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Abstract—Bone cutting is an essential procedure of ortho-
pedic surgery, while irreversible bone damage would be
inevitably caused using the conventional cutting (CC)
method. In this study, an ultrasonic vibration-assisted cutting
(UVAC) method was applied in bone cutting to investigate
the cutting performance, considering the cutting force and
temperature rise, in comparison with CC. In addition, a finite
element (FE) model was developed to investigate the cutting
mechanism and the influence of a wide range of processing
parameters on the performance of cutting bone. The results
indicate that the proposed FE model shows good correlation
with the experimental results for both cutting force and
temperature. UVAC can significantly reduce the cutting force
and increase the temperature in comparison with CC from
the experimental and predicted results. The cutting force
tends to decrease with the increasing vibrational parameters
and decreasing cutting speed, while the temperature
increases. The verified FE bone cutting model provides an
efficient way to assist the optimization of the processing
conditions in bone cutting operations.

Keywords—Bone, Ultrasonic vibration, Cutting force, Tem-

perature, Finite element model.

INTRODUCTION

Bone cutting is a common procedure in many
surgeries like orthopedic, neuro and dental. However,
there are still some issues with mechanical and thermal
damage caused by the enormous cutting force as well
as the heat generated during the bone cutting pro-
cess.21 Firstly, the fragile bone tissues are prone to
fracture because of the significant pressure caused by

the bulky cutting tips of conventional cutting (CC)
tools.26 The excessive cutting force also causes diffi-
culty for surgeons to control the tool, leading to
mechanical damage of adjacent bone tissues.8 Plaskos
et al.18 presented that a ± 1.3� error of sagittal align-
ment caused by the large cutting force would lead to
post-operative problems in total knee replacement.
Secondly, during CC, a high temperature was found at
the interface between the bone and the cutting edge
resulting in thermal necrosis. Eriksson7 indicated that
bone tissue becomes sensitive to heating at 47 �C and
cortical necrosis occurs after heating for 1 min at 47
�C. Augustin et al.4 also found that irreversible
osteonecrosis occurs when the temperature rises above
47 �C in bone drilling experiments. Thus, there is an
urgent need to develop a low-trauma bone cutting
method for improving the safety and efficiency of
orthopedic surgery.

Considering the mechanical properties of bone and
the high demand for bone cutting, the ultrasonic
vibration assisted cutting (UVAC) method is of sig-
nificant interest as it has been widely used in the pro-
cessing of difficult-to-machine materials since the late
1950s.6 It has been reported that, in precision metal
cutting, UVAC not only decreases the cutting force
and surface roughness, but also increases the service
life of the tool.14,15,17 Various studies have reported
that UVAC minimizes the cutting force thus assisting
surgeons in cutting bone tissue in dental surgery12 since
it was first introduced for bone processes in 1957.11

This method has also been proved compelling to be
studied with a larger cohort to determine its role in
surgery.9 However, there have been some reports
about the observations of higher bone temperature in
UVAC19 but limited studies investigating how to re-
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duce the temperature rise in bone using UVAC. The
mechanism of reducing the cutting force in UVAC of
bone is also not clear. Hence, it is necessary to study
the effects of processing and vibration parameters on
cutting performance in UVAC of bone for providing
optimized operating conditions during surgery and
instrument designs. Alam et al.2 investigated the
influence of vibration parameters on cutting force
during CC and UVAC of bone. It was found that the
cutting force was highly controlled by vibration fre-
quency and amplitude. Sugita et al.27 presented that an
increase in vibration amplitude decreases the cutting
force and improves the surface roughness. Shu
et al.24,25 designed a novel elliptical vibration assisted
oscillating system to reduce the cutting force by
increasing the frequency amplitude and reducing the
sawing speed. Although the experimental method
provides a direct approach to understanding the cut-
ting phenomena, their studies were performed with
only a small range of cutting speed (< 16 mm/s),
vibration amplitude (< 25 lm), and vibration fre-
quency (< 30 kHz) due to limitations of the experi-
mental setup. However, the cutting speed of surgical
drilling and sawing is normally higher than 100 mm/s,
which means their results might not be applicable in
ultrasonic vibration assisted drilling and sawing. There
is also a technical challenge to continuously adjust the
vibration frequency in order to ensure the resonance of
the tool. Thus, it is necessary to develop an effective
approach to conduct a systematical analysis of the ef-
fects of a wide range of processing parameters on both
cutting force and temperature during CC and UVAC
for minimizing mechanical and thermal damage during
bone cutting.

Unlike the experimental approach, the finite ele-
ment (FE) method performs effectively in biomechan-
ical engineering since it is able to save the experimental
expense and time. Alam et al.3 established a bone
cutting model and investigated the influences of geo-
metric parameters and cutting depth on the cutting
force during CC. Wang et al.23 and Li et al.13 devel-
oped an FE model to study the influences of vibration
parameters on temperature rise during low-frequency
vibration assisted drilling of bones. Santiuste et al.22

analyzed the orthogonal cutting of cortical bone using
a FE model. Their models provide good prediction
accuracy in comparison with experiments, indicating
an effective approach to investigate the cutting force
and temperature in UVAC of bone.

In this study, both the cutting force and temperature
in UVAC of bone were experimentally investigated
and used to evaluate the FE model. The influence of
the processing parameters (cutting speed and cutting
depth) and vibration parameters (vibration amplitude
and vibration frequency) on cutting force and tem-

perature were then comprehensively investigated in the
verified FE model. Finally, the mechanism of cutting
force and temperature rise during UVAC of bone was
discussed.

MATERIALS AND METHODS

FE Modeling

There are various bone processing methods, such as
sawing, drilling, turning, and milling, required for
different purposes in surgery. The orthogonal bone
cutting model was created for a more general study.
The length and depth of the workpiece are much larger
than that of the cutting thickness, and the deformation
state of the chips on each section of the vertical cutting
edge is basically the same as for the orthogonal cutting
of cortical bone. In addition, a significant reduction of
calculation time was found on the 2D FE model
compared with that on the 3D FE model. Thus, the
complex bone cutting process was simplified to a 2D
plane deformation problem in the simulation. The 2D
orthogonal cutting FE model was developed and
solved based on the thermal coupling analysis algo-
rithm by Abaqus/Explicit solver, as shown in Fig. 1.
Dimensions of the workpiece in the simulation are
4 mm long and 2 mm high. Furthermore, the work-
piece was meshed by quadrilateral coupled tempera-
ture-displacement elements with enhanced hourglass
control, and the tool was constructed using explicit
quad-dominated unstructured elements. The element
size in the interface zone between the workpiece and
the tool was defined as 10 lm for improving the
computational accuracy. Ultrasonic vibrations, with
various frequencies and amplitudes, are imposed on
the movement of the cutting tool in the direction of the
cutting velocity. The velocity of the vibrating tool is
given by:

x0 tð Þ ¼ 2pfA cos 2pftð Þ þ V ð1Þ

where A is the vibration amplitude, f is the vibration
frequency, V is the cutting speed, and t is the time. The
initial temperature of the environment and model was
assigned as 20 �C. In order to converge the speed, and
guarantee calculations, the workpiece is defined as an
elastoplastic deformation body, while the tool was set
for a rigid body with a rake angle of 30�.

Material Property

Bone cutting is a process with high temperature,
large deformation, and high strain rate. In order to
simulate the cutting process accurately, a stress–strain
relationship with strain rate and temperature changes
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under a large deformation should be selected to de-
scribe the elastoplastic deformation characteristics of
the material during the cutting process. In this study,
the Johnson–Cook constitutive relation model15 was
used to simulate the cutting process as:

r ¼ Aþ Benp

� �
1þ C ln ep=e

� �� �
1� T0
� �m ð2Þ

where A, B, C, n are constants and ep and e are the
plastic strain and strain rate, respectively.

T0 ¼ T� Troomð Þ= Tmelt � Troomð Þ, Troom and Tmelt are
room and melting temperature and m is strain rate
sensitivity of material. The first item describes the
strain-strengthening effect of the material; the second
item reflects the relationship between the flow stress
and the logarithmic strain rate; the third term reflects
the exponential decrease of the flow stress with
increasing temperature. The values of material
parameters A, B, C, n, and m as shown in Table 1 were
set based on the material testing results of cortical
bone of bovine from Alam et al.1,3,28

The cortical bone of bovine femur was used in the
experiment, which has similar material properties and
tissue structure to those of humans.20 After removing
the soft tissue on the surface and the internal bone
marrow by milling, the diaphysis part was cut into
pieces as specimens. It was stored in a freezer to pre-
vent the change of property before orthogonal cutting
experiments. In addition, the mechanical and thermal
properties used in the FE analysis were summarized in

Table 1. As the chip formation behavior between bone
and wood is similar, the friction coefficient (0.35) was
taken from Huang et al.10

Experiment

The purpose of the experiment was to evaluate the
cutting performance of the UVAC method and verify
the proposed FE model in bone cutting with regard to
cutting force and temperature. The detailed experi-
mental setup is shown in Fig. 2. It is worth noting that
the experiment can only be conducted at low speed
because of the limitations of the experimental equip-
ment and space. A piezoelectric ultrasonic actuator
was used to generate periodical distortion by applying
an alternating voltage to drive the cutting tool and
work on a resonance condition (20 kHz). The ampli-
tude was altered by controlling the driving voltage,
while it is difficult to continually change the vibrational
frequency. The material of the cutting tool is titanium
alloy which has been widely used in surgery. Detailed
parameters of the workpiece, cutting tool and cutting
process used for the experiments are shown in Table 2.
The cutting force was measured by a Kistler
Dynamometer 9272 (Kistler Inc., Switzerland) with a
sampling frequency of 50 kHz. The measured value
was amplified by the charge amplifier 5070 and trans-
ferred to a PC for subsequent processing. The tem-
perature distribution of the workpiece during the

FIGURE 1. FEM model of orthogonal bone cutting.
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cutting process was acquired by thermography InfReC
R500EX (Nippon Avionics Co., Ltd., Japan). The
bone surface was painted black using blackbody spray
for temperature measurement.

RESULTS

Cutting force and temperature under various cut-
ting conditions were experimentally investigated dur-
ing CC and UVAC of bone. The FE model was also
verified by experimental results. The influence of a
wide range of processing parameters on UVAC were
then investigated by the verified FE model.

Experimental Results and Model Validation

Figure 3 presents a comparison of a typical filtered
cutting force pattern in CC and UVAC by experiment
and simulation. In UVAC, the cutting force fluctuates
over a wide range in each vibration cycle because of
high-frequency intermittent contact, which makes the
trend of cutting forces difficult to distinguish. There-
fore, a sixth-order Low Pass Butterworth filter was
selected to smooth the curve with a 100 Hz cut-off
frequency. It can be seen that the experimental cutting
force in CC rises sharply at first and then slightly
fluctuates at the maximum value for the remaining

time, while a small delay is found in the simulation.
The cutting force in UVAC also rises sharply from the
beginning and then reaches 20% of the maximum va-
lue for CC. Both the magnitude and trend of simula-
tion are basically consistent with the experimental
results.

The comparison of temperature contours between
the experiment and simulation in CC and UVAC are
shown in Fig. 4. All the contours are shown for a
maximum and stable temperature in each cutting
process. The main heat source in CC appears at the
primary shear zone and the maximum temperature
reaches 24.65 �C. For the UVAC, the main heat
sources are at the secondary shear and third defor-
mation zones. The maximum temperature in UVAC
(106.69 �C) is much higher than that in CC. The sim-
ulated temperature distribution of bone shows a good
agreement with infrared images, although an incon-
sistency can be found on the blade. The main reason
for the difference is the inconsistent surface plane
between bone and blade. The thermography is focused
on the bone surface instead of the blade surface. In
addition, the temperature distribution of the tool sur-
face is quite different from that of the inside plane
shown in the simulation due to the thickness of the
cutting tool. The temperature variation of the third
deformation zone is the focus of this study as the pri-

TABLE 1. Material properties of bone and J–C parameters
used in FE model.1,3,28

Elastic and thermal properties Plastic parameters

Elastic modulus (GPa) 20 A(MPa) 50 C 0.03

Density (kg/m3) 1700 B(MPa) 101 Troom 293

Poisson ratio 0.3 m 0 Tmelt 1573

Conductivity (W/m K) 0.56 n 0.08

Specific heat (J/kg K) 1260

FIGURE 2. Experimental setup (a) diagram (b) photograph.

TABLE 2. Cutting parameters used in experiment and
simulation.

Parameters Experiments FEA

Tool flank angle, a (�) 5 5

Tool rake angle, b (�) 30 30

Initial temperature, T (�C) 20 20

Cutting speed, V (mm/s) 1,3,5 1,3,5,10,100,1000

Depth of cut, DOC (lm) 50,100,200 50,100,150,200

Frequency, f (kHz) 20 20,25,30,35,40

Amplitude, A (lm) 5,10,20 5,10,15,20,25,30
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mary and secondary shear zones will be cut off and
discarded in the cutting process. Furthermore, the size
of chips in simulations (around 20,000 square micron)
is also consistent with the experiments.

In addition, the maximum cutting force, taken as
the average value after stability is reached, and the

temperature rise for both experiment and simulation
are illustrated in Table 3. The difference between the
results for the experiment and the simulation, for both
the cutting force and temperature, are generally below
7%. Overall, there is good consistency between the
results of the experiment and simulation for both CC
and UVAC. Thus, it can be concluded that the cutting
force and temperature rise can be efficiently predicted
by the FE bone cutting model.

Effects of Depth of Cut

In the simulation, four kinds of DOC were selected
to investigate the effect on cutting force and tempera-
ture, as shown in Fig. 5. The cutting force increases by
300% as the DOC increases from 0.05 to 0.2 mm for
both CC and UVAC, because the tool removes pro-
portional material from the workpiece. The cutting
temperature also increases with DOC, but not so
remarkably as the cutting force, as shown in Fig. 5b.
Greater material deformation and failure increase the
maximum temperature in CC. For UVAC, the
increased contact area between the rake face and the
bone increases the heat generated due to friction for
larger DOC. A larger DOC means a higher cutting
force and cutting temperature, but it can also provide a
higher material removal ratio.

FIGURE 3. Cutting forces in CC and UVAC of bone. (DOC =
0.1 mm, V = 1 mm/s, A = 10 lm, f = 20 kHz, a = 5�, b = 30�, T =
20 �C).

FIGURE 4. Comparison of temperature distribution between the experiment and simulation in CC and UVAC. (DOC = 0.1 mm, V =
1 mm/s, A = 10 lm, f = 20 kHz).
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Effect of Cutting Speed

The results of simulation with a wide range of cut-
ting speed in CC and UVAC are shown in Fig. 6. The
cutting force increases with cutting speed in UVAC
and CC, which indicates that the effect of the laws of
velocity in both methods are consistent (Fig. 6a).
However, the UVAC and CC presented a significant
difference on the sensitivity of cutting force with cut-
ting speed. With CC, the increase in the cutting force is
caused by the increase in the strain rate at high cutting
speed. For UVAC, the increasing cutting speed leads
to an increase of the contact time between the tool and
bone in each cycle, resulting in an increased average
cutting force. Furthermore, the temperature rise of the
bone in CC increases with the cutting speed, while it
decreases in UVAC, as illustrated in Fig. 6b. The
temperature rise with cutting speed in CC is mainly
caused by the higher deformation rate at a higher
cutting speed. In UVAC, the contact time on unit area
of bone is decreased with the cutting speed, which re-
duces the frictional heat.

Effects of Vibrational Parameters

The selection of proper vibrational parameters, such
as frequency and amplitude, is critical to the perfor-
mance of UVAC. The influence of the vibration
parameters on the cutting force and temperature with a
DOC of 100 lm and a cutting speed of 100 mm/s are
shown in Fig. 7. As seen in Fig. 7a, the cutting force
shows a downward trend at various frequencies as the
amplitude increases from 5 to 30 lm. However, the
downward trend is continuously slowing down espe-
cially when the amplitude increases above 20 lm. The
cutting force also slightly decreases with vibration
frequency at the same amplitude. In addition, Fig. 7b)
illustrates that the temperature tends to increase with
frequency at the same amplitude. As the vibration
frequency increases from 20 to 40 kHz, there is an
increase in temperature of about 20–80%. As the
vibration amplitude increases from 5 to 30 lm, an in-
crease in cutting temperature of about 50–100% is
observed. The cutting temperature was found to have a
higher sensitivity on vibration amplitude than that on
frequency.

TABLE 3. Comparison of results with experiment and simulation. (DOC = 0.1 mm, f = 20 kHz).

V (mm/s) A (lm)

Maximum cutting force (N) Maximum temperature (�C)

Experiment Simulation Difference (%) Experiment Simulation Difference (%)

CC 1 0 58.74 (0.63) 59.20 0.78 24.65 (0.20) 24.89 0.97

3 60.22 (0.14) 60.95 1.21 27.44 (0.29) 28.24 2.91

5 61.38 (0.42) 62.38 1.63 29.52 (0.57) 30.02 1.69

UVAC 1 5 18.44 (0.25) 19.69 6.78 86.07 (0.17) 92.68 7.68

10 13.51 (1.06) 13.80 2.15 106.69 (3.31) 103.28 3.20

20 9.08 (0.79) 9.39 3.41 124.16 (2.23) 126.03 1.51

(a) (b)

FIGURE 5. Effects of cutting depth in CC and UVAC on (a) cutting force (b) temperature in simulation. (V = 1 mm/s, A = 10 lm, f =
20 kHz).

BIOMEDICAL
ENGINEERING 
SOCIETY

YING et al.1286



DISCUSSION

The primary objective of this study is to investigate
the cutting mechanism of UVAC of bone and under-
stand the influence of a wide range of cutting param-
eters on the cutting force and temperature, in order to
expand the application of UVAC under different
operational conditions.

Experimental and simulated results show that cut-
ting forces in UVAC are significantly smaller than
those in CC, which is mainly caused by the intermittent
cutting phenomena during UVAC. Figure 8a shows
the simulated cutting forces in 0.25 ms for UVAC and
the horizontal line that is the mean value of the cutting
force for CC. The peak instantaneous forces in UVAC
are slightly higher than the mean value in CC. The

average cutting force is the integration over small
contact time divided by total time. Accordingly, each
vibration period in the cutting process can be divided
into two phases based on the trend of cutting force and
the characteristics of UVAC, as shown in Fig. 8b. (i)
Penetration: the cutting tool moves towards the bone,
penetrates the uncut bone at high speed, and then
decelerates continuously to a stop, causing the chips to
be removed periodically. Correspondingly, the cutting
force increases rapidly to its maximum value and then
decreases at the same rate. (ii) Evacuation: the tool
repeatedly withdraws and moves away from the bone
after the cutting tool reaches its maximum displace-
ment. The cutting force is approximately equal to 0
since only the tip of the tool is in contact with the
workpiece surface. Negative values of cutting force are

(a) (b)

FIGURE 6. Effects of cutting speed in CC and UVAC on (a) cutting force (b) temperature in simulation. (DOC = 0.1 mm, A = 10 lm,
f = 20 kHz).

(a) (b)

FIGURE 7. Effects of vibrational parameters in UVAC on (a) cutting force (b) temperature in simulation. (DOC = 0.1 mm, V =
100 mm/s).
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caused by the effect of friction when the tool moves in
the opposite direction. The trend of cutting force
during UVAC is consistent with previous researches of
instantaneous force measurements.5,16,23

The average value of cutting force in UVAC is
closely related to the proportion of penetration time in
a vibration cycle. Horizontal speed ratio (HSR) could
be regarded as an index for indicating the proportion
of penetration time,25,29 as:

HSR ¼ V=2pfA ð3Þ

where HSR is the ratio of cutting speed and the peak
vibration speed of the tool. A larger proportion of
penetration time in the vibration cycle would occur
under a high HSR cutting condition. Consequently, an
increase in HSR leads to an increase in the average
cutting force. When HSR is equal to 1, the evacuation
phase disappears, which explains the elimination of the
effect of ultrasonic vibration at a high cutting speed. In
Fig. 8a the peak values of cutting force in each cycle of
UVAC (70.23 N) are almost the same as the average
value of the cutting force in CC (72.53 N) with a cut-
ting speed of 1000 mm/s, mainly because the peak
vibration speed in every cycle is approximately equal to
1257 mm/s. It can be concluded that the penetration
phase of every cycle could be regarded as a CC process
with instantaneous cutting speed. It explains the
inconsistency with some previous researches2,3 on the
effect of cutting speed on cutting force because of a
narrow range of cutting speed (4–16 mm/s). In addi-
tion, an increase in vibrational amplitude and fre-
quency reduces the HSR, causing a decrease of the

average cutting force. However, both amplitude and
frequency have indistinctive effects on the cutting force
after the vibration parameters reached a certain level,
as shown in Fig. 7a, because HSR has reached a small
value. Similar results are reported experimentally.2

As for cutting temperature, the main heat sources in
the bone cutting process can be divided into three
zones, as shown in Fig. 4. In the primary shear zone,
where the chip and workpiece are about to separate,
the heat generation is mainly caused by the deforma-
tion of the bone material. The secondary shear and
third deformation zones are located on the interface
between the bone and the rake face of the tool, and the
interface between the bone and the clearance face of
the tool, respectively. The heat is generated by the
friction from the relative movement. In CC, the pri-
mary and secondary shear zones form the main heating
zone, and the third deformation zone shows almost no
temperature rise. On the contrary, the secondary shear
and third deformation zones generate more heat than
the primary shear zone in UVAC. The main reason is
that the vibration of the tool tip generates a large
amount of frictional heat. As a large frequency or
amplitude was used in UVAC, more frictional heat was
generated.

Generally, DOC and cutting speed are dependent on
the objective and operational condition of surgery in
practice, while there is still no theoretical guidance for
the selection of frequency and amplitude. Although the
amplitude and frequency have a similar contribution to
HSR in Eq. (3), their optional ranges are dissimilar.
Frequency below 20 kHz would produce audible

FIGURE 8. (a) Cutting force performance in millisecond time scale in UVAC (DOC = 100 lm, cutting speed = 1 mm/s, A = 10 lm, f =
20 kHz), (b) Processes in one cycle of UVAC.
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annoying noise, and overly high amplitude would pose
a threat on nerve and soft tissues. Considering the
trend of cutting force and temperature with vibration
parameters, a low frequency (20–30 kHz) and a med-
ium amplitude (15–25 lm) vibration condition are
suggested that can provide a relatively low cutting
force and an acceptable temperature.

Overall, given the influences of the processing
parameters on the cutting performance, the challenge
in UVAC is to balance the cutting force and temper-
ature rise. In actual surgery, irrigation has already been
widely used for cooling, which proved to have adverse
effects on neural tissue.11 Thus, the evaluation of
vibration parameters could offer an optimal solution
for UVAC to reduce the dosage of cooling irrigation.
On the other hand, the effects of geometry of cutting
tool under different cutting conditions should be con-
sidered to be further studied. It is promising to find a
more fitting bone cutting condition with an elaborate
geometry design. In addition, considering the low
cutting force in UVAC and low temperature rise in
CC, a cutting method combining CC with UVAC is
strongly suggested and a bone cutting system equipped
with an interchangeable tool would be developed in a
follow-up study.
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