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a b s t r a c t 

Bone drilling is widely used in orthopaedics for inserting screws and fixing prostheses. Thermal necrosis 

is one of the major problems that may seriously affect post-operative recovery. Accordingly, this paper 

mainly focuses on comparing the influences of conventional drilling (CD), ultrasonic vibration-assisted 

drilling (UVAD) and low-frequency vibration-assisted drilling (LFVAD) methods, and drilling parameters 

on the temperature elevation in bone drilling process. A full factorial experiment was performed, and the 

temperatures were measured using an infrared camera. The lowest temperature elevation was obtained 

by LFVAD compared with CD and UVAD at the same drilling conditions. Setting CD as a reference, the 

maximum difference between LFVAD and CD was approximately −4 °C, whereas that between UVAD 

and CD was approximately 16 °C. The temperature elevation increases linearly with the spindle speed 

and follows an inverted U-shaped curve, with the feed rate having a peak at 40 min / mm in each drilling 

method. The results were discussed with regard to the features of LFVAD and UVAD. It was expected that 

the LFVAD could achieve minimal thermal damage and attain better results in the medical bone drilling 

process. 

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

Bone drilling is frequently required to treat patients with or-

hopaedic, dental or neural injuries. Because a large amount of

eat is generated during the bone drilling process and the osteo-

yte activity is highly sensitive to heat, irreversible thermal dam-

ge will severely deteriorate the strength of bone tissues and re-

uce the survival rate of the vessels and nerves surrounding the

rilling site when the bone temperature exceeds 47 °C for one

inute [1–3] . This thermal damage may cause instability in fixed

ractures, loosened prostheses, and extended healing times. There-

ore, a low temperature must be maintained during the drilling

rocess to avoid post-operative complications. 

During bone drilling, heat is generated mainly from the shear

eformation process and the friction between the chips and the

ake face of the cutting lip [4,5] . The rest of the heat is derived

rom friction among the bone, the chips and the drill body. Re-

ently, Cseke and Heinemann [6] reported that the heat from fric-

ion at the interface of the drill body and the wall of the bone
∗ Corresponding author 

E-mail address: houshujun71@126.com (S. Hou). 

i  

a  

d  

u  

ttps://doi.org/10.1016/j.medengphy.2019.06.010 

350-4533/© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
ole is the primary heat source during the bone drilling process.

he heat is dissipated simultaneously by heat conduction to bone

nd drill bit and by heat transfer by means of the extracted chip

ow. 

The complexity of bone drilling poses a great challenge

or research and has attracted many scholars to study it for

ecades. Many experiments have been performed to investigate

he most favorable drilling conditions to obtain better results

n bone drilling. Some studies attempted to either improve the

eometry of the drilling tools [7–10] or optimize the drilling

arameters [11–16] to obtain better results, although their results

ere sometimes contradictory. Other investigations introduced 

ther drilling methods as alternatives to conventional drilling (CD)

nto the medical field [2] . 

The VAD method has been successfully applied in the ma-

hining of hard metals and composite materials since the last

entury. In comparison with CD, VAD enables the effective re-

uction of the applied drilling force and torque while improving

he surface quality and position accuracy [17–19] . Moreover, VAD

s a pure mechanical process [20] that does not put patients at

dditional electrical or chemical risk. Therefore, over the past

ecade, numerous researchers have studied the application of

ltrasonic vibration-assisted drilling (UVAD) in the medical bone

https://doi.org/10.1016/j.medengphy.2019.06.010
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.06.010&domain=pdf
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Figure 1. The components of the experimental setup (A: Schematic; B: Bone drilling site). 
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drilling field and attempted to obtain better surgical results. Their

reports [21–26] confirmed that a lower applied thrust force and

torque, decreased temperature rise ( f < 20 kHz), improved surface

roughness, greater pull-out strength, and the generation of fewer

micro-cracks can be achieved by UVAD compared with CD under

similar drilling conditions. 

As another branch of the VAD method, relatively few stud-

ies have investigated the use of low-frequency vibration-assisted

drilling (LFVAD) for drilling bone. Wang et al. [27] found that fewer

and shorter micro-cracks formed and that the cutting heat is sig-

nificantly reduced in LFVAD ( f = 5–20 Hz) compared with CD. In

the following year, Wang et al. [28] investigated the cutting tem-

perature under vibration conditions of 5–20 H z and 10 0–50 0 μm

and found that the cutting temperature tended to decrease with

increases in the vibration frequency and amplitude. Balevicius and

co-workers [29] investigated the LFVAD machining performance on

polymethyl methacrylate at 9 different vibration settings and per-

formed 10 experiments at 60–140 Hz. They reported a maximum

temperature reduction of 21 °C at 80 Hz with an excitation volt-

age of 120 mV. Zakrasas et al. [30] used a similar experimental

setup and reported that the drilling temperature on pig rib when

using LFVAD (60–120 Hz) was reduced by 14% compared with the

values in CD. However, in their experiments [27,28] , the effects of

drilling parameters were not investigated. The drilling processes in

[29,30] were performed by a hand drill, so the feed rate and thrust

force were difficult to maintain steady at the desired values during

the whole drilling process. Since the temperature is sensitive to the

drilling parameters, these results may be affected by the manual

operation. 

In previous experiments, the main apparatus utilized to mea-

sure the temperature included the thermocouple embedded in the

bone [31] or drill bit [32] and thermographic camera. Because the

measurement using thermocouples depends strongly on the ther-

mal properties of the workpiece [33] and owing to the poor heat

conductivity and anisotropic nature of bone [34] , many pilot holes

must be prepared to insert thermocouples to accurately obtain

the thermal field surrounding the drill site. This preparation pro-

cess demands too much time and experience. In contrast, an in-

frared camera only requires pre-calibration before measurement.

The contactless technology of infrared camera measurements can

also avoid some interference, such as loosened contact in the ther-

mocouple approach, during the drilling process. 

Since the highest temperature is located at the interface of the

chisel edge and the bone [35] and the heat gradually accumulates

throughout the drilling process, we suppose that the maximum

drilling temperature appears at the moment just before the drill

tip penetrates the far edge of the specimen. However, the infrared

camera used in recent investigations [33,36] only detected the sur-

face temperatures around the entries of the bone holes. Therefore,
he recorded data do not represent the exact highest temperature

uring the drilling process. In our experiment, an improved ap-

roach to temperature measurement was adopted by using an in-

rared camera. 

In this paper, CD, LFVAD and UVAD were respectively employed

nder the same drilling conditions to investigate their effects on

he temperature elevation in the bone drilling process. The results

f each drilling method were compared to verify the advantages

f LFVAD with regard to its ability to reduce the temperature ele-

ation. The results of the comparison were discussed by means of

he different f eatures of VAD in the low-frequency and ultrasonic

anges. 

. Materials and methods 

Since the mechanical properties of bovine bone resemble those

f human bone [11,12] , drilling experiments were performed on the

resh diaphysis of bovine femurs in this study. The bones were pur-

hased from a local butcher immediately after the slaughter. The

verage age of the beef cattle was 1.5 years. No animal was mis-

reated during this experiment. The attached tissue and marrow

ere removed completely, and the cortical layer (with a thickness

f approximately 8 mm) was cut into blocks longitudinally by a

ower saw. To prevent dehydration, the specimens were soaked in

aline and kept at environmental temperature before drilling. A to-

al of 25 specimens were prepared. 

The setup of the drilling equipment and apparatus are shown

n Figure 1 . Since axial assisted vibration is the most effec-

ive type [37] , the multi-function drilling lathe used in this ex-

eriment can superpose axial vibrations onto the drill bit in

oth the low-frequency and ultrasonic ranges. The feed platform

nd the spindle were driven by two servo motors (Mitsubishi,

.7 kW, 30 0 0 rpm, Japan) and controlled by a programmable

ogic controller system (Mitsubishi, Fx series, Japan). An ultra-

onic transducer module (0.08 kW, resonant frequency = 23 kHz,

mplitude = 7 μm) and a double-motor self-synchronous low-

requency exciter (2 × 0.05 kW, axial frequency = 50 Hz, axial ex-

iting force = 150 N, amplitude = 0.05 mm) were equipped on this

athe. The ultrasonic transducer and amplitude transformer were

nstalled between the spindle servo motor and the drill bit clamp

n series. The double-motor self-synchronous low-frequency exciter

as fixed on the lathe body. As the lathe worked in the CD and

VAD modes, the locker was on to ensure that the connection

etween the feed platform and lathe body was rigid. When the

athe was working in the LFVAD mode, the locker was dismantled.

he connection was then flexible, and the lathe body could slide

n the slideway periodically and keep step with the axial fre-

uency of the low-frequency exciter. The vibration parameters
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Figure 2. The variation in the highest temperature during the drilling process. 

Table 1 

The control parameters and setting levels in the experiment. 

Control factor Level 1 Level 2 Level 3 Level 4 Level 5 

Spindle speed (rpm) 200 400 600 800 10 0 0 

Feed rate (mm / min) 10 20 30 40 50 

Drilling method CD LFVAD UVAD N/A N/A 
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ere measured by a laser vibrometer (POLYTEC OFV-505/50 0 0,

ermany). 

An infrared camera (FLIR T1040, U.S.) was used to measure the

emperature. The sensitive range of detector head was between

.5–14 μm, and the sensitivity was less than 0.02 K. The measure-

ent accuracy of the infrared camera was ±1% in the range of 5–

50 °C. The camera was pre-calibrated using a contact industrial

hermometer. The bone emissivity was approximately 0.96, consis-

ent with the values in studies [38,39] . 

Since we suppose that the highest temperature of the bone tis-

ue appears at the moment just before the drill tip penetrates the

ack surface of the specimen ( Fig. 2 ), the infrared camera was lo-

ated approximately 1 m away from the specimen, and its lens was

imed at the back surface of the bone. The infrared camera started

o work as the drill turned and recorded the thermal images man-

ally before the drill tip exited. 

A hole diameter of 1.5–5.5 mm is usually adopted in or-

hopaedic surgery. Hence, a standard twist drill bit (high-speed

teel, diameter = 3 mm, not coated) was used for drilling. The drill

it geometry was unified, and no external coolant system was

sed. 

To balance the cost of the experiment and the data integrity,

 levels were used for each drilling parameter. The values of the

rilling parameters employed in this study referred to previous

tudies [21,23,32,33] and are shown in Table 1 . Drilling was per-

ormed with random parameters and repeated three times to elim-

nate errors. To prevent a worn drill bit from imposing a negative

nfluence on the drilling performance, the drill bit was replaced

ith a new one after every five experiments. 
igure 3. The thermographic images of the highest temperature at the back surface

peed = 200 rpm, feed rate = 10 mm / min. Vibration parameters: LFVAD: A = 50 μm, f = 50
. Results 

.1. The effects of the drilling method 

The recorded thermography images at the same drilling param-

ters were primarily compared. Figure 3 shows the images cap-

ured when the spindle speed was 200 rpm and the feed rate was

0 mm/min. The recorded highest temperatures using the three

rilling methods were 39.8 ◦C, 37.5 ◦C and 60 ◦C, and the back-

round temperatures were 23.7 °C, 24.7 °C and 35.9 °C, respec-

ively. Accordingly, the elevated temperatures were 16.1 °C, 12.8 °C
nd 24.1 °C for the CD, LFVAD, and UVAD. Obviously, LFVAD ex-

ibited the lowest temperature elevation, while UVAD showed the

ighest temperature elevation under same conditions. 

.2. The effects of the spindle speed 

Setting the feed rate as a constant, the effects of the spin-

le speed on the temperature elevation in each type of drilling

ethod were compared in Figure 4 . Compared with the other

rilling methods, LFVAD demonstrated the lowest temperature el-

vation at each sampling point. The trends of the temperature ele-

ations in each drilling method illustrated that the temperature el-

vation has an approximately linear relationship with the spindle

peed and that the relationship was not significantly influenced by

he different drilling methods. 

The results obtained in this experiment are consistent with

hose of other studies [33,40] that reported that the increase in

he temperature exhibits a linear relationship with the spindle

peed. However, the results of this study contradict those of an-

ther previous experiment [41] that reported that the increases in

he temperature exhibits a decreasing quadratic relationship with

ncreasing spindle speed in the range of 20k–100k rpm during the

pplication of CD. Moreover, the results of these experiments are

lso distinct from those of Hillery and Shuaib [32] , who suggested

hat the temperature decreases at 40 0–120 0 rpm and slightly

ncreases at 120 0–20 0 0 rpm. 

The maximum differences among the examined drilling meth-

ds occurred in the reference group FR = 40. The detailed values

f the reference group are shown in Table 2 . While the difference

etween the CD and LFVAD methods showed an almost constant

alue, the difference between the CD and UVAD methods exhib-

ted linear increase with the spindle speed (except for a slightly

ower value at sample point SS = 600). 

.3. The effects of the feed rate 

Setting the spindle speed as a constant, the effects of the feed

ate on the temperature elevation in each type of drilling method

ere also compared and are shown in Figure 5 . Compared with

he other drilling methods, LFVAD again demonstrated the low-

st temperature elevation at each sampling point. The temperature
 of bone specimen (L: CD; M: LFVAD; R: UVAD. Drilling parameters: spindle 

 Hz; UVAD: A = 7 μm, f = 23 kHz). 
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Figure 4. The effects of the spindle speed on the temperature elevation in each drilling method (The sample points are at spindle speeds of 20 0, 40 0, 60 0 and 10 0 0 rpm. 

FR = feed rate (mm/min). Vibration parameters: LFVAD: A = 50 μm, f = 50 Hz; UVAD: A = 7 μm, f = 23 kHz. Mean + SD). 

Figure 5. The effects of the feed rate on the temperature elevation in each drilling method (The sample points are at feed rates of 10, 20, 30, 40 and 50 mm/min. SS = spindle 

speed (rpm). Vibration parameters: LFVAD: A = 50 μm, f = 50 Hz; UVAD: A = 7 μm, f = 23 kHz. Mean + SD). 

Table 2 

The mean elevated temperatures at FR = 40 for each drilling method. 

Spindle 

speed 

(rpm) 

CD LFVAD UVAD 

�T �T Diff. �T Diff. 

200 30.63 ±1.33 28.03 ±0.50 −2.60 ±1.83 40.93 ±0.68 + 10.30 ±0.14 

400 33.13 ±1.57 29.73 ±0.40 −3.40 ±1.92 44.90 ±1.05 + 11.77 ±0.71 

600 39.17 ±2.40 35.47 ±0.97 −3.70 ±1.47 48.23 ±1.61 + 9.07 ±2.64 

800 42.13 ±0.51 39.0 0 ±2.0 0 −3.13 ±1.48 55.13 ±1.62 + 13.00 ±2.04 

10 0 0 45.17 ±0.95 41.40 ±0.98 −3.77 ±1.51 61.73 ±1.42 + 16.57 ±2.32 

�T and Diff.: °C, MEAN ±SD. 
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t  
levation increased as the feed rate rose until the feed rate was

0 mm / min, after which it dropped with a further increase in the

eed rate. The shape of the curves exhibited an approximately in-

erted U-curve relationship with the feed rate. The similar trends

f the curves demonstrated that the effects of the feed rate were

lso independent of the different drilling methods. 

The observed relationship between the temperature elevation

nd feed rate is similar to that reported in previous study [40] .

bouzgia and James [42] found a similar relationship between the

emperature elevation and force in that the temperature increased
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Table 3 

The mean elevated temperatures at SS = 10 0 0 for each drilling method. 

Feed rate 

(mm / min) 

CD LFVAD UVAD 

�T �T Diff. �T Diff. 

10 38.10 ±1.51 33.67 ±1.01 −4.43 ±2.32 44.57 ±0.35 + 6.47 ±1.38 

20 40.37 ±0.92 36.07 ±2.49 −4.30 ±1.57 48.47 ±0.64 + 8.10 ±0.82 

30 41.63 + 1.32 38.33 ±0.55 −3.30 ±1.87 55.47 ±1.29 + 13.83 ±1.22 

40 45.17 ±0.95 41.40 ±0.98 −3.77 ±1.51 61.73 ±1.42 + 16.57 ±2.32 

50 40.37 ±1.06 35.73 ±1.29 −4.63 ±1.08 53.10 ±0.87 + 12.73 ±1.46 

�T and Diff.: °C, MEAN ±SD. 

Table 4 

ANOVA analysis for the mean temperature elevation. 

Item DOF Adj. SS Adj. MS F -value P -value 

A 4 8095.8 2023.96 1336.48 0.0 0 0 

B 4 4541.8 1135.45 749.77 0.0 0 0 

C 2 6950.5 3475.23 2294.79 0.0 0 0 

2-way interaction 

A ∗B 16 211.4 13.21 8.73 0.0 0 0 

A ∗C 8 94.8 11.85 7.82 0.0 0 0 

B ∗C 8 133.2 16.65 11.00 0.0 0 0 

3-way interaction 

A ∗B ∗C 32 143.7 4.49 2.97 0.0 0 0 

Error 150 227.2 1.51 

Total 224 20398.4 

R -sq(adj): 98.34%. 

Figure 6. The percentage contributions of significant controlling factors. 
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Figure 7. The main effects of the controlling factors on temperature elevation. 
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ith the force up to 4.0 N and then decreased at higher forces.

evertheless, the results from this experiment are distinct from

he conclusion in another report [33] , which reported that the

emperature elevation increased linearly with the feed rate. The

esults reported herein are also different from a previous exam-

nation [31] , which demonstrated that the temperature elevation

ecreased nonlinearly with the feed rate. 

The maximum different values in each SS reference group were

btained in reference group SS = 10 0 0. The data are reported in

able 3 . While the differences between the CD and LFVAD meth-

ds were almost constant, the difference trend between the CD

nd UVAD methods indicated that the difference also had an in-

erted U-shape relationship with feed rate. 

.4. Statistic analysis 

A 3-way ANOVA data analysis was performed to identify the

ignificant controlling factor affecting the temperature elevation

nd to quantify the weight of controlling factor. The P -value in

able 4 (A: Spindle speed, B: Feed rate, C: Drilling method), asso-

iating with the percentages in Figure 6 , indicated the most sig-

ificant key factors on the temperature of bone drilling process

ere spindle speed, drilling method and feed rate in orderly. Apart

rom that, the 2-way and 3-way interactions were also identified

s significant factors, although their weights were much lower. The
eights of the interaction of spindle speed and feed rate showed

n Figure 7 were almost the sum of the weights of others. 

According to the result of the main effects of the controlling

actors, the optimum combination for reducing temperature eleva-

ion in bone drilling in our experiment is spindle speed of 200 rpm

nd feed rate of 10 mm / min by using the LFVAD method. 

. Discussion 

The placement and velocity of the drill bit in the VAD method

re: 

 VAD (t) = v f t + A sin ( 2 π f t ) (1) 

˙ 
 VAD (t) = v f + 2 πA f cos ( 2 π f t ) (2) 

here A and f are the amplitude and frequency of the vibration,

espectively, and v f is the constant feed rate of CD. If the periodic

omponent 2 πAf is greater than v f , which results in 

˙ Z (t) < 0 , the

rill bit will separate from the specimen periodically. The unique

rill bit motion method changes the continuous cutting process

n CD into a pulse intermittent cutting process in both the LF-

AD and UVAD methods. However, because of the differences in

he frequency and amplitude between LFVAD and UVAD, there are

till some differences between them in thermal conditions during

he bone drilling process. To reduce the temperature elevation, it

s necessary to either decrease the amount of heat generation, in-

rease the ability of heat dissipation, or both. 

For heat generation, the impact property of VAD makes the cut-

ing lips abruptly cut into the workpiece by a pulse intermittent

ode, which concentrates the cutting energy, changes the forma-

ion mechanics of chips, reduces the chip deformation and makes

he cutting process easier [18] . Moreover, the separation and in-

entation motions between the drill bit and workpiece decrease

he mean rate of heat generation due to the decreased mean fric-

ion coefficient at the interface of the chips and the rake faces [33] .

hese advantages imply the lower energy consumption in the cut-

ing process, which results in less heat generated. However, the su-

erposed motion intensifies the friction motion at the interface of

he drill body and the wall of the bone hole, which leads to inten-

ive heat generation there. 

We supposed that both LFVAD and UVAD benefit from the de-

reased amount of heat generation during the cutting process. The

ifference between them is the frictional heat generated from the

nterface of the drill body and the wall of the bone hole. Although

he amplitude of the vibration motion in UVAD is very small, the
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maximum instantaneous velocity is much higher than the value in

LFVAD due to its high frequency. For example, the maximum ax-

ial velocities of LFVAD and UVAD in our experiment were approx-

imately 16 mm/s and 1011 mm/s. Since the frictional heat gener-

ation is positively correlated with the relative speed, the amount

of frictional heat in UAVD should be much higher than that in LF-

VAD and CD. We obtain the same conclusion as in [33] that the in-

crease in temperature was due to the ultrasonic frequency (greater

than 20 kHz) of the vibration energy of drill being dissipated

as heat. 

For the heat dissipation, the VAD method can produce seg-

mented chips and reciprocating motion can promote the unhin-

dered ejection of bone chips from the flutes [26,43] , thereby en-

hancing the dissipation capacity of the chips. The reciprocating

motion also results in an air pump effect to reduce the heat accu-

mulation by boosting airflow at the drill tip [28] . However, accord-

ing to the much higher amplitude of LFVAD, the maximum veloc-

ity of the airflow at the gap between the drill tip and new surface

of bone was also supposed to higher than the value of UVAD. The

faster airflow takes more heat away. Therefore, LFVAD has a bet-

ter heat dissipation capacity than UVAD and CD under the same

drilling conditions. 

As mentioned above, we could draw the conclusion that the

lowest temperature elevation of LFVAD reflects the advantages in

both heat generation and dissipation. On the other hand, the sig-

nificantly increased temperature elevation of UVAD is mainly due

to the intensified frictional heat generated. 

In general, the conflicting results in previous studies and exper-

iments is probably due to the different ranges of spindle speed and

(or) feed rate. It is difficult to obtain the similar results, or even the

same trends, because of the varied processability of bone material

under different stress/strain rate. Moreover, it is worth to mention

that there were some experiments using applied thrust force in-

stead of feed rate. The other variables in the previous experiment

were geometry parameters of drill bit, such as point angle, rake

angle and flute, all have significant effects on heat generation. 

Apart from these factors, the properties of specimens are al-

ways not the same. Human bone, bovine and pig bone are used

in a variety of experiments. Even if some studies using the same

kind of bone, there are still some difference because of the natural

property of bone effected by too many factors. The subtle differ-

ences exist even the specimens made by the same bone. 

Furthermore, there are a large number of relevant factors affect-

ing on temperature rising, such as humidity of specimen, ambient

temperature, applying irrigation system and measurement technol-

ogy. That the results were contradictory was unsurprising given the

different experimental conditions in each case. 

Based on the result of this experiment, we could conclude that

as the feed rate is a constant, the increasing spindle speed in all

three tested drilling methods leads to thinner uncut chips per rev-

olution, which leads to less energy consumption for the formation

of bone chips and thereby less heat generated in the deformation

zone. On the other hand, the frictional heat increases since the in-

creased relative velocity between the rake face and the chips. The

frictional heat from the interface of the drill body and the wall

of the bone hole also increases with the spindle speed. We may

conclude that the benefit of the decreased deformation heat was

offset by the increased friction heat, and the frictional heat was

dominant in this condition in all tested drilling methods. Hence,

the temperature elevation has an approximately linear relationship

with the spindle speed. 

As the spindle speed is a constant, a higher feed rate not only

leads to an increased rate of heat generation due to not only the

higher material remove rate but also a reduced drilling time in

all three tested drilling methods. The temperature elevation curves

shown in Figure 5 reflect a competitive relationship between the
ncreased deformation heat and the shortened thermal exposure of

he drilling process. Before the feed rate reaches 40 mm / min, the

pward trend of the temperature elevation curve means that the

ffect of increasing the deformation heat overwhelmed the effect

f the shortened duration. However, when the feed rate exceeded

0 mm / min, the effect of the shortened duration overwhelmed the

apid heat generation. 

According to the curves shown in Figures 4 and 5 , the rela-

ionships of the temperature elevation and the drilling parame-

ers exhibited no significant difference for the three drilling meth-

ds. We suppose that it implies that the axial reciprocating motion

nly changes the motion of the drill bit and adds new features

n the thermo-environment during the drilling process but does

ot change the fundamental heat conditions of the drilling process.

ence, the effects of the spindle speed and feed rate on the tem-

erature elevation were consistent in all three drilling methods.

evertheless, there are still some subtle differences between LF-

AD and UVAD. The approximately constant difference values be-

ween CD and LFVAD reported in Tables 3 and 4 imply that the

ffect of LFVAD was independent of the varying drilling parame-

ers. In contrast, interestingly, the effect of UVAD was apparently

ensitive to the varying spindle speed and feed rate. 

. Conclusion 

In this paper, experiments were carried out to investigate the

ffects of the drilling methods and parameters on the tempera-

ure elevation in the bone drilling process. According to the results,

he LFVAD method can obtain the lowest temperature elevation at

he same drilling condition compared to CD and UVAD. We spec-

late that LFVAD benefits from a low-frequency axial motion that

ecreases the amount of heat generation and promotes the capac-

ty of heat dissipation. An increased spindle speed leads to a lin-

ar increase in the temperature elevation. A larger feed rate leads

o a higher temperature until a feed rate of 40 mm / min, which is

 peak value, and the temperature drops with a greater feed rate.

he relationships of the drilling parameters and temperature eleva-

ion were not significantly affected by the different drilling meth-

ds. Although LFVAD still requires further research before being

ut into clinical practice, the results of this study demonstrate that

FVAD has remarkable advantages compared with CD and UVAD

ith regard to the temperature elevation. Thus, LFVAD may rep-

esent a new alternative drilling technique in the medical field.

ccordingly, future research will focus on studying the detailed

utting mechanics of LFVAD in the bone drilling process and in-

estigating the influence of LFVAD on the drilling forces. 
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