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Incorporating direct metal laser sintered complex shaped
Ti-6Al-4V components in ultrasonic surgical devicesa)

Rebecca Cleary,b) Xuan Li,c) and Margaret Lucasd)

Centre for Medical & Industrial Ultrasonics, James Watt School of Engineering, University of Glasgow, Glasgow, G12 8QQ, Scotland,
United Kingdom

ABSTRACT:
Additive manufacturing (AM) offers opportunities to design more complex shapes of the Ti-6Al-4V parts commonly

used in high-power ultrasonic surgical devices. Moreover, AM metal printing will be essential to the realization of

miniature ultrasonic devices incorporating internal structures for minimally invasive surgical procedures. However,

it is necessary first to verify the ultrasonic vibrational behavior of devices with three-dimensional (3D) printed metal

parts. Therefore, two different prototype devices are fabricated, with CNC machined mill annealed and 3D printed

Ti-6Al-4V parts. Both devices, an ultrasonic bone needle and a miniature ultrasonic scalpel, incorporate complex

geometries but can be manufactured using subtractive processes so that the comparative effects of 3D printing on the

vibrational performance of the devices can be elucidated. The metal microstructure is investigated through measure-

ments of longitudinal and shear acoustic velocities and scanning electron microscopy. Comparisons of electrical

impedance, frequency and modal responses, and the vibrational response at increasing levels of excitation enable

evaluation of the efficacy of incorporating 3D printed Ti-6Al-4V parts. Results show that whereas the bone needle

exhibited comparable vibrational responses for the measurement techniques used, the 3D printed bone cutting device

exhibited a more dense modal response and developed cracks at high excitation levels.
VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0006379
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I. INTRODUCTION

High-power ultrasonic devices have been adopted for a

range of surgical procedures, offering precision, tissue selec-

tivity, improved hemostasis, and reduced injury to surround-

ing tissue. Applications include tissue resection and bone

osteotomy in maxillofacial,1 orthodontic,2 cranial,3 and

spinal4,5 surgeries. However, there remain many surgical

procedures that could benefit from ultrasonic surgical devi-

ces, but viable device designs have not yet been realized,

especially for minimally invasive surgeries. Challenges lie

in generating sufficient vibrational amplitude at the surgical

tip within the geometric constraints imposed by both the

device and surgical procedure.

An example of a surgical application that could benefit

from a new approach to device design is deep bone cutting

in orthopedics, where current popular devices, such as sagit-

tal saws, drills, and burrs, often result in damage to sur-

rounding tissues6 and a large zone of thermal necrosis

around the cut site, which is known to delay healing.7

Ultrasonic devices offer a promising alternative, requiring

low cutting force and low micro-damage at the cut site.8

However, delivering ultrasonic vibration to a surgical tip,

where the amplitude and mode of vibration can allow deep

penetration into bone, is hampered by a number of key

design issues. Ultrasonic surgical devices are driven in reso-

nance by a Langevin-style transducer at a low ultrasonic fre-

quency (usually in the 20–40 kHz range) to achieve a

sufficient vibrational amplitude, and this limits the geometry

to one half-wavelength or a multiple of a half-wavelength of

the first longitudinal mode (L1) at the driving frequency.

Bone cutting requires a slender, typically less than 5 mm,9

and sharp cutting tip, and deep penetration requires a longer

slender tip. These attributes tend to increase the modal den-

sity around the L1 modal frequency, making it more difficult

to avoid exciting parasitic modes.10 Further, it has been

shown that devices with long slender cutting tips exhibit

strong nonlinear responses at the excitation levels typical of

high power ultrasonic surgical devices. These result in reso-

nance frequency shifts, amplitude saturation, jump phenom-

enon, and unstable operating regimes,11 making the device

unusable. This has been a key reason why commercial devi-

ces are limited to shallow cuts.

An opportunity for minimally invasive surgeries is to

employ smaller ultrasonic surgical devices which could be

integrated with surgical robots, enabling more procedures to

be carried out in out-patient clinics or as day surgeries. For a

Langevin-style ultrasonic surgical device an immediate
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solution to reduce its size from the current typically 25 kHz

one wavelength configuration, is to contain the whole device

(transducer plus surgical tip) into one half-wavelength of the

L1 mode frequency and tune its resonance at a higher fre-

quency. The challenge here is to deliver sufficient vibra-

tional displacement amplitude to cut bone despite the lower

volume of piezoceramic material in the transducer and the

higher ratio of slender tip length to device length.

There are potential design solutions for small devices,

which could deliver much higher vibrational displacement

amplification, from the piezoelectric material to the surgical

tip, than a conventional Langevin transducer design. These

designs would incorporate geometrical features in the front

mass of the transducer that are known to increase vibrational

displacement, including slots, helical cuts, and voids. Where

these features are internal to the front mass, they cannot be

realized through subtractive manufacturing techniques.

Additive manufacturing (AM) offers a promising tech-

nique for creating customizable and complex structures and

this has been demonstrated in customizable actuators and

sensors which have been fabricated in a single step with suf-

ficient resolution to create micro-scale features with high

precision.12,13 Also, some ultrasonic devices such as piezo-

ceramic actuators and arrays have been shown to deliver

enhanced performance using additive manufacturing.14–16

Recently, a simple configuration of a high power Langevin

ultrasonic transducer, where three-dimensional (3D) metal

printing was used to fabricate the Ti-6Al-4V cylindrical end

masses, was shown to exhibit vibrational performance char-

acteristics that closely match those where the end masses

were CNC machined from a mill annealed Ti-6Al-4V bar.17

However, the use of AM has not been demonstrated in

ultrasonic surgical devices or in any Langevin-style ultra-

sonic device featuring complex geometries. Therefore,

before adopting AM to realize designs that cannot be manu-

factured using subtractive techniques, we aim to evaluate

AM in two prototype devices whose front masses can be

3D printed or machined. Both devices incorporate geomet-

rical features in the front mass that result in very different

vibrational motions. We also aim to demonstrate the effec-

tiveness of vibration characterization techniques in distin-

guishing the vibrational behavior of devices with metal

masses of the same alloy, Ti-6Al-4V, but different

microstructures.

To illustrate this, we compare devices incorporating

metal parts created by additive manufacturing with those

created by subtractive manufacturing. For this purpose, we

have designed two different devices, an ultrasonic needle

for deep bone penetration and a small surgical bone cutting

device. The choice of devices is governed by the fact that

they are challenging but possible to fabricate using subtrac-

tive manufacturing techniques and they are currently the

basic design configurations for future developments that

will incorporate geometries and features only achievable

through additive manufacturing. For both devices, the metal

masses (the transducer back mass and surgical tip) are Ti-

6Al-4V, with the AM parts fabricated using direct metal

laser sintering (DMLS) (EOS M280, Protolabs, UK) and the

others CNC machined from a mill annealed (MA) bar.

II. MATERIAL PROPERTIES OF Ti-6AL-4V

A. Methodology

The properties and microstructure of the materials are

first considered. Ultrasonic devices are modelled and tuned

using finite element analysis (FEA) (Abaqus, Dassault

Systèmes), which relies on input of accurate material prop-

erties and therefore these are extracted from measurements

of the wave velocities. These measurements are also useful

to understand how the material properties that affect vibra-

tional behavior, especially density and stiffness properties,

compare between mill annealed and printed Ti-6Al-4V.

Time-of-flight tests were carried out on cube samples

(1 cm3) of the metals, with surfaces machined to ensure the

necessary parallel and low roughness faces. The build reso-

lutions for printed Ti-6Al-4V able to create the features of

the front masses of the ultrasonic devices were 30 lm and

60 lm and these resolutions were therefore also used for

the printed cube samples. A 10 MHz longitudinal wave

transducer (Olympus V312-SU) and a 20 MHz shear wave

transducer (Olympus V222-BA-RM), both connected to a

pulse-receiver (JSR DPR300) and an oscilloscope (Keysight

DSOX3014A), were used to measure the longitudinal, VL,

and shear wave, VS, velocities, respectively, with each mea-

surement repeated three times. The acoustic velocities and

sample density, q, calculated by measuring the sample mass

and volume, were then used to calculate the Poisson’s ratio,

�, Young’s modulus, E; and shear modulus, G, from Eqs.

(1), (2), and (3),

� ¼ 1� 2 VS=VLð Þ2

2� 2 VS=VLð Þ2
; (1)

E ¼ VL
2q 1þ �ð Þ 1� 2�ð Þ

1� � ; (2)

G ¼ VS
2q: (3)

It is known that even small variations in the microstruc-

ture of Ti-6Al-4V affect the vibrational behavior, including

the tuning, of ultrasonic surgical devices. Manufacturers and

materials suppliers tightly control consistency in the batch

to batch microstructure of the MA bar from which device

components are machined.18 It is therefore important to

evaluate AM in terms of the difference in micro-structure

between DMLS components and those machined from MA

bar, how micro-structure is affected by the resolution of

DMLS, and also the consistency of a DMLS component’s

microstructure. Scanning electron microscopy (SEM) was

therefore used to image samples created from the metal

cubes, combining backscattered electron imaging (BSE), to

identify the grain structure and phase composition, and elec-

tron backscatter diffraction imaging (EBSD), to identify the

crystallographic orientation. These results are then also used
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to determine the effects of the microstructure on the vibra-

tional behavior of the ultrasonic devices.

B. Results

The material properties calculated from the time-of-

flight measurements are presented in Table I. It is notable

that the shear wave velocities of all samples are consistent

and all within the typical range of MA bar for Ti-6Al-4V.

However, the longitudinal velocities of the DMLS samples

are around 1%–2% higher and densities around 3% lower

than samples from MA bar, contributing to a marginally

lower Young’s modulus of 111.5 GPa for the 60 lm resolu-

tion DMLS samples. The Poisson’s ratio varies minimally

due to its dependency on the ratio of the wave velocities

which does not change significantly. As an example of the

effects of these results on frequency tuning, a simple tita-

nium bar was modelled in FEA with the L1 mode tuned to

20 kHz using the measured properties of MA Ti-6Al-4V.

For the same bar dimensions, the L1 frequency for the

60 lm resolution DMLS was 50 Hz lower and for 30 lm res-

olution DMLS was 200 Hz higher. This shows that reso-

nance frequency is less than 1% different between the

materials, which is within the typical material specification

range for tuning surgical devices.

The micrographs in Fig. 1 show the microstructure of

samples cut from mill annealed (MA), and 30 and 60 lm

DMLS Ti-6Al-4V, scanned along the axial plane or build

direction. The MA samples have mainly globular grains

without a dominant orientation, consistent with the expected

equilibrium microstructure at room temperature. Both

DMLS samples have smaller needle or irregular columnar

shaped grains caused by the epitaxial growth of the grains in

previous layers due to the high-temperature gradient and

solidification rate in the molten pool.19 Their microstructure

has pockets of local grain orientations (exhibited as areas of

dominant color in the micrographs).

Local grain orientations, or microtextures, are known to

result in reduced local stress concentrations,20 which could

be a benefit in high power ultrasonic devices that operate in

resonance with large oscillatory displacement amplitude

(cyclic strain).21 However, large areas of microtextures in

titanium alloys have been directly related to increased

acoustic attenuation,22 an indicator of lower achievable

vibration amplitude in ultrasonic devices. Increased attenua-

tion has also been related to columnar shaped grains as com-

pared with equiaxed grains.23

Grain size, in terms of grain area distribution, obtained

using orientation imaging microscopy analysis software, is

shown in Fig. 2. It has been proposed that uniformity of

grain size benefits high power ultrasonic devices, resulting

in improved acoustic efficiency and reduced nonlinearity in

the vibration response, as well as contributing to higher

strength Ti-6Al-4V.24 The MA sample has a much narrower

range of grain sizes but much larger grains, whereas the

DMLS samples have smaller grains but with more widely

distributed sizes. However, it is unknown how microstruc-

tures consisting of columnar shaped grains affect the vibra-

tional response of ultrasonic devices that operate in

resonance or whether grain size and size distribution are

important parameters in evaluating these effects.

TABLE I. Material properties from time-of-flight tests.

Sample type Ti-6Al-4V

Longitudinal wave

velocity (m/s)

Shear wave

velocity (m/s)

Density

(kg/m3)

Young’s Modulus

(GPa)

Shear Modulus

(GPa)

Poisson’s

Ratio

MA supplier properties 4430 114.0 0.330

MA 6171 6 0.1% 3157 6 0.7% 4397 6 0.4% 115.9 32.2 0.323

30lm DMLS 6242 6 0% 3189 6 0.4% 4259 6 0.5% 114.6 32.9 0.323

60lm DMLS 6273 6 0.2% 3136 6 0.6% 4250 6 0.2% 111.5 32.8 0.333

FIG. 1. (Color online) Microstructures of Ti-6Al-4V samples (cut from the 1 cm3 cubes) and scanned in the build direction (a) MA; and DMLS at (b) 60 lm

and (c) 30 lm resolutions.
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To explore the links between the sample material

microstructure and the resulting device vibrational behavior,

two ultrasonic surgical devices are designed with very dif-

ferent geometries and vibration modes. By creating two geo-

metrically identical versions of each device, one from MA

and the other from DMLS Ti-6Al-4V, direct comparisons of

vibrational behaviors can provide evidence of the pros and

cons of adopting DMLS for manufacture of power ultrasonic

devices.

III. ULTRASONIC BONE CUTTING DEVICES

For the two ultrasonic devices, no post-process surface

finishing was carried out on the DMLS Ti-6Al-4V parts,

apart from polishing of the surfaces that mate with the pie-

zoceramic discs. This was for two reasons; so that the mea-

sured vibrational responses could be related to

microstructure and build without additional effects of other

subtractive surface finishing processes, and so the effects of

build quality could be evaluated in terms of future needs.

The opportunity lies in designing internal features in 3D

printed devices where secondary subtractive processing

might not be possible.

A. Ultrasonic bone penetrating needle

The bone penetrating needle has been researched as

part of a study to find a solution for surgical access to the

petrous apex. The petrous apex is located in the temporal

bone and is one of the most difficult areas for surgeons to

access because it is in the central region of the skull and

close to several neural structures. The petrous apex can be a

site of lesions, associated with a number of diseases which

are almost impossible to biopsy, and therefore current diag-

nostics rely wholly on CT and MRI imaging.25

The ultrasonic needle (Fig. 3) is in the form of a bolted

Langevin transducer with two 20 mm diameter, 4 mm thick-

ness PZT-26 (Meggitt, Denmark) piezoceramic rings sand-

wiched between two Ti-6Al-4V end masses. The front and

back masses have lengths of 91 and 12 mm, respectively.

The front mass has a conical taper with helical slots

incorporated to convert the axial motion of the piezoceramic

rings into combined longitudinal-torsional (L-T) vibration

of the needle. L-T mode vibration of the needle tip has been

shown to deliver a faster and more precise bone cut with

less thermal damage at and surrounding the cut site, than

purely longitudinal vibration.26 The needle was designed in

FEA with the front mass and needle shape selected as a best

combination of achievable L and T displacement amplitudes

and frequency spacing of the L-T mode from neighboring

parasitic modes, particularly to prevent flexural vibrations of

the needle. The device is tuned to the second L-T mode (L-

T2) at a nominal 45 kHz to allow for the required needle

length and for the piezoceramic stack to be located at a

nodal plane. The proposed needle tip is a symmetrical four

point cutting tip inspired by a Franseen needle.

The Ti-6Al-4V components of the two ultrasonic nee-

dles were manufactured by CNC machining of the MA bar

and through DMLS, with the tapered front mass with helical

cuts and the needle being a single part in both devices. The

3D printed DMLS parts have an axial build direction and a

build layer thickness of 60 lm. A threaded hole was

machined in the front mass to accommodate an M5 pre-

stress bolt.

B. Ultrasonic bone cutting device with planar twice
folded front mass

Small ultrasonic bone cutting devices are being

researched as part of a study to deliver innovations for mini-

mally invasive surgeries, with a potential for integration

with surgical robots. The dimensions are therefore con-

strained by the size requirement for such tools. Here, we

consider a surgical cutting device of 10 mm in diameter and

55 mm in length. It is possible to create a device within

these dimensions that is tuned to the L1 mode at around

50 kHz by configuring the cutting blade into the front mass

so that the whole device is a half-wavelength. However, this

configuration cannot excite sufficient ultrasonic vibration

displacement amplitude to cut through bone as effectively

as current commercial devices, which are larger and gener-

ally operate at a frequency in the 20–30 kHz range. This is a

significant challenge for miniaturizing power ultrasonic

devices. It is known that there is a linear relationship

between power density and frequency. Also, if a trans-

ducer’s axial dimension is scaled inversely with longitudinal

frequency, then the piezoceramic volume will vary inversely

with cube of the frequency. This means the available power

varies inversely with the square of the frequency. So, a tar-

get has been to design a low frequency device that can

excite a higher amplitude of vibration at the surgical tip

FIG. 2. (Color online) Grain size (area fraction) distribution of Ti-6Al-4V

samples (cut from the 1 cm3 cubes).

FIG. 3. (Color online) Ultrasonic needles with (a) MA and (b) DMLS Ti-

6Al-4V components.
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within the size constraints of 10 mm diameter and 55 mm

length.

One design of a small ultrasonic bone cutting device is

shown in Fig. 4, based on a bolted Langevin transducer and

incorporating four 10 mm diameter, 2 mm thickness piezo-

ceramic rings (PIC-181, PI Ceramic). The back mass and

front mass have lengths of 19.5 and 26.5 mm, respectively,

with the folded front mass having 0.5 mm gaps between the

pillars. The configuration of a folded horn was first

described for an ultrasonic-sonic percussive planetary explo-

ration tool27 and has been adapted here to create a different

version that is planar and twice folded. The central pillar

tapers to a sharp chisel-shaped cutting tip as a demonstrator

prototype, but this shape can be tailored for specific surgical

procedures. The whole device is tuned to operate in the L1

mode close to 20 kHz.

The device in Fig. 4(a) was manufactured by CNC turn-

ing combined with a spark erosion process from MA Ti-

6Al-4V bar. The 3D printed DMLS metal components, Fig.

4(b), were fabricated with an axial build direction and a

build layer thickness of 30 lm.

IV. EXPERIMENTAL CHARACTERIZATION OF
DEVICES

A. Methodology

The methodology comprises three measurement techni-

ques that we routinely use to characterize power ultrasonic

devices; impedance analysis, experimental modal analysis

(EMA), and harmonic analysis. Impedance analysis and

EMA measure electromechanical and resonance characteris-

tics at low excitation levels and therefore in the linear vibra-

tional response regime of the devices. Such techniques can

elucidate the variations between MA and DMLS devices in

terms of resonance and antiresonance frequencies, electro-

mechanical coupling, losses, and modal parameters (fre-

quency, mode shape, modal damping). These can then be

related to the different material microstructural properties in

Figs. 1 and 2, as well as the resolution and macrostructure

from the manufacturing processes themselves. Harmonic

analysis provides a detailed characterization of the device’s

vibrational response in a small frequency range through its

tuned resonance frequency at incrementally increasing exci-

tation levels. It is capable of showing any changes in the

excitation threshold of the linear response, between MA and

DMLS devices, and can also reveal distinguishing features

of the linear or nonlinear response that could relate to the

material microstructure or macrostructure at excitation lev-

els typical of device operating conditions.

1. Impedance analysis

The electrical characteristics of the fabricated devices

were derived from impedance analysis (IA) using an imped-

ance analyzer (Agilent 4294 A) excited at 1 Vpp, over a

bandwidth covering the frequency range of interest. The

effective electromechanical coupling coefficient, keff ; was

calculated from the impedance spectrum data. keff
2 provides

a measure of the device’s conversion efficiency from electri-

cal energy to mechanical vibrational energy, Eq. (4),28

keff
2 ¼ 1� f 2

r

f 2
a

; (4)

where fr and fa are the resonance and anti-resonance frequen-

cies, respectively. The quality factor, Q, can also be calculated

from the impedance spectrum, as a measure of loss and there-

fore an indicator of the potential for the device to be excited at

a high amplitude of vibration displacement in resonance, but

only in the linear response regime of the device.

2. Experimental modal analysis

EMA was performed to characterize the modal

response. The devices were excited with a broadband ran-

dom excitation signal, over a frequency range of 0 to

80 kHz, using data acquisition hardware with an incorpo-

rated function generator (Quattro, Data Physics) and a

power amplifier (RMX 4050HD, QSC Audio). The excita-

tion level for EMA was 15 Vrms, which was identified from

the harmonic analysis as being in the linear vibrational

response regime and ensures adequate signal to noise ratio

to characterize the modal peaks.

The vibration response was measured from a grid of

points on the surface of the device using a 3D laser Doppler

vibrometer (Polytec, CLV-3D) and acquired by data acquisi-

tion software (Data Physics Corp, Signal Calc ACE).

Magnitude and phase data from the resulting frequency

response functions (FRFs) were imported to modal analysis

software (MESCOPE, Vibrant Technology) where they were

curve fitted and assigned to the grid points of a wireframe

model of the measurement grid, producing animated mode

shapes. A complex mode indicator function was applied to

the raw signals acquired by the 3D LDV, and the fitted

curves were calculated by performing a singular value

decomposition of the FRF data. Damping was also estimated

from the curve fitted FRFs, with Q estimated from the ratio

of the modal frequency and the bandwidth of the modal

peak half power points. This data could then be compared

with Q values calculated from the IA measurements.

3. Harmonic analysis

Nonlinear vibratory responses are associated with high

power ultrasonic transducers operating at high excitation

levels and can exhibit as resonance frequency shifts,

mechanical losses, amplitude jumps, and excitation of non-

tuned modal responses. It is widely accepted that these non-

linearities can be attributed to a combination of structural
FIG. 4. (Color online) Ultrasonic planar twice folded bone cutting devices

with (a) MA and (b) DMLS Ti-6Al-4V components.
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configurations and the strain dependent properties of the pie-

zoceramic material. However, there has not been previous

reports of whether Ti-6Al-4V microstructure affects the

nonlinear response of resonant ultrasonic devices.

Each device was driven through a frequency range

through resonance at increasing excitation levels. At fre-

quency increments of 5 Hz, a burst sinewave was generated

by a function generator (Agilent, 33220 A) and a power

amplifier (HFVA-62). The longitudinal response was

captured using a 1D laser Doppler vibrometer (Polytec,

CFV-055), measuring the normal-to-surface response of the

cutting tip. The experiments and data collection were con-

trolled by LABVIEW software (National Instruments).

B. Results and discussion

Generally, for a Langevin transducer, efficiency is

achieved by locating the piezoceramic rings at the nodal

plane of the tuned mode.29 The needle configuration in this

study is tuned to mode L-T2, so one of the nodal planes is at

the central cross section of the piezo stack. The tapering pro-

file of this needle device results in the nodal plane of its L-

T1 mode being much closer to the piezo stack than for a

simple bar shaped Langevin transducer. Since this provided

an opportunity to study responses in two energetically

excited modes, the responses in both L-T1 and L-T2 were

investigated. Only the L1 mode was considered for the bone

cutting device with folded front mass.

1. Impedance analysis

Figure 5 presents the impedance measurements, from

which the electromechanical characteristics are derived and

listed in Table II. The results show that the resonance fre-

quencies of the devices incorporating DMLS Ti-6Al-4V are

consistently higher, which is discussed in Sec. III. In their

fundamental mode (L-T1 for the needle device and L1 for

the folded front mass device) the devices exhibit very simi-

lar, and typical, responses of low coupling coefficient, keff ;
and high Q, whereas the tuned L-T2 mode of the needle

exhibits much higher keff and lower Q. Also, keff is very con-

sistent across all the measurement comparisons between the

printed and CNC machined versions of the devices, how-

ever, Q is consistently lower, by around 40% for the needle

in L-T2 and 60% for the twice folded bone cutting device.

This would lend evidence to the concern discussed in Sec.

II B, that the microtextures and columnar grain structure of

DMLS Ti-6Al-4V, shown in Fig. 1, result in increased

losses in the material.

Table II also illustrates the trade-off between electrome-

chanical coupling coefficient and quality factor in the CNC

machined devices. For resonance tuned ultrasonic devices,

high Q is a key requirement, so the reductions in Q are a

concern for achieving comparable vibration performance.

These reductions in Q can be related to the microstructure,

but there is no corresponding increase in keff in the devices

that incorporate DMLS Ti-6Al-4V.

2. Experimental modal analysis

The mode shapes and longitudinal waveforms of the L-

T1 and L-T2 modes of the ultrasonic needles and the L1

mode of the planar twice folded bone cutting devices are

presented in Fig. 6. The comparison of FEA and EMA

results illustrate that the FEA models predict the mode

shapes accurately, including their longitudinal amplitude

gain profiles, which show the effectiveness of the devices in

maximizing displacement at the cutting tip. The amplitude

gain is calculated as the ratio of the normalized axial dis-

placement from one end of the device to the other (i.e., sur-

gical tip to back mass).

Measured resonance frequency, amplitude gain,

mechanical Q, and nodal plane location are extracted from

the EMA data and presented in Table III. For both nodal

plane location and amplitude gain, the DMLS printed and

CNC machined MA Ti-6Al-4V devices do not exhibit

marked differences. When the needle devices are excited in

L-T2, the center of the piezoceramic rings is located at a

nodal plane, whereas in L-T1 the piezoceramic rings are

located 16 mm axially from the nodal plane, resulting in the

FIG. 5. (Color online) Impedance measurements of (a) L-T1 and (b) L-T2

modes of the needles and (c) L1 mode of the planar twice folded devices,

with frequency values reported in Table II.

TABLE II. Parameters extracted from IA of the ultrasonic devices.

Ultrasonic needles Planar twice folded devices

L-T1 mode L-T2 mode L1 mode

MA DMLS MA DMLS MA DMLS

fr [Hz] 18 984 19 733 45 680 46 376 20 214 21 643

fa [Hz] 19 025 19 779 47 180 47 531 20 261 21 706

Zminj j [X] 1237 1384 96 187 1253 2229

keff 0.07 0.07 0.25 0.22 0.07 0.08

QIA 791 639 346 211 620 256
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low keff values30 reported in Table II. These differences in

nodal location do not exhibit as differences in modal

response between MA and DMLS devices. The results show

the limitation in the achievable gain from tuning the device

in L-T2 mode compared with L-T1 mode, even though the

piezoceramic rings are located remote from the nodal plane

in L-T1 mode. They also illustrate that the planar twice

folded configuration is capable of achieving a high gain in a

small device. Importantly, for the high gain modes, L-T1

and L1, gain is affected less than 2%, which could be due to

slight differences in the ceramic or assembly and may not be

due to the microstructure of the metal.

The curve-fitted frequency response functions (FRFs)

of the ultrasonic devices in the 10–60 kHz range are shown

in Fig. 7. Estimations of Q from the EMA data, calculated

from the FRFs as the ratio of the modal frequency to the

FIG. 6. (Color online) FEA predictions and EMA results of (a) L-T1 (b) L-T2 modes of the ultrasonic needles and (c) L1 mode of the planar twice folded

devices. Contour plots of blue to red represent nodal to maximum displacement of the devices, which have the normalized longitudinal gain profile of the

associated mode superimposed (red dots).

TABLE III. Parameters extracted from EMA of the ultrasonic devices.

Ultrasonic needles Cutting blade devices

L-T1 L-T2 L1

MA (FEA) DMLS (FEA) MA (FEA) DMLS (FEA) MA (FEA) DMLS (FEA)

fr [Hz] 18 975 (18 972) 19 729 (18 918) 45 622 (44 580) 46 358 (44 662) 19 857 (21 485) 21 656 (21 701)

Amplitude gain 8.25 8.22 2.21 2.48 11.41 11.09

QEMA 1020 1034 300 250 307 495

Center of PZT to node [mm] 16.02 15.97 0.45 2.06 2.43 3.32
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bandwidth of the modal response peak’s half-power points,

are significantly different from those calculated from the

impedance measurements shown in Table II. Furthermore,

there are no consistent trends in comparing the values of Q

other than the L-T1 mode of the needle device exhibiting

the highest Q. The results highlight that Q is affected by the

excitation signal and excitation level, which are different in

impedance analysis and experimental modal analysis, and

neither method is representative of the excitation level of a

power ultrasonic device.31 Having been shown to be poor

indicators of losses, neither measurement of Q is a useful

indicator of the influence of the metal microstructure on

device losses under operating conditions.

For the ultrasonic needles excited in L-T1 and L-T2

modes, and the planar twice folded bone cutting device in L1

mode, the DMLS printed devices consistently have higher res-

onance frequency than the CNC machined MA devices. Even

though their dimensions are the same, the higher longitudinal

velocity and lower density of DMLS Ti-6Al-4V, reported in

Table I, results in higher resonance frequencies.

For the ultrasonic needles, the FRFs are highly similar,

apart from the shift upwards in frequency of all the modes

of the DMLS printed needle device in the frequency range

of the measurements. All the modes are straightforward to

classify and all characterized modes are observed in the

response of both devices and are exhibited in the same fre-

quency order. The devices also exhibit comparable fre-

quency separation of the tuned mode, L-T2, from the

neighboring bending modes, B7 and B8.

Conversely, there are significant differences in the

responses of the two cutting devices incorporating a planar

twice folded front mass. The CNC machined device has

clear modal peaks with a number of smaller peaks just visi-

ble in the response. In the response of the device with

DMLS Ti-6Al-4V, all these peaks become more dominant.

This is typical of the vibrational response of a structure with

multiple beam-like substructures,32 where a response with a

small number of dominant response peaks indicates a highly

symmetrical structure and the response exhibiting many

response peaks indicates a structure with significant asym-

metry. In this bone cutting device, the folds of the front

mass are the beam-like substructures, which will exhibit

multiple modes (in a mode family), each with a frequency

response dominated by a different substructural element.

The FRF indicates that the CNC machined device has a high

level of symmetry and one modal response dominates for

each mode family, whereas the printed Ti-6Al-4V device

has significant levels of asymmetry and more than one mode

in each mode family is responsive.

To confirm this, the planar twice folded front masses

were examined in the MSA-100–3D micro-system analyzer

(Polytec, Germany) with �10 magnification. The poorer

surface quality and the asymmetries in the geometry can be

clearly seen in the image of the DMLS Ti-6Al-4V front

mass in Fig. 8, where particularly the outer folds exhibit

some curvature and width variations. For the CNC machined

device, the wall thicknesses and gaps are much more consis-

tent. A further concern with asymmetries in this type of

structure, and the associated frequency mismatch in the

vibrational response of the substructural elements, is the

potential for stress concentrations. The modal responses of

members of a family of modes each exhibits higher vibra-

tional displacement in a different element of the substructure

(or fold of the front mass in this case) leading to asymmetri-

cal oscillatory stress amplitudes in the front mass. These are

exacerbated in resonance tuned ultrasonic devices due to the

high excitation levels and vibrational displacements. After

exciting the device for the impedance analysis and experi-

mental modal analysis measurements, where excitation lev-

els are low, no cracks in the front mass were observed.

Importantly, the results highlight how the vibrational modal

response of one DMLS device is significantly affected by

the manufacturing method itself, whereas the other is not.

3. Harmonic analysis

The longitudinal vibrational response is shown in Fig. 9

at excitation levels incremented from 3 to 120 Vpp (needle

devices) and 140 Vpp (cutting devices). The first observa-

tions are that the needle L-T1 mode and cutting device L1

mode exhibit highly linear longitudinal displacement

responses, with less than 0.05% change in frequency in the

range of excitation levels measured, whereas the L-T2 mode

of the needle exhibits a softening nonlinear response even at

the low displacement amplitudes excited. Linearity is exhib-

ited as a constant resonance frequency and symmetry in the

displacement-frequency response about the resonance fre-

quency, whereas a softening nonlinear response exhibits as a

FIG. 7. (Color online) Curve fitted FRFs of MA and DMLS (a) needle devi-

ces and (b) planar twice folded cutting devices. Additional mode nomencla-

ture of T (torsional) and B (bending) is used for the needle characterization.

FIG. 8. (Color online) Image of the planar twice folded features of the CNC

MA and DMLS front masses with �10 magnification.
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decrease in resonance frequency with excitation level with a

left-bending backbone curve of the displacement-frequency

response. Additionally, the L1 response of the DMLS Ti-

6Al-4V cutting device shows a linear (symmetric) response

at each excitation level but for each measurement the reso-

nance frequency has decreased.

The linear displacement response of the needle L-T1

mode is a result of the piezoceramic rings being located

away from the nodal plane (16 mm in Table III), and the

effect of this location on linearity is consistent for the MA

and DMLS devices. This means the stress in the piezocer-

amic rings is reduced compared to a device operating with

the piezoceramic located at the nodal plane. The piezocer-

amic is therefore likely not operating in the stress regime

where nonlinearity of the piezoelectric properties is exhib-

ited in the response. Although the coupling efficiency of the

piezoelectric material is considerably reduced in this config-

uration, it is observed that the displacement achieved in the

L-T1 mode is 6 to 8 times that achieved in the L-T2 mode at

the highest excitation level in the harmonic analysis

measurements.

The needle in its tuned L-T2 mode, where the piezocer-

amic rings are located at the nodal plane, exhibits the non-

linear response typical of slender resonance ultrasonic

devices driven at high excitation levels. The response is

affected by a combination of the excitation level depen-

dence of the piezoelectric properties and the shape of the

front mass.33 The MA device exhibits a resonance frequency

decrease in 765 Hz as compared to 480 Hz for the DMLS

device at the highest excitation level, but a similar vibra-

tional displacement amplitude of 2 lm is achieved. It is

expected that the columnar grains, microtextures, and

increased porosity of DMLS could be assisting in reducing

the severity of the nonlinearity. A weaker nonlinearity pro-

vides some benefit in terms of the ease of frequency tracking

of a device in operation.

For the linear responses, the CNC machined MA devi-

ces achieve a higher vibrational displacement than the

DMLS devices, 16 lm compared with 10.5 lm for the nee-

dle at 120 Vpp, and 20 lm compared with 16 lm at 140 Vpp

for the cutting device. This is explained by the microstruc-

ture of MA, with globular grains and a small grain size

range being associated with lower material damping than

the columnar grains and microtextures of the DMLS.

However, the response of the DMLS cutting device with

twice folded front mass is consistent with the initiation of a

crack that is growing as the excitation level is increased.

Although the response associated with each frequency

sweep through resonance is highly symmetric at each excita-

tion level, the decrease in stiffness as the crack grows under

cyclic oscillations at each higher excitation level results in a

concomitant reduction in the resonance frequency.

C. Post harmonic analysis inspection of planar twice
folded front mass

A further investigation of the DMLS Ti-6Al-4V cutting

device was initiated to confirm the implication of the har-

monic analysis, that the device had developed one or multi-

ple cracks. First, the impedance was re-measured and the

results of the impedance measurements, before and after all

the harmonic analysis experiments were completed, are

shown in Fig. 10. It is observed that the impedance magni-

tude has increased significantly at the resonance frequency

and the resonance frequency has decreased by more than

1.5 kHz, both being consistent with the presence of a crack.

FIG. 9. (Color online) Longitudinal displacement response of the MA and

DMLS Ti-6Al-4V (a) needle devices and (b) cutting devices.

FIG. 10. (Color online) Impedance of the DMLS Ti-6Al-4V cutting device

measured before and after high excitation level harmonic analysis

experiments.
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An inspection (Fig. 11) of the DMLS Ti-6Al-4V planar

twice folded front mass clearly shows that multiple cracks

have been initiated around the curved surface of the gaps

between folds. The CNC machined MA front mass, on the

other hand, is devoid of cracks.

Cracks are likely to be initiated at defect sites around

the weaker and more poorly bonded columnar grains of the

Ti-6Al-4V material34 and as a result of poor surface finish.

Also, it is known that porosity arises in layer-based additive

printing manufacturing processes which results in deteriora-

tion of the material properties.35 From macroscopic experi-

ments and microstructure analysis, it has been revealed that

pores can become nucleation sites for adiabatic shear bands

and microcracks.35,36 If these pores are perpendicular to the

loading direction, high stress concentrations will result,

from which fatigue cracks can propagate.37 Another contrib-

uting factor of poor fatigue performance under high excita-

tion levels and high frequency cycling of the DMLS

material, is the as-built surface roughness which behaves

like multiple short cracks and stress concentrators.38 For

DMLS Ti-6Al-4V, the as-built parts without surface

machining exhibit fatigue performance of 40%–50% of that

achieved after machining.39,40 Furthermore, the presence of

residual stresses, as a result of laser-based additive

manufacturing processes with high thermal gradients, is also

a cause of crack initiation.41 Tensile residual stresses are

largely distributed on the surface or subsurface of the as-

built part,42 which significantly contributes to poor fatigue

performance compared to compressive residual stresses.43

To improve the surface quality and increase the fatigue

strength of additive manufactured Ti-6Al-4V material,44–46

machining post-processes can be used, such as centrifugal

finishing, shot peening, laser polishing, linishing, and chem-

ical etching.47 However, one aim of this study was to verify

if 3D printing could potentially be adopted for devices with

internal features, such as slots, voids, and lumens, where it

would be much more challenging to use secondary subtrac-

tive processing techniques, unless they were fully integrated

with the 3D printing process itself.

V. CONCLUSION

Results have been presented to compare how the use of

CNC machined mill annealed Ti-6Al-4V and DMLS Ti-

6Al-4V for the end masses affect the impedance and

vibrational response of two different prototype ultrasonic

surgical devices, an ultrasonic needle operating in a

longitudinal-torsional mode and an ultrasonic surgical cut-

ting device with a twice folded front mass configuration.

The aim was to investigate the feasibility of adopting

DMLS Ti-6Al-4V for the metal end masses to enable inno-

vations in ultrasonic surgical devices that incorporate more

complex geometries, especially for miniaturization.

Through characterization of the devices using imped-

ance analysis, experimental modal analysis, and harmonic

analysis, it was demonstrated that ultrasonic needle devices

that incorporated CNC machined MA and DMLS Ti-6Al-

4V exhibited very similar vibrational responses in both

EMA and harmonic analysis measurements. The material

microstructure of the DMLS resulted in a slightly higher res-

onance frequency and lower displacement amplitude at the

needle tip. Where a nonlinear response was exhibited in the

L-T2 mode, the microstructure resulted in a weaker nonline-

arity. Overall, the potential of 3D printed metal masses to

replace CNC machined metal masses was confirmed for this

ultrasonic device.

For the cutting device with twice-folded front mass, the

dependance of the response on a high level of symmetry, to

avoid excitation of mode families, resulted in high modal

density in the frequency response function of the DMLS

device. The incorporation of a twice-folded front mass is

shown to deliver a linear vibrational response at the high

excitation levels associated with power ultrasonic devices.

However, in the case of the DMLS device the response was

indicative of one or more cracks initiating and growing as

the excitation level increased and this was verified by

inspection.

DMLS Ti-6Al-4V has been shown to be a viable alter-

native for the end masses of power ultrasonic surgical devi-

ces that have complex shapes and features, but not where

those features are substructures requiring a high degree of

symmetry. Ideally, to enable adoption of DMLS Ti-6Al-4V

in power ultrasonic surgical devices that incorporate fea-

tures such as folds and slots, improvements in the build

quality, control of porosity, and surface finish are necessary.

Although there are multiple post-processing methods avail-

able that can improve surface finish and fatigue strength,

these become very challenging to incorporate where the

device features are highly complex or internal to the device

parts. Further research is required to investigate the relative

performance of devices incorporating DMLS Ti-6Al-4V

under the loading conditions typical of surgical operations.
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