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a b s t r a c t 

Drilling is a common surgical procedure for fracture treatment and reconstruction in multiple surgical 

fields, including orthopaedics, neurology, and dentistry. Drilling delicate tissue (such as bone) with a hard 

metallic tool is considered notorious for inducing mechanical and thermal damage, which can adversely 

affect osseointegration and may weaken the bond between the bone and implant, or other fixative de- 

vices anchoring the bone. The aim of this study is to explore the benefits of vibrational drilling (VD) in 

overcoming the complications associated with conventional drilling (CD). Drilling tests were performed 

on fresh cortical bone with the intention of investigating the effect of a range of frequencies, in combina- 

tion with drilling speed and feed rate, on biological damage around the drilling region using histological 

sections of skeletally mature bone. The study examined the most influential factors and optimal combi- 

nation of parameters for safe and efficient drilling in bone. Results from Taguchi grey relational analysis 

showed that a lower drilling speed and feed rate combined with a frequency of 20 kHz were favourable 

parameters for safe drilling in bone. Accordingly, VD using controlled parameters may be an alternative 

to CD in bone surgical procedures. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Drilling of bone for repair, fixation, and reconstruction is a com-

mon surgical procedure in orthopaedics, traumatology, and den-

tistry. However, excessive drilling force and torque may lead to

overstressing of bone and drill breakage, and may promote crack

formation in bone structures [1–3] . The generation of heat above

a threshold level during the process seriously affects cell activity,

leading to necrotic bone ( death of the cells) [4–6] , and has been re-

ported as a major cause of failure of fixative devices surrounded by

bone [7] . The lower thermal transport capability of bone material

is the principal factor that exposes bone tissue to heat [8] . Detailed

information about the thermal osteonecrosis in bone was pre-

sented in a recently published review article [4] . The parameters

that influence drilling effort and bone temperature are drill de-

sign, drilling speed, feed rate, bone type, drill bit quality (sharp or

blunt), depth of drilling, and the use of coolant during the drilling

process [4,9–12] . The mechanism by which external loadings pro-

duce changes in the physiological state of the bone is not well un-

derstood in the published literature. The destruction of osteocytes,
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hich are the basic components of mature bone tissue, has been

eported as the most detrimental outcome of the drilling process. 

An osteocyte is a star-shaped cell that lies within a small

rregular chamber (called a lacuna), and is considered to be

echanosensitive. External mechanical factors such as shear stress,

ydrostatic pressure, and structural deformation induce complex

hysiological alterations in osteocytes [13–15] . Furthermore, osteo-

ytes, as the mechano-sensing cells of the bone matrix, are sen-

itive to mechanical strain around them. It has been shown that

training the bone at slow and high rates influences the both the

steogenic response of the bone and bone formation [16–18] . More

mpty lacunae were observed from using microfracture than from

rilling, which was attributed to the shearing and crushing of the

djacent bone under cooled irrigation [19] . The number of os-

eocytes found missing in the bone in drill-inserted sections was

igher than in hammer-inserted sections [20] . A recent study in-

estigated the effect of applied thrust force and blade speed on

enerating heat in bone [21] , whereby the significance of factors

ffecting necrotic depth (as evidenced by empty lacunae) was de-

ermined. Though temperature was reported to be the most influ-

ntial indicator for inducing thermal necrosis in bone, drilling force

nd torque were also prime contributors affecting the outcome of

he process. 

https://doi.org/10.1016/j.medengphy.2019.03.013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.03.013&domain=pdf
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Table 1 

Levels of parameters in bone drilling experiments. 

Parameters (units) Level 1 Level 2 Level 3 Level 4 Level 5 

Drill speed (rpm) 10 0 0 1500 20 0 0 2500 30 0 0 

Feed (mm/min) 30 40 50 60 70 

Frequency (kHz) 10 15 20 25 30 
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The structural and functional connection between living bone

issue and fixative devices (such as screws and plates) is a com-

lex topic. The bond between the bone and fixative device, and

one repair in the longer term, strongly depend on the extent of

ell damage around the drilled site. The majority of studies have

evealed that elevated temperatures arising from the cutting pro-

ess are the major cause of bone necrosis. Drilling was observed

o cause a lower level of osteocyte necrosis compared with mi-

rofracture [19] . Further, a noticeable ischaemia adjacent to the cut

urface in the bone tissue has also been reported [22] . This phe-

omenon was attributed to thermal changes in response to drilling,

hich lead to protein coagulation and regional vasoconstriction. 

Recent research has focused on exploring new techniques to

inimise the invasiveness of the drilling process in bone. Vibra-

ional drilling (VD) has recently been tested as an alternative to

onventional drilling (CD) because VD can significantly reduce pen-

tration force and torque, and induces lower temperature in bone

hen vibrational frequency control is imposed on the drill bit in

he cutting direction [23–26] . However, despite the greater benefits

D can offer compared with CD, the biological response of bone to

 range of vibrational frequencies has not yet been investigated.

he histomorphometric characteristics of the healing stages in the

ibia of a rat were studied using a single frequency of vibration

or drilling [27] . Similar bone healing was found between piezo-

urgery and traditional bone drilling. Moreover, a recent study has

hown less damage to bone cells when VD with a fixed frequency

f 20 kHz and an amplitude of 16 μm was used in bovine cortical

one [28] . 

Because imposing micro-vibrations on the drill has been pro-

osed as an enhancement mechanism in the design and develop-

ent of automated surgical systems in orthopaedics and related

elds, it is important to quantify the extent of cell damage in

esponse to different parameters of vibration, particularly to fre-

uency. As described previously, both elevated temperature and

echanical stress arising from bone drilling can affect the prolif-

ration of living cell in the bone. Therefore, the outcome of the

rilling process (temperature, force, and torque) in combination

ith a wide range of vibration frequencies is studied to investi-

ate the quantitative damage to cells around the drilling region.

his study aims to explore the benefits of VD in bone by inves-

igating the biological response of bone using a series of drilling

xperiments and a comprehensive statistical analysis. 

. Materials and methods 

.1. Specimen for drilling 

Drilling tests were performed on fresh bones excised from the

iddle diaphysis of a bovine femur. Cylindrical pieces of approxi-

ately 50 mm length were cut from the long femur bones. A to-

al of eight healthy specimens of cylindrical shape were obtained

rom the femoral shafts, and each could accommodate between fif-

een and twenty holes. Specimens were kept refrigerated at −10 °C
o maintain their physical properties until being used in the exper-

ments. Specimens were then transferred to a refrigerator, where

he temperature was maintained at 20 °C, for 1 h before the drilling

xperiments. Specimens with sufficient moisture were then trans-

erred to the drilling machine. A drill of 1 mm diameter was used

o produce holes with a depth of up to approximately half the

hickness of the cortical wall (4–5 mm from the top surface) in

hich to place the thermocouple for the specimen. Thermocou-

les (Type K) were inserted into the holes for the temperature

easurements. The thermocouples were placed at a distance of

 mm away from the drill track to avoid having the bead crushed

y the cutting action of the drill bit. The holes drilled for the
hermocouples were filled with thermal paste to eliminate the air

ap between the bead of the thermocouple and the bone. 

.2. Drilling equipment and procedure 

Drilling tests were performed on a vertical CNC machine. A

ransducer capable of producing vibrations up to 40 kHz and an

mplitude of 30 μm in the drill was used in the drilling ex-

eriments. The experimental set-up for bone drilling, and the

lacement of the thermocouple in the bone specimen are shown

n Fig. 1 . Drilling tests were performed using 4.8 mm standard

rthopaedic surgical drills (Orthofix, Italy) donated by the or-

hopaedic surgical department of a local hospital. The drilling re-

ion was continuously irrigated with sterile solution to mimic in-

ivo drilling conditions, and all drilling tests were conducted at

 room temperature of 28 °C. The drilling force and torque were

easured using a two-component dynamometer (Type 9271A,

istler). 

.3. Specimen for histological examination 

The drilled specimens were fixed in 10% formaldehyde solution

or 16 h immediately after the drilling procedure. Specimens were

hen decalcified in a solution of 40 ml 65 vol% nitric acid, 20 ml

0 vol% formaldehyde, and 340 ml distilled water for 48 h. A sys-

em microscope (BX53, Olympus) was used to visualise the viable

steocytes in the microstructure of the specimens. A digital mi-

roscope camera (DP22, Olympus) allowed observing, taking mea-

urements, and acquiring images for analysis. Sections of bone for

istological examination were taken from the same location where

he thermocouple was placed. A schematic of the hole surface, and

arious depths at which cell damage was calculated are shown

n Fig. 2 . The percent cell damage, which represents the number

f disappeared osteocytes from lacunae to the total number of

steocytes in the region specified for examination, was calculated.

he numbers of filled and empty lacunae were measured in each

alf of the hole, and the percent damage was calculated. Cell

iability was measured at a depth of 600 μm because this depth it

s critical for the osseointegration of surrounding fixative devices. 

.4. Drilling parameters 

Frequency of vibration, drill speed, and feed rate were selected

s parameters for statistical analysis. Five levels of each of the

rilling parameters provided in Table 1 were considered in the ex-

eriments. The effect of drilling parameters was analysed in terms

f four different responses: force, torque, temperature, and cell

oss. The objective of the statistical analysis was to identify a com-

ination of drilling parameters for the minimum values of response

ariables for safe drilling in bone. 

.5. Design of experiment 

Specially designed orthogonal arrays (based on the Taguchi

ethod), which used optimal settings of process parameters with

 minimum number of experiments, were used to collect data for

he response variables [29] . The Taguchi technique was combined

ith grey relational analysis (GRA) to optimise the multi-process
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Fig. 1. Schematic of bone drilling system and data acquisition system. 

Fig. 2. Schematic of the drilled hole and measurements of cell damage at various 

depths. 
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parameters for multiple response variables. The Taguchi GRA uses

the signal-to-noise (S/N) ratio, which is the ratio of the mean

to the standard deviation, to calculate the grey relational grade

(GRG) of response variables [30] . The following steps were used to

calculate the GRG. 

2.5.1. S/N ratio for response variables 

Taguchi classifies the response function into three types: larger-

the-better, smaller-the-better, and nominal-the-better [31] . All re-

sponse variables considered in this research were to be minimised.

Therefore, the smaller-the-better type of S/N ratio was used and

calculated with the following equation: 

x o i ( k ) = −10 lo g 10 

( 

1 

n 

n ∑ 

i =1 

y 2 i ( k ) 

) 

(1)
In the above equation, x o 
i 
(k ) represents the S/N ratio for re-

ponse i observed at the k th trial, n is the total number of

xperimental trials, and y i ( k ) is the observed value. 

.5.2. Normalisation of the value 

It is recommended to normalise the S/N ratio rather than the

bserved response variable in GRA [32] . The use of formulae for

ormalising the S/N ratio also depends on whether the response

eeds to be maximised or minimised. As all responses needed to

e minimised, Eq. (2) was utilised for normalisation. 

 

∗
i ( k ) = 

x o 
i ( k ) − min x o 

i ( k ) 

max x o 
i ( k ) − min x o 

i ( k ) 
(2)

In Eq. (2) , max x o 
i 
(k ) and min x o 

i 
(k ) represent the largest and

mallest S/N values for response i across all the experiments. 

.5.3. Calculating grey relational coefficient (GRC) 

The GRC helps to express the correlation between normalised

ata with the ideal result. 

i ( k ) = 

�min + ζ�max 

�i ( k ) + ζ�max 
(3)

In Eq. (3) , ζ is a distinguishing coefficient, the value of which

aries within the range (0, 1). �i ( k ) in the equation is the distance

etween the normalised value and reference sequence for the i th

esponse at the k th trial. �max and �min are the maximum and

inimum values of �i ( k ), respectively. 

i ( k ) = | z ∗o ( i ) − z ∗i ( k ) | (4)

z ∗o (i ) in Eq. (4) is the maximum value of z ∗
i 
(k ) , and it represents

 reference sequence. 

.5.4. Calculating the GRG 

The GRG is a unified weighted average value of the GRC of

ll the response variables. If equal weight is given to all response

ariables, then the GRG can be calculated using the following

quation: 

= 

1 

n 

n ∑ 

Y i ( k ) (5)
i =1 
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Fig. 3. (a) Variation in bone temperature with frequency of vibration, (b) variation in drilling thrust force with frequency of vibration (drill speed – 20 0 0 rpm; feed rate –

50 mm/min). 

Fig. 4. (a) Variation in torque with frequency of vibration, (b) cell damage with frequency of vibration (measurement depth – 600 μm). 
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Fig. 5. Cell loss at different levels of depth from the cut surface (frequency –

30 kHz; drill speed – 20 0 0 rpm; feed rate – 50 mm/min). 
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. Results 

The number of disappeared osteocytes surrounding the drilled

ut surface was calculated and correlated with drill speed,

eed rate, and frequency of vibration. All reported values of force,

orque, and temperature are their peak stabilised values. A detailed

tatistical analysis is performed in the subsequent section to evalu-

te the effect of frequency on bone temperature, force, and torque

n combination with various drilling speeds and feed rates. A few

epresentative plots are discussed here. Each data point in the fol-

owing plots ( Figs. 3–5 ) represents the average of three consecutive

ests using the same drilling parameters. The small bar attached to

ach data point represents the upper and lower bounds of the ex-

erimentally measured values. The variation in bone temperature,

orce, and torque against frequency is shown in Fig. 3 and 4 (a)

or a drilling speed of 20 0 0 rpm and a feed rate of 50 mm/min.

he bone temperature decreased slightly when the frequency was

ncreased from 10 to 20 kHz; Fig. 3 (a). A significant increase in

one temperature was noted when the frequency was further

ncreased to 30 kHz. There was a significant reduction in force and

orque with an increase in the frequency of vibration; Fig. 3 (b) and

 (a). The calculated percent cell damage in the radial direction for

 range of vibrational frequencies at a depth of 600 μm is shown

n Fig. 4 (b). Fig. 5 shows the amount of cell damage at various

epths measured from the cut surface for a frequency of vibration

f 30 kHz, drill speed of 20 0 0 rpm, and feed rate of 50 mm/min.

he disappearance of cells from lacunae (cell damage) was found

o decrease, and then severely increase for the frequency range
s  
sed in the experiments. As expected, the cell damage was found

o significantly decrease with distance away from the cut surface. 

Histological images showing viable osteocytes within the lacu-

ae (dark spots indicated by the arrows) are shown in Fig. 6 and

 . The locations of viable osteocytes within the lacunae are shown

ith arrows, and empty lacunae are shown with circles. Haver-

ian canals, which are series of microscopic tubes providing pas-
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Fig. 6. Histopathology of the drilled specimens in CD. Left – low drilling speed (10 0 0 rpm), right – high speed drilling (30 0 0 rpm). 

Fig. 7. Histopathology of drilled specimens in VD. Top row, left: frequency – 10 kHz; right: frequency – 20 kHz; bottom row, left: frequency – 25 kHz; right: frequency –

30 kHz. 
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sage to the blood vessels and nerves, are enclosed with rectan-

gles. The absence of osteocytes in the osteocyte lacunae (encir-

cled) indicates that the cells are dead and have been resorbed in

the bone. Only a few osteocytes, lacunae, and Haversian canals

are highlighted in Fig. 6 and 7 to avoid populating the images

with labels and allow readers to see most of the biological and

structural entities. The histopathology of specimens drilled by CD

and VD using a fixed drill speed and feed rate are shown in

Fig. 6 and 7 . Damaged cells after CD using minimum and max-

imum speeds at a feed rate of 50 mm/min are shown in Fig. 6 .

More cells were found to be missing when a higher drill speed
as used in CD. A comparison of the damaged cells resulting from

ifferent frequency values is shown in Fig. 7 . Because the mea-

ured temperature was almost the same while frequencies of 15

nd 20 kHz were used, a histology plot for only 20 kHz is pro-

ided in Fig. 7 . Less cell damage was found when frequencies of

5 and 20 kHz were used. Frequencies above 20 kHz significantly

ncreased the damage around the cut surface ( Fig. 7 ). 

Because the variation trends for bone temperature, force, and

orque using a range of drilling speeds, feed rates, and frequencies

f vibration are quite dissimilar, statistical analysis was performed

o identify favourable drilling parameters in the next section. 
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Table 2 

Taguchi experimental set-up and observed response variables. All values of cell loss were measured at 600 μm depth. 

Exp. Experimental set up Response variable 

Speed (rpm) Feed rate (mm/min) Frequency (kHz) Force (N) Torque (N mm) Temp (C) Cell lost (%) 

Avg. Std. dev Avg. Std. dev Avg. Std. dev Avg. Std. dev 

1 10 0 0 30 10 53 2.00 17 2.00 47 3.46 12 1.00 

2 10 0 0 40 15 51 3.00 17 1.00 47 2.65 8 1.73 

3 10 0 0 50 20 47 3.00 17 0.00 51 1.00 5 0.00 

4 10 0 0 60 25 65 2.65 18 1.73 66 3.61 69 5.20 

5 10 0 0 70 30 38 2.00 11 0.00 71 3.00 81 3.61 

6 1500 30 15 45 3.00 14 2.65 51 1.73 15 1.00 

7 1500 40 20 45 1.00 12 1.73 53 1.73 11 1.73 

8 1500 50 25 35 2.65 14 1.73 68 2.65 55 3.46 

9 1500 60 30 48 2.00 15 2.00 66 2.65 49 1.73 

10 1500 70 10 61 4.58 15 3.00 68 2.65 28 3.46 

11 20 0 0 30 20 40 2.00 13 1.00 48 3.61 10 2.65 

12 20 0 0 40 25 36 2.00 12 1.73 71 4.58 55 4.36 

13 20 0 0 50 30 26 1.00 10 2.00 80 4.36 73 5.29 

14 20 0 0 60 10 53 2.65 16 3.46 69 2.65 45 3.61 

15 20 0 0 70 15 50 2.65 13 0.00 62 4.36 22 1.00 

16 2500 30 25 28 1.00 9 1.00 66 1.73 52 3.61 

17 2500 40 30 22 1.00 11 2.65 73 3.00 55 3.46 

18 2500 50 10 45 3.46 15 1.00 65 3.46 55 2.00 

19 2500 60 15 47 1.73 16 1.73 61 1.00 18 0.00 

20 2500 70 20 51 1.73 9 2.65 62 3.61 25 2.00 

21 30 0 0 30 30 21 1.73 8 2.00 77 4.58 61 3.61 

22 30 0 0 40 10 43 2.65 11 2.65 71 3.61 45 2.65 

23 30 0 0 50 15 40 3.46 12 1.73 65 2.00 16 0.00 

24 30 0 0 60 20 44 1.73 14 1.00 65 1.73 24 1.73 

25 30 0 0 70 25 50 2.65 11 1.73 80 3.46 90 4.58 
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. Statistical analysis 

The experimental set-up using a Taguchi orthogonal array (L25

rthogonal array) and associated response variables were as shown

n Table 2 . Again, each data point is the average of three consecu-

ive drilling tests. Standard deviation, which indicates dispersion of

ata about the average value, is also shown. Based on the Taguchi

RA method as discussed in Section 2.5 , the observed response

ariables ( Table 2 ) were translated to an S/N ratio after their

ormalised values were calculated. Higher values of normalised

/N ratio indicate better performance, and the reverse is also

rue. Individual best performance characteristics are represented

y the normalised value of one, and worst performance by zero.

able 3 shows the S/N ratio and normalised values of all response

ariables. 

The GRC was computed based on the normalised value of the

/N ratio. While computing GRC, equal importance was given to

he maximum and minimum absolute deviation [33] . The GRG was

hen calculated by taking the average GRC of all response variables.

able 4 shows the GRC, GRG, and ranking of all experimental set-

ps. It can be seen that experimental set-up 21 represents the opti-

ised combination (highest GRG value): a speed of 30 0 0 rpm, feed

ate of 30 mm/min, and frequency of 30 kHz. This set-up is repre-

ented by A5-B1-C5. Moreover, the lowest GRG is obtained for the

et-up A1-B4-C4 in Table 5 . 

.1. Significant process parameters 

To estimate the effect of each process parameter on the re-

ponses, the average GRA of each parameter was used along

ith all levels of other process parameters. The average response

alue at different levels of the control parameters are shown in

able 5 and Fig. 8 . It can be seen that a drill speed of 10 0 0 rpm,

eed rate of 30 mm/min, and frequency of 20 kHz (experimental

et-up A1-B1-C3) are the optimum values for safe drilling in bone.

he parameter with the maximum difference in average GRG val-

es in Table 5 indicates the parameter with the highest influence.
his means that feed rate is the most dominant parameter in VD,

ollowed by frequency and drill speed. 

.2. Confirmation test 

A confirmatory experiment was suggested to validate the

ccuracy of the optimised parameters and to determine the im-

rovement in performance characteristics. It was necessary to

rst predict GRG based on the optimised processes parameters

btained from Table 5 . 

pre = δtot + 

n ∑ 

i =1 

( δopt − δtot ) (6) 

Here, δtot represents the total mean of GRG, δopt is the mean

f GRG at the optimal level of each process parameter, and n is

he number of parameters. Based on Eq. (6) , the predicted GRG

s obtained as 0.699. Table 6 shows the results of a confirmation

est using the optimal process parameters estimated using the

RA method. It can be seen that the GRG for the confirmation

est is 0.722, which shows an improvement of 6.33% from the

nitial optimal setting. To conclude, the process parameters esti-

ated through the GRA method offer the optimal performance

haracteristics of all the combinations of various levels of process

arameters. 

. Discussion 

Surgical drills used for drilling holes in bone do not have a

echanism for measuring the drilling force, torque, and tempera-

ure during the incision. In the current study, the prescribed mea-

urements were obtained using a CNC drilling machine equipped

ith sensors for force, torque, temperature, and a transducer for

enerating a range of frequencies. The obtained results mimic a

ituation where a hand surgical drill would be used, because the

echanics of cutting remain the same. Lower drilling speed and

requency, and higher feed rates, produced higher drilling force. A

ecent study found a significant increase in drilling force when a
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Table 3 

S/N ratio and normalised values of responses. 

Exp. S/N ratio Normalised value of S/N ratio 

Force Torque Temp. Cell lost Force Torque Temp. Cell lost 

1 −34.486 −24.609 −33.442 −21.584 0.181 0.070 1.0 0 0 0.697 

2 −34.151 −24.609 −33.442 −18.062 0.215 0.070 1.0 0 0 0.837 

3 −33.442 −24.609 −34.151 −13.979 0.287 0.070 0.846 1.0 0 0 

4 −36.258 −25.105 −36.391 −36.777 0.0 0 0 0.0 0 0 0.362 0.092 

5 −31.596 −20.828 −37.025 −38.170 0.475 0.607 0.224 0.036 

6 −33.064 −22.923 −34.151 −23.522 0.325 0.310 0.846 0.620 

7 −33.064 −21.584 −34.486 −20.828 0.325 0.500 0.774 0.727 

8 −30.881 −22.923 −36.650 −34.807 0.548 0.310 0.306 0.170 

9 −33.625 −23.522 −36.391 −33.804 0.268 0.225 0.362 0.210 

10 −35.707 −23.522 −36.650 −28.943 0.056 0.225 0.306 0.404 

11 −32.041 −22.279 −33.625 −20.0 0 0 0.430 0.401 0.960 0.760 

12 −31.126 −21.584 −37.025 −34.807 0.523 0.500 0.224 0.170 

13 −28.299 −20.0 0 0 −38.062 −37.266 0.811 0.725 0.0 0 0 0.072 

14 −34.486 −24.082 −36.777 −33.064 0.181 0.145 0.278 0.240 

15 −33.979 −22.279 −35.848 −26.848 0.232 0.401 0.479 0.487 

16 −28.943 −19.085 −36.391 −34.320 0.745 0.855 0.362 0.190 

17 −26.848 −20.828 −37.266 −34.807 0.959 0.607 0.172 0.170 

18 −33.064 −23.522 −36.258 −34.807 0.325 0.225 0.390 0.170 

19 −33.442 −24.082 −35.707 −25.105 0.287 0.145 0.510 0.557 

20 −34.151 −19.085 −35.848 −27.959 0.215 0.855 0.479 0.443 

21 −26.4 4 4 −18.062 −37.730 −35.707 1.0 0 0 1.0 0 0 0.072 0.135 

22 −32.669 −20.828 −37.025 −33.064 0.366 0.607 0.224 0.240 

23 −32.041 −21.584 −36.258 −24.082 0.430 0.500 0.390 0.598 

24 −32.869 −22.923 −36.258 −27.604 0.345 0.310 0.390 0.457 

25 −33.979 −20.828 −38.062 −39.085 0.232 0.607 0.0 0 0 0.0 0 0 

Fig. 8. Effect of process parameters on GRG at different levels. 
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drilling speed of less than 10 0 0 rpm was used [23] . The increase in

the drilling force was attributed to slow and inefficient evacuation

of chips from the drilling region. The engagement and disengage-

ment of the drill cutting lips with the bone (as a result of vibra-

tion) affects the ability of the cutting lips of the drill to generate

moment about the longitudinal axis of the drill bit. Using a fre-

quency above 20 kHz caused additional heat generation from the

mechanical vibrations of the drill, which dissipated into the bone
issue. However, using a frequency within the range of 15–20 kHz

ad the benefit of reducing friction because the alternating contact

f the drill with the bone, which produced lower heat, was domi-

ant over the heat dissipation caused by the mechanical vibrations

f the drill. Moreover, a lower feed rate could minimise the dis-

ppearance of osteocytes because it would generate less heat due

o the reduction in friction. The cell damage near the immediate

icinity of the cutting region was greater due to elevated stress and
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Table 4 

Grey relational coefficient (GRC), grey relational grade (GRG), and ranking of exper- 

imental set-ups. 

Exp. Grey relational coefficient (GRC) GRG Rank 

Force Torque Temp. Cell lost 

1 0.379 0.350 1.0 0 0 0.623 0.588 5 

2 0.389 0.350 1.0 0 0 0.755 0.623 4 

3 0.412 0.350 0.765 1.0 0 0 0.632 2 

4 0.333 0.333 0.439 0.355 0.365 25 

5 0.488 0.560 0.392 0.342 0.445 17, 18 

6 0.426 0.420 0.765 0.568 0.545 9 

7 0.426 0.500 0.689 0.647 0.565 6, 7 

8 0.525 0.420 0.419 0.376 0.435 19 

9 0.406 0.392 0.439 0.388 0.406 21 

10 0.346 0.392 0.419 0.456 0.403 23 

11 0.467 0.455 0.927 0.676 0.631 3 

12 0.512 0.500 0.392 0.376 0.445 17, 18 

13 0.726 0.645 0.333 0.350 0.514 11 

14 0.379 0.369 0.409 0.397 0.389 24 

15 0.394 0.455 0.490 0.494 0.458 13 

16 0.663 0.775 0.439 0.382 0.565 6, 7 

17 0.924 0.560 0.377 0.376 0.559 8 

18 0.426 0.392 0.451 0.376 0.411 20 

19 0.412 0.369 0.505 0.530 0.454 14 

20 0.389 0.775 0.490 0.473 0.532 10 

21 1.0 0 0 1.0 0 0 0.350 0.366 0.679 1 

22 0.441 0.560 0.392 0.397 0.447 15 

23 0.467 0.500 0.451 0.554 0.493 12 

24 0.433 0.420 0.451 0.480 0.446 16 

25 0.394 0.560 0.333 0.333 0.405 22 
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Table 6 

Confirmation test. 

Initial setting Prediction Experimental 

Setting level A5-B1-C5 Al-B1-C3 Al-B1-C3 

Force 21 – 38 

Torque 8 – 10 

Temperature 77 – 47 

Cell Loss 61 – 8 

Grey relational grade 0.679 0.699 0.722 

Percentage improvement in the GRG 6.33% 
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emperature. Lower drilling force and torque may help to prevent

verstressing the bone, avoid drill breakage, preserve the structure,

nd decrease intra- and post-operative bleeding. 

Previous studies have described bone formation, remodelling,

nd osseointegration as indictors for successful and efficient os-

eotomies using piezo surgery, CD, and sawing of bone. The exact

emperature level for inducing necrosis in bone was reported to be

ithin the range of 50–70 °C [4,9,34] . A histological examination

f drilled specimens provided a means of determining the effect

f drilling parameters on bone health. Fewer necrotic cells from

rilling bovine cortical bone, as evidenced by the depth of empty

acunae, were found when the drilling force was increased [35] . Ir-

igating the cutting region with saline has been shown to produce

ower heat, less thermal damage, and increased osteocyte viabil-

ty during the sawing and burring of cortical bone [36] . A large

rilling force was reported to generate miniature cracks within

he microstructure of the bone tissue [25,26] , and it was expected

hat the cells were buried in the newly generated cavities. An in-

erse relationship between drilling force and bone temperature re-

orted in the literature [6,37] has complicated the identification of

avourable drilling parameters in surgical bone incision. 

Research related to bone cutting has mainly been performed

sing conventional cutting tools such as a drill, bur, saw blades,

nd tools with superimposed micro-vibrations (piezosurgery). Vi-

rational cutting has demonstrated greater viability of cells and

nhanced bone healing compared with conventional cutting. Piezo-

omes have presented a new gold standard in bone cutting due

o improved healing, less bone loss, precision, soft tissue protec-

ion, and reduced intra-surgical and post-surgical morbidity [38] .
Table 5 

Response table for grey relational grade. 

Control parameter Level 1 Level 2 Level 3

Speed (A) 0.531 0.471 0.487 

Feed (B) 0.601 0.528 0.497 

Frequency (C) 0.448 0.515 0.609 
one particulate collected by a piezoelectric system at a frequency

f 35 kHz has greater potential for longevity than that collected

y a conventional rotary system [39] . Better cell viability in piezo-

urgery has been attributed to vibrational movements and reduced

ressure from the surgical tool, resulting in insignificant thermal

lteration in the bone tissue. While performing osteotomy using a

one scalpel with a 0.5 mm width, 3 mm length, and five cutting

eeth, piezoelectric surgery resulted in faster bone formation and

emodelling in the nasal bones of rabbits [40] . Autogenous bone

rafts harvested with a manual instrument and piezosurgery had

ore viable cells in comparison with bone chips harvested with

 conventional rotary device [41] . Bone specimens were harvested

sing a mini periodontal chisel, a low-speed handpiece, and piezo-

urgery. The viability of osteoblast cells was 48.80 ± 4.05% for

he manual instrument group, 39.64 ± 5.40% for the rotary device

roup, and 49.92 ± 5.09% for the piezosurgery group. The values

f the regenerated bone area with respect to the total osteotomy

rea were approximately double for piezoelectrical devices com-

ared with conventional rotary osteotomes [42] . In contrast to the

bove studies, bone healing after piezosurgery in rat tibial bone

as found to be similar to that observed with CD [27] . None of

he aforementioned studies provided quantitative analysis of bone

iability with regard to the range of frequency and extent of cell

amage in the bone surrounding the cut surface. 

. Limitations 

Structural composition such as the volume fraction of organic

nd inorganic constituents of the bone, orientation of osteons, vol-

me fraction of lacunae and Haversian canals, and number of cells

t various layers was slightly different. However, due to the ex-

remely complex microstructure of bone, it is not possible to look

nto this issue in the current study. We assumed that the proper-

ies, microstructure, and constituents of bone were the same at all

evels along the wall thickness of the cortical bone. This study did

ot explore the effect of alternating stress reversals, arising from

igh frequency micro-vibrations, on the physiological structure of

he bone. The temperature captured in the region up to 1 mm dis-

ance from the drilling track was assumed to be the same as that

f the cut surface due to the compact nature of the bone. How-

ver, this assumption may not be true in the case if trabecular

spongy) bone, where the effect of porosity cannot be ignored. A

epth of 600 μm considered in the current study was the expected

rucial depth for determining the strength of fixation between

he bone and the anchoring metallic device. Further research is
 Level 4 Level 5 Max–min Rank 

0.504 0.494 0.060 3 

0.412 0.449 0.190 1 

0.443 0.521 0.166 2 
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required to find the relationship between the extent of damage,

and osseointegration and bone formation surrounding implants or

fixative elements. 

7. Conclusion 

Large drilling forces and higher bone temperatures (resulting

from the drilling process) are detrimental to the delicate struc-

ture of bone. This study hypothesised that controlled drilling pa-

rameters in combination with a frequency of 20 kHz would be a

favourable combination for safe drilling in bone. Analysis showed

that the process of bone drilling was mainly affected by feed rate,

followed by frequency and drill speed. The drilling force, torque,

temperature, and cell loss could be minimised when the drill

speed was maintained at 10 0 0 rpm, the feed rate at 30 mm/min,

and the frequency at 20 kHz. Frequencies above 20 kHz significantly

reduced drilling force and torque, but increased bone tempera-

ture significantly above the thermal threshold level sufficient for

inducing necrosis in bone. 

Evaluating the effect of high levels of stress reversal in vibra-

tional drilling on the physiology of bone cells is beyond the scope

of this study. The existing hand-held bone surgical drill can be

modified to operate at a single frequency of vibration for safe

drilling in bone. A prototype of a hand-held drilling system is to

be designed to facilitate real-time measurement of force, torque,

and temperature during surgical incision. 
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