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Abstract— Piezoelectric bone surgery, also known as
piezosurgery, is a technique which has been developed to
overcome problems related to conventional surgery through
rotating tools such as reamers and drills. Piezosurgery provides a
cutting capability of mineralized tissues, however preventing soft
tissue damage. Furthermore, it seems that piezosurgery also
favors wound healing. Such technique is based on cutting tools
(i.e., inserts) vibrating at ultrasonic frequencies. The tip of these
inserts is generally covered by a diamond or titanium nitride
deposition to enhance the tip hardness, thus improving cutting
capability and avoiding instability due to wear. It is well known
that efficiency of conventional rotating reamers and drills for
bone surgery depends on wear. Anyway, little is known about the
coating stability of piezoelectric inserts. Accordingly, the aim of
the current work was to analyze the effect of cutting and
sterilization processes on the properties of inserts for piezoelectric
bone surgery. In particular, the degradation of titanium nitride
coating as consequence of a repetitive and controlled 5-cycle
cutting/sterilization was studied. SEM and AFM were used to
analyze the morphology of the worn coating, while EDS analysis
was performed to assess the chemical composition and the
element distribution. Results suggested that the stability of
titanium nitride coating depends on the quality of the insert.
Basically, a poor quality coating negatively affects the cutting
process also producing a marked wear of titanium nitride
deposition. Bulk alloy was exposed, mainly consisting of iron, as
well as alloying elements and impurities (i.e., manganese and
sulfur) which may be dangerous for the health of the patient.

Index Terms— piezosurgery, inserts, cutting/sterilization
process, EDS, morphological features.

I. INTRODUCTION

Piezoelectric bone surgery, also known as piezosurgery, is
an advanced technique for cutting mineralized tissues. (1) The
process relies on the piezoelectric effect, discovered in 1880
by the Curie brothers (2), through which an electric field is
directly converted by a piezo-ceramic crystal into mechanical
strain. This technique has been showed to be particularly
suitable to finely grind brittle and semi-brittle materials such
as ceramics. (3) The extracellular matrix of hard tissue (i.e.

bone and dentin) mainly consists of collagen and
hydroxyapatite. Mechanical properties of these tissues largely
depend on the porosity, however bone and dentin are
considered semibrittle materials. (4-7) In 1988 ultrasonic
techniques were implemented in surgery for cutting
mineralized tissue. (8) Tool tips, known as inserts, allow to
transfer the mechanical strain to biological tissues providing a
cutting capability that occurs exclusively on hard tissue. (9)

This technique has been proved to be effective in many
fields of the maxillofacial surgery (10,11), but also the
orthopaedic surgery has benefit from this technique. (12)
Compared to other conventional bone cutting techniques
involving rotating instruments, piezosurgery has shown to
favor wound healing. (13,14) Moreover, it is reported that
piezoelectric surgery is less harmful than conventional
rotating tools for the nerve. (15) Thus, piezosurgery
represents a promising tool for performing bone surgery
involving districts close to nerves.

Several inserts of different shape and size, such as flat
scalpel, cone compressor, sharp-tipped saw and bone
harvester, have been developed for specific surgery
applications. (11) The cutting insert tip is generally coated
with diamond or titanium nitride to improve cutting capability
and to avoid the insert stability due to wear. (1) These inserts
are driven by a piezoelectric crystal oscillating at a frequency
selectable between 25 and 30 kHz. The highest frequency,
known as boosted modality, is generally adopted for bone
surgery. To prevent overheating, a water jet cools the
vibrating elements. The micro vibration amplitude of inserts
is estimated to be between 60 and 210 pum. (1)

As reported the cutting efficiency and quality of
conventional rotating reamers and drills for bone surgery
depend on the wear of rotating tools. (16,17) Thus, hard
coatings are generally implemented on the blades of these
rotating tools, especially when precise cuttings and insert
stability are required. (18,19) The performance of TiN
coatings on these conventional tools is well documented. (20)
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Another important source data concerning wear of TiN
coatings is represented by end prostheses and joint prostheses
in dentistry and orthopedics. (21,22)

On the other hand, the topography and quality of TiN
coatings depend on the deposition process and process
parameters. Different topographies can be distinguished at
micro and nano scale levels according to the deposition
processing conditions. (23,24) Clearly, different wear
patterns and quality and/or stability of coatings have been
observed. (23,25)

To the authors’ knowledge, little is known regarding
wear/degradation and stability of titanium nitride (TiN)
deposition on piezoelectric inserts and on the effect of wear
on the cutting precision and quality. Accordingly, the aim of
the current research was to evaluate the effect of cutting and
sterilization processes on the properties of inserts for
piezoelectric bone surgery. Specifically, the degradation of
titanium nitride coating as consequence of a repetitive and
controlled 5-cycle cutting/sterilization was studied. SEM and
AFM were used to analyze the morphology of the worn
coating, while EDS analysis was performed to assess the
chemical composition and the element distribution.

Il. MATERIALS AND METHODS

The Mectron PIEZOSURGERY 3® equipment (Mectron
SpA, Carasco, Genova, Italy) was used in conjunction with
different inserts such as OP3 bone scalpel and OT7 sharp
tipped saw, which are suitable for osteoplasty and osteotomy,
respectively. Two samples of OP3 inserts, namely Sample
A-OP3 produced by Mectron SpA, and Sample B-OP3
produced by Asian industry, were used. Furthermore, two
samples of OT7 inserts, namely Sample A-OT7 produced by
Mectron SpA, (Carasco, Genova, Italy) and Sample B-OT7
produced by Asian industry, were also employed.

Glass fiber reinforced polyetherimide (GF/PEI) plates were
used as cortical bone analogue materials. Such composite has
the same stiffness of the cortical bone. (26-29) Polyurethane
(PU) plates (Type ERP #1522-03), which have properties
similar to bone (30,31), were purchased from Sawbones®
(Malmo, Sweden).

A. Controlled bone analogue cutting process

To investigate the effect of cutting on wear of piezoelectric
inserts an automated cutting process was developed. The
experimental set-up, shown in fig. 1, consisted in a modified
3D bioplotter system. (32-34) Briefly, a three stage system
consisting in three mechanical linear guides, driven by stepper
motors, allowed a fine control (positioning precision of 1 um)
for the X,Y,Z movement. A polymeric container was fixed on
the X,Y stages. This container allowed collecting cooling
water of the piezosurgery equipment. The PU or the
composite GF/PEI plates were fixed inside the container. The
piezoelectric hand piece was fixed to the z stage through a
cylindrical hinge (fig. 1b). The z stage was positioned to
obtain an angle of 90° between the composite plate and the
cutting insert tip. OT7 and OP3 inserts were used to cut PU

and GF/PEI, respectively. To standardize the pressure acting
on the inserts, hollow stainless cylinders, with a weight of 200
g or 600 g, were applied on the piezoelectric handpiece in
order to cut spongy and cortical bone analogue materials
through the OT7 and OP3 inserts, respectively (fig. 1b and

cylindrical
hinge
joint

Fig. 1. Experimental set-up to perform controlled cutting of
bone analogue materials through the piezosurgery equipment:
1a) modified 3D bioplotter system comprising a cylindrical
hinge to fix the piezoelectric hand piece; 1b) hand piece
equipped with a 200 g weight to cut spongy bone analogue
materials (PU plates); 1c) hand piece equipped with a 600 g
weight to cut cortical bone analogue materials (GF/PEI plates).

The 3D Bioplotter system was controlled by a LabView
software (National Instruments, Assago, Milano, Italy). The
cutting speed was set at 3.5 cm/min and 7 cm/min, for spongy
and cortical bone, respectively. Each job consisted of 5
consecutive and linear cuttings, each covering a distance of 15
cm. Each job included three resting periods of 20 min to
prevent overheating and the autoclave sterilization process at
120°C in the final stage of the wearing job. Each insert
underwent through 5 consecutive jobs.

B. Microscopy Investigations

Scanning electron microscopy (SEM) using the FEI Quanta
FEG 200 apparatus (The Netherlands) was performed on all
the samples to detect the morphology of the different cutting
insert tip. Moreover, SEM imaging was also performed on
inserts which underwent five cycles of wear due to cutting
through the modified 3D bioplotter system and 5 cycles of
sterilization in autoclave at 120°C.

Atomic Force Microscopy (AFM) was performed on
Sample A-OP3 and Sample B-OP3 using the AFM Perception
equipment (Assing, Italy) to assess the surface roughness of
the cutting tip of the inserts. 20 areas (19 x 19 um?) for each
sample were analyzed in contact mode, and bidimensional
images (500 x 500 lines) were elaborated through the
Gwyddion software to measure the mean roughness (R,) and
the root mean square (RMS) roughness (Ry).

C. Energy Dispersive X-Ray Spectrometry (EDS)

Energy Dispersive X-ray Spectrometry (EDS) was
performed on the cutting tip of each insert to analyze the
surface material composition. The FEI Quanta FEG 200
equipment (The Netherlands) was used. Elemental
distribution maps of N, Ti, Fe, and Cr elements were
implemented to analyze the quality of the insert coating.
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EDS was also performed on inserts which underwent to five
cycles of wear due to cutting and 5 cycles of sterilization in
autoclave at 120°.

I1l. RESULTS

Well defined and precise tracks were observed on the
composite plates (i.e., cortical bone analogue materials)
which underwent cutting through Sample A-OP3 insert. In
particular, deeper and rougher tracks were observed on the
composite plates which underwent cutting through Sample
A-OP3 insert.

Fig. 2 shows SEM images of Sample A-OT7 inserts before
(fig. 2a, 2b and 2c) and after (fig. 2d, 2e and 2f) the 5-cycle
cutting/sterilization process. Macro-details of the sharp
tipped saw, suitable for osteotomy, can be detected in fig. 2a,
while micro-details of the surface before the 5-cycle
cutting/sterilization process, showing a smooth homogeneous
topography, can be detected in fig. 2b and 2c. After the
5-cycle cutting/sterilization process evident wear of the
cutting surfaces characterized by stripes (fig. 2d and 2e) and
pits (fig. 2f) can be clearly observed.

Fig. 3 shows SEM images of Sample B-OT7 inserts before
(fig. 3a, 3b and 3c) and after (fig. 3d, 3e and 3f) the 5-cycle
cutting/sterilization process. Macro-details of the sharp
tipped saw, suitable for osteotomy, can be detected in fig. 3a,
while  micro-details of the surface before the
cutting/sterilization process, showing a smooth homogeneous
topography, can be detected in fig. 3b and 3c. After the
5-cycle cutting/sterilization process wear was evident on the
surfaces (fig. 3d). Furthermore, the morphology of deep pits
was detected at higher magnification (fig. 3e and 3f).

Fig. 2. Results from SEM on Sample A-OT7 insert before (a, b
and c) and after (d, e and f) the 5-cycle cutting/sterilization
processes. Macro-details of the sharp tipped saw is shown in
figure a); micro-details of the surface before the
cutting/sterilization process are shown in fig. b and c. Evident
wear due to the 5-cycle cutting/sterilization processes of the
cutting surfaces characterized by stripes can be detected in d)
and e), while evident pits can be observed in f).

Fig. 3. Results from Sample B-OT7 insert before (a, b and c) and
after (d, e and f) the 5-cycle cutting/sterilization process.
Macro-details of the sharp tipped saw is shown in fig. a);

micro-details of the surface before the cutting/sterilization
process are shown in fig. b and c. Evident wear characterized by
pits diffused all over the cutting surface are shown in d, depth of
these pits can be detected in fig. e) and f).

AFM topographic images (19x19 pm? area) of Sample
A-OP3 (fig. 4a and 4b) and Sample B-OP3 (fig. 4c and 4d)
are reported. Both Samples A-OP3 and B-OP3 have shown an
assembly of rhomboidal dots, even if a densely packed
assembly can be observed for Samples A-OP3, while a less
dense one can be detected for Sample B-OP3.

b)

0.49 pm

[ 0.26pm

" 0.00 pm

y:19pm S x: 19 ym

Fig. 4. Results from AFM analysis: surface topography detected
on a 19x19um? area. a) 2D imaging of Samples A-OP3; b) 3D
imaging of Samples A-OP3; c) 2D imaging of Samples B-OP3; d)
3D imaging of Samples B-OP3.

Mean roughness (R,) of 30.7 £ 6.9 nm and root mean
square roughness (Rg) of 45.8 + 12.8 nm have been obtained
for Samples A-OP3 by averaging 20 scans on 19x19 pm?
areas, whilst for Samples B-OP3 roughness values of 24.9 +
12.1 nm and 38.4 + 18.8 nm have been evaluated in terms of
R. and Ry, respectively.

SEM images of bone scalpel inserts, Samples A-OP3 and
B-OP3, are reported in fig. 5a and 5c, respectively. EDS on
Samples A-OP3 and B-OP3 are shown in fig. 5b and 5d,
respectively. A consistent deposition of titanium nitride (TiN)
can be observed on the cutting tip of Samples A-OP3 insert
(fig. 5a), while a mild TiN deposition can be observed on the
cutting tip of Samples B-OP3 insert (fig. 5¢). Morphology
detected by SEM of these samples is consistent with
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topography detected by AFM (fig. 4). The distribution of
titanium (red channel) and iron (green channel) of Samples
A-OP3 and of Samples B-OP3 is shown in fig. 5b and 5c,
respectively. A homogeneous distribution of titanium, almost
covering all the cutting tip of the scalpel insert can be
appreciated for Samples A-OP3 (fig. 5b), and abundant trace
of titanium can also be detected far from the cutting tip of this
insert. A moderate titanium deposition has been observed for
sample B-OP3, and such deposition seems to be absent from
the cutting tip where iron mainly prevails.

Fig. 5. Results from SEM and EDS analysis on bone scalpel
inserts. a) SEM images of Samples A-OP3 showing the
morphology of the cutting tip and the spectrum region into
which EDS was performed; b) distribution of titanium (red
channel of the map) and iron (green channel) for Samples
A-OP3; ¢) SEM imaging of Samples B-OP3 showing the
morphology of the cutting tip and the spectrum region into
which EDS was performed; d) distribution of titanium (red
channel) and iron (green channel) for Samples B-OP3.

Fig. 6 reports the element analysis for Samples A-OP3 and
B-OP3 corresponding to the regions detected by the pink
rectangles (fig. 5a) and 5c), respectively). The amount of
titanium on Samples A-OP3 is about fourfold that of samples
B-OP3. Of course, a much higher content of iron has been
evaluated for Samples B-OP3. Surprisingly, manganese
traces have been also detected and quantified for Samples
B-OP3 (fig. 6b).
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Fig. 6. Results from EDS analysis on Samples A-OP3 and B-OP3
performed in the regions detected by the pink rectangles in fig.
5a) and 5c), respectively. a) Distribution of elements for Samples
A-OP3; b) distribution of elements for Samples B-OP3.

Fig. 7 shows SEM and EDS imaging for Samples A-OT7
and B-OT7 after the 5-cycle cutting/sterilization process.
SEM morphology of Samples A-OT7 and B-OT7 are
presented in fig. 7a) and 7e), respectively. The pink rectangles
reported into these images detect the region into which EDS
was performed to quantify element analysis and distribution.
Fig. 7b), 7c) and 7d) show the EDS maps concerning
nitrogen, iron and titanium distribution, respectively, for
Samples A-OT7. Fig. 7f), 7g) and 7h) show nitrogen,
iron-titanium (channels green and red, respectively) and
manganese distribution for Samples B-OT7.

700pm

Fig. 7. Results from SEM and EDS analysis on Samples A-OT7
and B-OT7 after 5-cycle cutting/sterilization process. a) SEM
morphology of Samples A-OT7, the pink rectangles detects the
region into which X-ray spectroscopy for element quantification
and distribution was performed; b) nitrogen map for Sample
A-OTT7; c) iron map for Sample A-OT7; d) titanium map for
Sample A-OT7; e) SEM images of Sample B-OT7, the reported
pink rectangles highlight the region into which EDS for element
quantification was performed; f) nitrogen map for Sample
B-OT7; g) iron-titanium maps (channels - green and red,
respectively) for Sample B-OT7; h) manganese map for Sample
B-OT7.

800um

700ym

Fig. 7d) clearly shows that a homogeneous distribution of
titanium completely covers almost of the surface of Sample
A-OT7 even after the 5-cycle cutting/sterilization process. On
the other hand, fig. 7g) suggests a lack of titanium on Sample
B-OT7 after wearing due to the 5-cycle cutting/sterilization
processes. The alloy based on iron and manganese composing
the bulk Sample B-OT7 is clearly evident in fig. 7g) and 7h).

Table 1 reports the elemental distribution from EDS
analysis on Samples A-OT7 and B-OT7 after the 5-cycle
cutting/sterilization process, performed in the regions
highlighted by the pink rectangles of fig. 7a) and 7g). The
amount of titanium on Samples A-OT7 is about one-fold
higher than that of Samples B-OT7. Consequently, a much
higher content of iron is measured for Samples B-OT7.
Furthermore, traces of elements such as manganese and sulfur
have also been detected and quantified for Samples B-OT7.
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Table 1. Elemental distribution for samples OT7 after the
5-cycle cutting/sterilization process detected in the regions
delimitated by the pink rectangles in figures 7a) and 7e).

Sample A-OT7 Sample B-OT7
Eleme | Weight  Atomic | Weight Atomic%
nt % % %
N-K 22.11 49.50 1.49 3.45
Ti-K 72.41 47.39 7.96 8.85
Cr-K 0.98 0.59 13.38 13.71
Fe-K 4.50 2.52 75.90 72.38
S-K - - 0.55 0.91
Mn-K - - 0.72 0.69
Total 100 100

IV. DISCUSSION

Even if engineered polymers and composites can be
suitably tailored to match mechanical properties of
mineralized tissues (4,5,7), wear strongly depends on friction
between cutting tool and material. (19,23,24) As friction is
related to both surface chemistry and topography, materials
which loosely resemble the features of natural tissues
negatively affect the friction process. However, compared to
single phase materials, reinforced polymers are considered a
suitable class of materials for cutting processes. (20)

Anyway, it is very difficult to standardize a wear process
of cutting inserts on natural hard tissues for several reasons.
Specifically, the amount of constituents and the
morphological/architectural features of natural tissues are
common constraints. Moreover, the properties of hard tissues
depend on the anatomical district, in particular
physical/chemical properties widely change among tissues
even if they are collected from the same district. (4)
Therefore, to standardize the cutting process through
piezosurgery, the use of synthetic polymers and composites as
bone analogue materials represents the only rational solution.
Furthermore, the use of a modified injection/extrusion-based
system (i.e., 3D Bioplotter/Bioextruder) (32-37) allowed to
finely control relative movements between the piezoelectric
inserts and analogue polymer-based substrates.

The SEM morphology of untreated inserts of Samples A
and B (fig. 2b, 2c and 3b, 3c, respectively) clearly showed a
difference that can be ascribed to the coating process. Defects
such as voids, pits and tracks can be easily observed on the
coating of Sample B inserts. However, a rougher topography
after cycling is observed for both samples. Bigger voids,
marked tracks and higher number of pits are observed (fig. 3d,
3e, 3f and 4d, 4e, 4f). These morphologies and defects due to
wear are similar to those detected on prosthetic coatings and
conventional cutting tools. (21-23)

AFM analysis revealed a complex topography of the
coating composed by grains of different size (fig. 4). A
smooth polycrystalline surface made of grains with dimension
lower than 1um can be observed, while bigger grains with a
dimension of 4 um have been detected in the regions close to
the cutting tip of the inserts. Bigger size grains of TiN
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coatings are generally obtained through greater deposition
energy involving higher ion flux, and they result in the
conglomeration of smaller size grains. (19)

Consistently with SEM and AFM results, EDS mapping
also revealed a thick and homogeneous TiN coating
completely covering the surface tip of Sample A inserts (fig.
5b). Chemical composition of Sample A coating (fig. 6a)
clearly indicates a high amount of Ti(Ko), positioned at about
4.5 keV, and a lower amount of Ti(Kp), positioned at about
4.9 keV. The ratio of Ti(Ka)/ Ti(KB) is similar for both
samples, and these results are consistent with titanium nitride
coatings on hip implants. (21)

Nevertheless, significant chemical differences have been
detected between Samples A and B (fig. 6 and table 1). The
difference in terms of Ti-K/N-K between Samples A and B
suggests that the process adopted for coating Sample B also
involves deposition of chromium nitride. Although it has been
reported that chromium nitride may provide enhanced
corrosion and wear resistances, (25) sample B clearly showed
a marked degradation of the coating in terms of topography
and composition (fig. 79 and table 1). Moreover, the high
Fe-K amount on Sample B inserts, as well as Mn-K trace,
suggest that sample B coating does not completely cover the
tip of the insert. (19) Alloy impurities, such as sulfur, are also
detected after the cycling process for Sample B (Table 1). The
relative variation of the Ti-K peak intensity of the coating
with respect to Fe-K ones of the bulk alloy is due to the
different thicknesses of films. It has been suggested that the
Ti-K/Fe-K peak intensity ratio provides an estimation of the
average thickness of the deposited TiN. (19)

The higher cutting precision of Sample A may be probably
related to the superior quality of the developed TiN coating as
evidenced by SEM, AFM and EDS analyses on these inserts.

V. CONCLUSION

Results suggested that the stability of titanium nitride
deposition covering the tip depends on the quality of the
insert. In particular, a poor quality coating negatively affects
the cutting process, also producing a marked wear of titanium
nitride deposition of the titanium nitride deposition. With
regard to Sample B, bulk alloy was exposed, mainly
consisting of iron, as well as alloying elements and impurities
(i.e., manganese and sulfur) which may be dangerous for the
health of the patient. The current research represents a first
step towards an innovative process in the biomedical field
aiming to combine piezosurgery with the more advanced
CAD/CAM techniques.
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