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1. Introduction

Constantly increasing industrial demands and tech-
nological advances in material science provide incentive for
adoption of new materials and machining methods, in order
to gain competitive advantage and overall improvement of
new and existing applications. Adoption of new materials or
practices generally raises challenges to the overall machin-
ing processes employed in the production process. Usually
the desired property or outcome of newly adopted material
or practice comes at the expense of machining capabilities
of already employed machining methods. Often the material
in question does not behave in a conventional way when ma-
chined via conventional methods; therefore, machining pa-
rameter restrictions need to be imposed on the machining
method to prevent the variability of material response to the
machining process. Not adhering to these restrictions is al-
most always sure to result in tool breakage, poor final prod-
uct quality etc.

The methods, to improving the machinability of a
material, can be distinguished into two categories: intro-
duction of a completely new machining method, or im-
provement of the existing method. The first approach usu-
ally requires fundamental innovation to occur — a new ma-
chining method to be invented, this approach however, car-
ries with it high costs and risks, as new machining methods
are usually costly and poorly understood, when in the initial
stages of development. The second approach is more adapt-
able and less costly, as usually, existing machinery can be
employed.

A promising branch of existing machining method
improvement approaches is a group of methods employing
auxiliary processes to aid the conventional machining pro-
cesses. In the last few years there has been a growing inter-
est of employing these methods, commonly referred to as
hybrid machining methods [1], where auxiliary processes
among many, include chemical erosion, electrical discharge
etc. These added processes enable effective material re-
moval and address some common issues encountered in
conventional machining processes [2]. A relatively flexible
and inexpensive group of hybrid machining methods is re-
ferred to as vibration assisted machining methods (VAM).
Here methods can either employ direct vibrational excita-
tion, which relies on adjusting the trajectory of the tool, in-
verse excitation, which vibrates the workpiece rather than
the tool, or a combination of both [3].

The challenges to the machining capability arise ei-
ther from the change of the material itself, or introduction of
machining practices incompatible with the material proper-
ties in question. It can be observed when adopting hard-brit-
tle materials to technological processes. These materials are
extensively in use where properties, such as high thermal
stability, dielectric strength, low thermal conductivity, ther-
mal shock resistance and low abrasive wear are necessary,
the use of such materials range from applications of alumina
(AI203) substrates for thin film electronic circuits, load
bearing hip prostheses, dental implants [4], zirconia ceram-
ics in bearings, pH meters, fuel cells, infrared radiators,
thread guides, pressure sensors, oxygen sensors and total hip
replacement ball heads [5], various glasses in communica-
tions, medical equipment, nuclear waste storage [6], high
precision optical instruments etc. Machining of such mate-
rials, especially in high precision requiring cases (optical el-
ements, mold inserts, substrates etc.) requires high quality
surface finish which require machining in ductile regime.
Extensive studies have been conducted into requirements
for ductile regime machining in the past, proposing different
models of ductile deformation [7], however in most cases
the common conclusion reached, was that reduction of the
machining scale to a sufficient point will result in ductile de-
formation. However, ductile regime machining of hard-brit-
tle materials using conventional methods is not cost effec-
tive. In presence of increased number of required tool passes
to achieve required geometry, high machining temperatures
that have negative impact not only on the parameters of ma-
chined material (dimensional deviation), lifetime of the cut-
ting tool, but also on the dimensional accuracy of finished
part are observed [8].

Improvement of existing machining method to en-
hance current machinability of certain materials can also be
noted in the case of skeletal trauma-correction procedures
which usually involve drilling of the osseous tissue, for in-
ternal and external fixation. These procedures involve, but
are not limited to, surgical operations that encompass appli-
cations of various orthopaedic and orthodontic implants,
stabilization of limb bones with the help of external fixation
apparatuses, common dental care procedures. Even cor-
rectly applying current machining methods, in this case
drilling, may not always yield desirable results, since bone
is a brittle non-homogenous composite material with hard
compact bone on the outside and soft porous bone on the
inside, and because bone properties have great variability
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that are dependent on bone type, patient’s skeletal health,
any negative condition associated with patient’s locomotion
or physical condition.

With the outline of the literature overview, pro-
vided in the previous paragraphs it becomes apparent, that
machining problems discussed, regardless of the nature of
their machining parameter limitation, both have some type
of restrictions imposed on them. Since drilling is a common
machining operation for both instances of the machining
problems and is especially common in bone drilling case,
this article will attempt to employ variations of the VAM
method as solutions to the above described problems, in a
parallel manner, in order to observe the applicability of the
method at different frequency ranges. The resulting findings
will serve as a motivation and a guideline for further in-
depth research of applications to each problem. The aim is
to be achieved by completing these objectives:

1. Propose an experimental methodology to observe
the effect of vibrational excitation on drilling of hard-brittle
materials;

2. Propose an experimental methodology to observe
the effect of vibrational excitation on drilling of bone tissue;

3. Conduct experiments;

4. Investigate and discuss the results.

2. Experimental procedures

As has been established in the previous chapter,
VAM methods, relies on the application of auxiliary vibra-
tions to the tool or the workpiece, and depending on vibra-
tion frequency different vibration modes can be observed —
longitudinal, transversal and torsional. The crucial differ-
ence, when comparing vibration assisted drilling (VAD) to
conventional drilling (CD), the work-piece and the tool are
in continuous contact with each other when considering the
conventional drilling scenario, whereas in VAD the contact
is intermittent as the trajectory of the tool is affected by mi-
nute amplitudes, in directions dependent on the vibration
mode. The intermittent contact has been reported to provide
benefits in the form of reduced tool wear, cutting forces [9]
VAM methods are generally distinguished into low and high
frequency applications, those in the low frequency category
are several orders of magnitude below the ultrasound thresh-
old, while high frequency applications tend to exceed it.
Both categories have found their applications in industry
and will be considered, when proposing the experimental
methodology for each problem.

VAM systems can either be designed to be oper-
ated at discrete frequencies (resonant system) or on a fre-
guency range (non-resonant system) [10]. VAM is increas-
ingly gaining popularity as more rational choice over con-
ventional machining of hard to machine yet desirable mate-
rials, as is evident from the multitude of existing and ongo-
ing research in the area. Generally, the investigations can be
ranged by different choices of the main process, vibration
parameters, and material. A commonly investigated group
of methods belong to cutting of metals and other materials.
For instance, quite recently, Zhang et. al. [11] investigated
the effect of linear versus elliptical vibration in micro-
grooving of 0Cr18Ni9 work-piece, and found that in the lin-
ear vibration case, the surface roughness is lower, while in
the elliptical case the lower cutting forces were observed.
Additionally, Skiedraite et. al. [12] performed acoustic
emission measurements during metal cutting with ultrasonic
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vibrational excitation and without it. The research employed
a special cutting tool excited by piezo ceramic actuators, at
frequencies in the range of 30 kHz. The results of the re-
search have shown significant stabilization of acoustic emis-
sions and increase in surface quality in the case of tool ex-
citation. Nath et. al [9] have found the cutting tool life to be
extended up to 4-8 times when machining Inconel 718, in
comparison to conventional cutting case. Research into
methods employing rotating tools has been active over the
period as well. For instance, Ostasevicius et. al. [13] devel-
oped and experimentally verified finite element model of vi-
bration milling tool, that was treated as a pre-twisted canti-
lever in the modelling process. When compared to conven-
tional milling, vibrational milling has shown significant de-
crease in surface roughness in milling of stainless steel and
titanium workpieces. As a result of these findings, research-
ers have proposed application of the method for improved
machining of brittle materials

Since the main process of the hybrid machining
method in VAM category, for both problems is the same —
drilling, we will now consider the application of the high
frequency application of VAD process - ultrasonically as-
sisted drilling (UAD). UAD operates at oscillations at exci-
tation frequencies of the order of magnitude of 20 kHz and
higher, and is one of the more prevalent applications of
VAM. UAD has been mostly applied to drilling of metals
and other hard-brittle materials. Applications of UAD to hu-
man bone drilling are limited, due to the temperature limita-
tion, since as shown by [14] the tool tip temperature in-
creases when compared to the conventional drilling case. In
light of presented conditions of UAD it is apparent, that it is
more suited to machining of hard-brittle materials and there-
fore will be considered for experimental procedure of that
particular problem. In presence of limitations imposed on
UAD by specific bone machining tissue conditions, the nat-
ural course of action is to investigate the complete opposite
possibility of UAD - low frequency vibration assisted ma-
chining. If limitations of the latter method do not exceed
UAD, it will be considered for experimental procedure de-
velopment for investigating the bone tissue drilling case.

Low frequency vibration assisted (LFVAD) drill-
ing is a hybrid machining method where auxiliary low fre-
quency oscillations are superimposed to the drilling tool,
just like is the case with UAD, external excitations may be
applied either to the tool, to the workpiece or both. The fre-
quency of LFVVAD processes typically does not reach 1kHz,
this motion then, may be achieved using simple linear actu-
ators, cam systems added to the drilling or cutting machine,
utilizing other controllable vibration inducing equipment.
This non-continuous cutting action has the benefit of pro-
ducing thinner chips which break more easily, has a positive
effect of better material removal. A study by H.G. Toewes
et al. [15] was done to see the influence superimposed low-
frequency modulation had on the drilling process of alumi-
num 6061. This ductile material was chosen, because it was
easy to compare obtained chips with CD results. The sam-
ples ware vibrated at frequencies of 25Hz-75Hz using pie-
zoelectric stacked translator and drilled using a simple HSS
drill bit. The results indicated reduced thrust force, as well
as marked reduction of chip length when compared to con-
ventionally drilled samples. The effects associated with pos-
itive results were observed when imposed vibration fre-
quency f, relationship with drill bit rotational frequency fy



ratio (f,/fs) was an odd integer. Applying LFVAD as a ma-
chining process to non-ductile, composite materials has also
shown some merits. A. Sadek et al. [16] studied character-
istics and possible optimisations of LFVAD of fibre epoxy
laminates and demonstrated that by utilizing low frequency
modulation (30 HZ and 60 Hz), which was generated using
electromechanical shaker, and high amplitude with in-
creased feed rate or higher rotational speed it is possible to
observe lower axial forces and temperatures compared to
CD. It was also demonstrated that application of external
excitations improved obtained hole surface finish when
compared the surface roughness value Ra to value obtained
in CD. The reduction of drilling forces can be constituted to
intermittent cutting, which helped in producing thinner
chips. By utilizing LFVAD in hard to machine composite
stack material machining, it is possible to obtain lower cut-
ting process temperatures, thus making it possible to extend
tool life, obtain better surface finish. A study by Oliver Pe-
cat et al. [17] compared the influence LFVVAD has on the
tool wear when drilling compound materials of carbon fibre
reinforced plastic and titanium alloy (CFRP/Ti6Al4V),
these results then were contrasted with CD, and it was rec-
ognized that in addition to reduction of drilling temperature,
the tool wear was significantly lower. The reduction of chip
length, constituting from application of LFVAD, also had a
positive effect in material removal.

Three main tasks when defining the experimental
procedure in the case of UAD application to hard-brittle ma-
terials are the selection of the tool and selection of the work-
piece material and the selection of important metrics to be
analysed. As is apparent in the previously discussed studies
of VAM application — commonly encountered hard-brittle
material UAM studies focus on, measuring surface quality,
machining forces, temperatures etc. Machining forces, in
this case, the axial drilling force and expected reductions are
readily available when conducting dynamometer force plate
measurements during the drilling process. Reductions in
machining forces have been demonstrated to point towards
improved machinability, as shown by [18]. Hence reduc-
tions of the axial force will be considered to have a positive
effect on the process. Additional measure of the effect is
preservation of sample integrity throughout the machining
process. Considering currently available information - the
main objective of the first experiment is to determine the
change of the axial drilling force, when subjecting hard-brit-
tle materials to ultrasonic excitation. The next task is to
choose a material to be subjected to UAD in order to illus-
trate the effect. Glass is one of the more difficult to machine
hard-brittle materials, as it possesses high hardness but low
fracture toughness. Therefore, in this machining experi-
ment, glass is chosen as a representation of the hard-brittle
material raster, if positive effects are observed, in future ex-
periments, materials with more specific applications will be
chosen. A series of 1 mm glass plates were chosen as the
workpieces, in order to increase the machining difficulty, as
at lower thickness, preservation of the sample integrity be-
comes a challenge. The machining is conducted with and
without ultrasonic excitation. Two types of tools were cho-
sen, by observing the industrial processes applied to glass
machining. In industry glass drilling is more akin to grind-
ing as tools tend to employ abrasive particles. The first type
of tool is meant to represent the best case scenario —a crown
drill specifically used in glass drilling applications. The sec-
ond tool is a ball end abrasive mill and is meant to represent
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scenario in which a more universal tool bit is forced to per-
form on par with the tool intended for the specific job.

To perform the drilling experiments “Leadwell”
V20 CNC milling machine (Fig. 1) was employed. Thin mi-
croscope slides were used as drilling samples, while both
types of tools were fixed into an ultrasonic tool holder. The
operational frequencies were observed by determining the
frequencies producing the highest amplitudes. However, no
further attempts into determining the vibration modes were
made.

Fig. 1 “Leadwell” V20 CNC milling machine

As it has been established, two types of tool were
used for the experiment; the dimensions of choice were
@25 mm and @5 mm for crown drill and spherical abrasive
mill respectively. In the case of each tool, a drilling attempt
was made under conventional conditions and in presence of
vibrational excitation. When subjected to ultrasonic excita-
tion, manual frequency scanning showed the crown drill and
spherical abrasive mill to respond strongest at frequencies
of 15.9 kHz and 21 kHz respectively. Considering the dif-
ference between the tools, amplitudes of the vibration were
disregarded in this case and frequencies of 15.9 kHz and
21 kHz were chosen as the operational parameters for the
crown drill and spherical abrasive mill respectively.

Fig. 2 Experimental setup: 1 -charge amplifier Kistler
5018A; 2 - oscilloscope Picosope 3424; 3-PC;
4 - signal generator Agilent 33220A; 5 - amplifier
EPA-104

Outlined in the following paragraph is the experi-
mental setup employed when investigating the effect of
UAD application on hard-brittle materials, for measurement
of the axial forces and producing the driving signal for the
ultrasonic transducer. The axial forces were measured by
employing a force-torque sensor Kistler 9365B. The signal



from the sensor is amplified by Kistler 5018A charge am-
plifier (Fig. 2, (1)), and subsequently passed to Picoscope
3424 oscilloscope (Fig. 2, (2)) and subsequently represented
by the PC (Fig. 2, (3)). The signal for the tool transducer is
generated by the signal generator Agilent 33220A (Fig. 2,
(4)) and amplified by the signal amplifier EPA-104 (Fig. 2,
(5)) before being passed to the transducer, the wide range
signal generator allows achieving the desired frequency of
the signal, while the amplifier allows adjusting the ampli-
tude to a higher scale.

The experimental procedure itself followed two
termination conditions. Drilling was conducted until the
fracture occurred or the plate was drilled through. In order
to avoid premature fracture of the samples the drilling pa-
rameters were limited to 2000 rpm and feed rate of
0.2 mm/min as per industry observations. During the ma-
chining process the samples were affixed to a wooden base
by a cyanoacrylate glue and were later removed using im-
mersion in an acetone solution.

As was in the previous case, the defining task of
the entire experimental setup is the definition of the metric
being observed. The topic of interest to the researchers and
medical personnel in the field, is that of the drilling temper-
ature of the bone. It has been shown that elevated tempera-
tures at the bone drill interface may lead to irreversible
changes in the bone tissue, a condition called necrosis of the
bone, which may be responsible for further complications
such as, implant failure and longer healing times [19]. The
improvements suggested by the scientific community to the
method of machining the bone, namely drilling, incorporate
the use of external and internal irrigation systems at the drill
site [20], careful control and selection of favourable cutting
parameters [21], application of automatic or mechatronic
systems [22]. Predicament occurs when the need for uni-
form and consisted samples in the experimental investiga-
tion are required considering bone is a non-homogenous
material with different properties depending on its type and
which particular bone it is. In order to imitate human bone
in experimental setups, animal bones (bovine, ovine, por-
cine), or polymers having similar mechanical properties are
generally used. Polymers have the advantage of being ho-
mogeneous, easy to shape and form depending on the re-
quirements of the particular experimental setup, as well as
allowing to achieve greater repeatability compared that to
animal bone.

Therefore, the main objective of this experiment
was to determine the drilling temperature using LFVAD in
comparison to conventional drilling. Additionally, bone tis-
sue was substituted by a 4mm thick PMMA sample in order
to ensure replicability, as bone properties differ over the in-
vestigated domain. The successful effect of the application
is judged by how low the measured temperature is when
compared to conventional drilling, and the critical tempera-
ture value.

Since most bone drilling operations in medical en-
vironment are performed by hand, all drilling runs were car-
ried out using Makita 8391DWPE hand drill with 4.2 mm
diameter two flute HSS drill bit. The drill was set to
1200 rev/s drilling speed. In order to determine the drilling
temperature thermal camera FLIR T450sce was used. Con-
sidering the drilling was done by hand, in addition to tem-
perature, forces were measured and monitored during the
drilling process as well, using force/torque gauge model
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BGI-Mark-10, this was done however only to ensure a de-
cent level of replicability, and avoid biases resulting from
possible operator error, rather than to draw conclusions re-
lated to drilling force changes. The block diagram of the
used equipment and their relationship between each other
can be seen below (Fig. 3).

Signal generator|

S
8
ﬂ

Fig. 3 Block diagram of low frequency vibration assisted
experiment

The low frequency electromagnetic vibrator driv-
ing setup was used as follows: sine wave oscillations were
generated by signal generator WW5064, they were then am-
plified with VPA2100MN amplifier to drive electromag-
netic vibrator VEB ROBTRON MESS-ELEKTRONIK
OTTO SHON. Additionally, to obtain consistent vibration
amplitudes between samples Schwingungsaufnehmer KD35
accelerometer was utilized in conjunction with PicoScope
4226 digital oscilloscope.

Drill bit
—_—

Direction of vibration

Sample
Force sensor P

+—
gAccelerometer
4_—

5

Q Thermal
camera
«—

lectromagnetic vibrator
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Fig. 4 Scheme of the experiment

As with the previous experimental setup, the termi-
nation conditions remained the same, however, the depend-
ence of vibration frequency on the temperature was of inter-
est. Fig. 4 presents a graphical representation of the experi-
mental setup for measuring the temperature during LFVAD
of PMMA plate. Sample was subjected to excitation and
drilled using the hand drill, while maintaining the thrust
force at the steady level of 30 N, at the same time the ther-
mal camera was used to obtain temperature measurements;
the filming was conducted from below the sample (Fig. 5,
(1)), at the predicted position of the exit hole which could
be visually determined (Fig. 5, (2)), taking into account the
small thickness and favorable optical properties of PMMA.



In order to protect the camera lens from falling chips, it was
positioned one meter away and at an angle as shown in
Fig. 5. At the moment when the drill went through the ma-
terial, the observed temperature was considered to be the
maximum drilling temperature, as at that point all of the fric-
tional energy of the drilling process was expected to be con-
verted to heat.

Fig. 5 Experimental setup: 1 -thermal camera position;
2 - sample position

3. Results and discussion

The first experiment provided response in the form
of axial force measurements. In total four experimental runs
were conducted, as in this case resonating modes of the tool
were employed. Provided below are smoothed graphs of ax-
ial forces. The trends are compared as - excited V.S. con-
ventional cases for both tools (Fig. 6, Fig. 7).

The drilling using spherical mill in the conventional
drilling was terminated prematurely, due to a fracture of the
sample (Fig. 8, (1)). Under excitation both tools operated
without a fracture (Figs. 8-9, (2)), however, considering the
fact that spherical abrasive ball end mill was considered to
represent the harder case scenario, UAD of glass plates can
be considered to have by default demonstrated superiority
over the conventional case.

0,6

Mill bit excited

Milling/drilling of 1mm glass plate 2t 0 kHz

Mill bit excited

0.4 at 21 kHz

0,2
0
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Fig. 6 Axial force results for drilling with spherical mill (ex-

cited vs. conventional)
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Fig. 7 Axial force results for drilling with core drill
(excited vs. conventional)

—

1 2

Fig. 8 Core drill samples: 1 - conventional case; 2 - under
excitation

[y

Fig. 9 Spherical mill drilling samples: 1 - conventional
case, 2 - under excitation

Core drilling under conventional conditions, how-
ever went through with minimal fracture as well, yet this
was to be expected, as the tool was specifically designed to
handle such materials, however, due to a mismatch between
the available sample size and the size of the core drill, the
integrity of the samples could not be preserved (Fig. 7).

Summing up the results of the first experimental
run, UAD has demonstrated superiority over its conven-
tional counterpart in terms of axial drilling force reduction
and sample integrity preservation. It is apparent that in both
cases, the peak axial force was lower for the case of the ex-
cited tool. Additionally, the drop of the axial force was less
abrupt in the excited tool case, due to preservation of sample
integrity throughout the drilling process (demonstrated by
the length of the graph). Further investigations should focus
on more specific applications of glass or other hard-brittle
materials, however, considering the obtained results, UAD
should be considered as the method of choice for use in up-
coming machining studies of these hard to machine materi-
als.

The response for the second experiment, the bone
tissue drilling case, in which PMMA was used as a substi-
tute to ensure consistency of the results, was obtained in the
form of temperature measurements at the very end of the
drilling run. In grand total the investigation was conducted
at 9 different vibration settings, performing 10 drilling runs
for each vibration setting. Vibration frequencies for the
drilling were selected every 20 Hz from 60 Hz to 120 Hz
disregarding the excitation mode or amplitude (Fig. 10).
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Fig. 10 PMMA drilling temperature dependency on vibra-
tion assisted drilling parameters

After reviewing recorded data, it was deemed im-
portant to ignore highest obtained temperature if at the time
the temperature reading indicated the chip (Fig. 11, (2)).
Only the surface of the drill hole (Fig. 11, (1)), was taken
into account as an applicable temperature measurement lo-
cation.

Fig. 11 Highest observed temperature: 1 — hole; 2 - chip

Further examining Fig. 10 it is obvious that some
parameters of vibration assisted drilling had little to no ef-
fect on the obtained temperature at the exit hole. Out of all
of the added vibration parameter combinations, the entries
that show the least positive effect are 60 Hz 40 mV and
80 Hz 40 mv (these modes show increase in drilling time as
well), in essence one could argue that the amplitude at which
these samples were oscillated was not suited to produce pos-
itive results. Samples which had their amplitude signal set
at 80 mV, more or less showed positive results in compari-
son. In particular, samples with frequency of 60 Hz and

100 Hz show sizeable decrease in temperature of 6°C de-
grees and 11°C degrees respectively. Vibration parameters
of 80 Hz 120 mV showed the greatest decrease, as it not
only drastically reduced drilling temperature by 21°C, but
also had a 1.4 second faster drilling time. Vibration frequen-
cies that show biggest reduction of temperature (80 Hz
120 mV, 100 Hz 80 mV and 60 Hz 80 mV).

From obtained results it is apparent that some vi-
bration frequencies and amplitudes are better suited in low-
ering drilling temperatures than others. It is also worth not-
ing that some vibration settings produce worse or similar re-
sults compared with conventional drilling. Further studies in
this topic should investigate in greater depth; the influence
the vibration amplitude and excitation mode have on the
drilling temperature and time.

4. Conclusions

Literature overview of hard to machine materials
was done. In addition, hybrid machining methods as a solu-
tion for better machinability were examined. Two experi-
ments were proposed and conducted, utilising two different
VAD techniques in drilling of hard to machine materials.
Both experiments focused on different metrics, in accord-
ance to their specific applications. In the first experiment
UAD was employed in drilling thin glass plates to determine
axial forces when compared to CD. In the second experi-
ment LFVAD was used to drill PMMA samples to deter-
mine the difference in drilling temperature when compared
to CD.

UAD experiment demonstrated reduction of drill-
ing force as well as its ability to preserve sample integrity.
The change of axial force when drilling with external exci-
tations was reduced, compared to CD sample.

LFVAD experiment displayed the reduction of
drilling temperature of up to 21°C in some oscillated sam-
ples. The use of thermo-graphic imaging showed that it is a
viable drilling temperature examination tool. Further inves-
tigation should be done on the influence of vibration ampli-
tudes and excitation parameters.
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Summary

The article investigates applicability of vibration
assistance based methods for improvement of machining ca-
pabilities of hard to machine materials at low and high fre-
guency ranges. The literature overview of hard to machine
materials was performed and two distinct cases were distin-
guished — machining of hard, brittle materials and machin-
ing of human bone tissue. Experimental studies of vibration
assisted drilling application for the two cases at high and
low frequency ranges were conducted. Experimental results
showed improvements of selected criteria in both cases of
vibration assisted drilling.
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