14.327 2.646 3.725 4.708

0.086 0.953 0.507 0.237 ,

F d n F d

n F d F n d n

T x x x x x

x x x x x x x

       

   
 (6) 
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where x represents coded variables of the individual parameter normed on the interval from 1 

to 3 and the coefficients are the values of the effects of the examined parameters. The upper 

equation shows that the interaction effects are less important than the main effects of the 

parameters. It can also be seen that the drilling force and the drill diameter have the most 

important main and interaction effects on the maximum temperature rise during the drilling. 

The mathematical model (Eq. (6)) also includes quadratic terms, which enables a description 

of the nonlinearity of the process, shown in Fig. 8.  

 

 

 

Figure 8. Graphical presentation of the drilling process model obtained with the response 

surface method.  

 

 

In Fig. 8 three surfaces represent the mathematical model of the maximum temperature rise as 

a function of the drilling force and the drill diameter for each individual drilling speed, where 

the crosses indicate the measured values of the maximum temperature rises that were used for 

the determination of the coefficients of the model (Eq. (6)). Based on the mathematical model, 

the optimum values of the parameters in the examined range, where the maximum 
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temperature rise is the lowest, were determined. The optimum appears for a drilling force of 

16.97 N, a drill-bit diameter of 2.92 mm and a drilling speed of 2300 min
-1

. This combination 

of optimum values for the parameters would, according to the mathematical model, cause a 

maximum temperature rise of 3.36 K. The theoretical prediction was also verified 

experimentally with the parameters values as close as possible to the optimum. Therefore, 

drilling with a drilling force of 17 N, a drill-bit diameter of 3 mm and a drilling speed of 

2300 min
–1

 was performed. The measured maximum temperature rise for these values of the 

parameters was 4.22 K, which is higher than the predicted maximum temperature rise with the 

model (according to the model, the maximum temperature rise for these parameters values 

would be 3.48 K), but lower than those measured at any other experimental point (see 

Table 1). When drilling with these values of the drilling parameters the repeatability of the 

measurements was also good, as the experimental standard deviation of the mean was only 

0.08 K. The reason for the good repeatability of the process is the convergence of the drilling 

parameters values to the optimum ones at which the cutting of the material and the chip 

removal are the most efficient.   

 

The trend of the measured maximum temperature rises for three combinations of the drill 

diameter and the drilling speed values, where the maximum temperature rise was identified to 

be decreasing over the entire examined range when increasing the drilling force, can be 

explained with the help of the mathematically determined optimum. In contrast, for the other 

combinations of the drilling parameters values the results of the measurements showed that 

when increasing the drilling force the measured maximum temperature rise is first decreasing 

and then increasing. With the help of the mathematical model it can be concluded that the 

latter trend is valid for all combinations of the values of the drilling parameters as the 

mathematically obtained optimum appears between the middle and the upper level of the 

drilling force, but was not noticed in the measurement results for the three combinations of 

the parameters values. 
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5  Conclusions   

 

This paper discusses the problem of the temperature rise during dental implant site 

preparation, which is performed by drilling. In order to examine this problem, a measurement 

system that allows monitoring of the effects of the most important drilling parameters on the 

temperature rise in the test specimen was built. Due to the fact that bone is an inhomogeneous 

biological tissue of specific structure and properties, and drilling is a complex cutting process, 

good repeatability of the measurements is difficult to achieve. Therefore, the experiments 

were performed on test specimens made of PMMA, which has similar thermal properties to 

bone and is, in contrast to bone, homogeneous, which allows a more accurate determination of 

the effects of the individual parameters on the temperature rise in the test specimen.     

 

Measurements of the effects of the drilling parameters on the temperature rise were performed 

with three values of three studied parameters, i.e., the drilling force, the drill diameter and the 

drilling speed. In order to determine the importance of the main effects of the drilling 

parameters and their interaction effects on the temperature rise during the drilling, the design 

of experiments method was used. The results of the analysis obtained with factorial design 

show that the drilling force has the greatest effect on the temperature rise during the drilling. 

With an increasing drilling force the maximum temperature rise is at first decreasing and then 

increasing. The drilling force is the parameter which, on the one hand, can reduce the drilling 

time and thus the time for the heat generation and the heat transfer from the drill bit to the test 

specimen, but on the other hand, also causes an increase in the cross-sectional area of the 

chips and therefore an increase in the energy applied for cutting the material. The value of the 

drilling force at which the temperature rise starts to increase again depends on the values of 

the remaining drilling parameters. The results of the analyses show that over the entire 

examined range the lowest effect on the maximum temperature rise comes from the drilling 

speed, where the maximum temperature rise for drilling with a constant drilling force and drill 

diameter decreases with an increasing drilling speed, which is the result of the reduced 

drilling time. The results also show that with an increasing drill diameter the maximum 

temperature rise at first decreases and then increases. An increase in drill diameter is the 

parameter that, on the one hand, improves the chip removal, but on the other increases the 

contact surface between the drill bit and the material, which leads to a higher energy input for 

cutting the material. In order to mathematically describe the drilling process and to determine 

the optimum values of the effective parameters where the minimum temperature rise during 

http://dx.doi.org/10.1016/j.measurement.2014.11.036


Measurement 63 (2015) 221-231 

doi: http://dx.doi.org/10.1016/j.measurement.2014.11.036 © Elsevier B.V. 

 

26 

 

the drilling process appears, the response surface methodology was used. From the 

mathematical model of the drilling process it is evident that the interaction effects of the 

drilling parameters are less important than their main effects. The mathematically determined 

optimum values of the parameters in the examined range, which cause the lowest maximum 

temperature rise during the drilling, were also verified experimentally (with the set values of 

the drilling parameters as close as possible to the optimum values). The results of the 

measurements show that the repeatability of the drilling process in this range of parameters 

values is good, due to the fact that when drilling with the optimum parameters values the 

cutting of the material and the chip removal are the most efficient. By employing the same 

drilling procedure, similar optimum parameters values as determined for drilling into the 

PMMA are expected also for drilling into the bone due to similar thermal properties of both 

materials.  

 

This paper presents the initial phase of the authors’ work in the field of studying the problem 

of temperature rise during drilling into bone. In future work the measurement system will be 

upgraded with the installation of a thermostated water bath in which the experimental bone 

specimen will be partially immersed in order to preserve the physiological properties of living 

bone and to maintain its constant initial temperature which would provide better repeatability 

of the measurements. The imitation of the actual conditions during the drilling into the bone 

for the dental implant placement will further include intermittent drilling, which is typical in 

implant dentistry. Intermittent drilling with a controlled drill-bit displacement will be 

achieved with the help of an additional stepper motor that will enable the repeated removal of 

the drill bit from the osteotomy during the drilling before reaching the final drilling depth. 
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