ISSN 1726-5479

SENSORS 17

TRANSDUCERS

e & o
« WU
L 4

S
‘ ‘ o 'h""_l_ ] '
ﬁ_‘ e 'S .
- g e
ryY o -
by oA

Sensor Devices -
and Wireless Sensor Networks:

l"- Y

International Frequency Sensor Association Publishing é&i


http://www.sensorsportal.com/HTML/DIGEST/Journal_Subscription.htm

Copyright © 2013 IFSA Publishing. All rights reserved.

This journal and the individual contributions in it are protected under copyright by IFSA Publishing, and the
following terms and conditions apply to their use:

Photocopying: Single photocopies of single articles may be made for personal use as allowed by national
copyright laws. Permission of the Publisher and payment of a fee is required for all other photocopying,
including multiple or systematic copyright, copyright for advertising or promotional purposes, resale, and all
forms of document delivery.

Derivative Works: Subscribers may reproduce tables of contents or prepare list of articles including abstract for
internal circulation within their institutions. Permission of the Publisher is required for resale or distribution
outside the institution.

Permission of the Publisher is required for all other derivative works, including compilations and translations.
Authors' copies of Sensors & Transducers journal and articles published in it are for personal use only.

Address permissions requests to: IFSA Publisher by e-mail: editor@sensorsportal.com

Notice: No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a
matter of products liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions or ideas contained in the material herein.

Printed in the USA.



~ren

‘—-"

Sensors & Transducers

Volume 18, Special Issue
January 2013

www.sensorsportal.com

Editors-in-Chief: professor Sergey Y. Yurish,
Tel.: +34 696067716, e-mail: editor@sensorsportal.com

Editors for Western Europe

Meijer, Gerard C.M., Delft Univ. of Technology, The Netherlands

Ferrari, Vittorio, Universita di Brescia, Italy

Editor for Eastern Europe

Sachenko, Anatoly, Ternopil National Economic University, Ukraine

Editors for North America

Katz, Evgeny, Clarkson University, USA

Datskos, Panos G., Oak Ridge National Laboratory, USA
Fabien, J. Josse, Marquette University, USA

Editor South America
Costa-Felix, Rodrigo, Inmetro, Brazil

Editor for Asia
Ohyama, Shinji, Tokyo Institute of Technology, Japan

Editor for Asia-Pacific
Mukhopadhyay, Subhas, Massey University, New Zealand

Editor for Africa
Maki K.Habib, American University in Cairo, Egypt

Editorial Board

Abdul Rahim, Ruzairi, Universiti Teknologi, Malaysia
Abramchuk, George, Measur. Tech. & Advanced Applications, Canada
Ascoli, Giorgio, George Mason University, USA

Atalay, Selcuk, Inonu University, Turkey

Atghiaee, Ahmad, University of Tehran, Iran

Ayesh, Aladdin, De Montfort University, UK

Baliga, Shankar, B., General Monitors, USA

Basu, Sukumar, Jadavpur University, India

Bouvet, Marcel, University of Burgundy, France

Campanella, Luigi, University La Sapienza, Italy

Carvalho, Vitor, Minho University, Portugal

Changhai, Ru, Harbin Engineering University, China

Chen, Wei, Hefei University of Technology, China

Cheng-Ta, Chiang, National Chia-Yi University, Taiwan

Chung, Wen-Yaw, Chung Yuan Christian University, Taiwan
Cortes, Camilo A., Universidad Nacional de Colombia, Colombia
D'Amico, Arnaldo, Universita di Tor Vergata, Italy

De Stefano, Luca, Institute for Microelectronics and Microsystem, Italy
Ding, Jianning, Changzhou University, China

Djordjevich, Alexandar, City University of Hong Kong, Hong Kong
Donato, Nicola, University of Messina, Italy

Dong, Feng, Tianjin University, China

Erkmen, Aydan M., Middle East Technical University, Turkey
Gaura, Elena, Coventry University, UK

Gole, James, Georgia Institute of Technology, USA

Gong, Hao, National University of Singapore, Singapore
Gonzalez de la Rosa, Juan Jose, University of Cadiz, Spain
Guillet, Bruno, University of Caen, France

Hadjiloucas, Sillas, The University of Reading, UK

Hui, David, University of New Orleans, USA

Jaffrezic-Renault, Nicole, Ecole Centrale de Lyon, France

Jamil, Mohammad, Qatar University, Qatar

Kaniusas, Eugenijus, Vienna University of Technology, Austria
Kim, Min Young, Kyungpook National University, Korea
Kumar, Arun, University of Delaware, USA

Lay-Ekuakille, Aime, University of Lecce, Italy

Lin, Paul, Cleveland State University, USA

Liu, Aihua, Chinese Academy of Sciences, China

Mansor, Muhammad Naufal, University Malaysia Perlis, Malaysia

Marquez, Alfredo, Centro de Investigacion en Materiales Avanzados, Mexico

Mishra, Vivekanand, National Institute of Technology, India
Moghavvemi, Mahmoud, University of Malaya, Malaysia

Morello, Rosario, University "Mediterranea” of Reggio Calabria, Italy
Mulla, Imtiaz Sirajuddin, National Chemical Laboratory, Pune, India
Nabok, Aleksey, Sheffield Hallam University, UK

Neshkova, Milka, Bulgarian Academy of Sciences, Bulgaria

Passaro, Vittorio M. N., Politecnico di Bari, Italy

Penza, Michele, ENEA, Italy

Pereira, Jose Miguel, Instituto Politecnico de Setebal, Portugal
Pogacnik, Lea, University of Ljubljana, Slovenia

Pullini, Daniele, Centro Ricerche FIAT, Italy

Reig, Candid, University of Valencia, Spain

Restivo, Maria Teresa, University of Porto, Portugal

Rodriguez Martinez, Angel, Universidad Politécnica de Catalufia, Spain
Sadana, Ajit, University of Mississippi, USA

Sadeghian Marnani, Hamed, TU Delft, The Netherlands
Sapozhnikova, Ksenia, D. I. Mendeleyev Institute for Metrology, Russia
Singhal, Subodh Kumar, National Physical Laboratory, India

Shah, Kriyang, La Trobe University, Australia

Shi, Wendian, California Institute of Technology, USA

Shmaliy, Yuriy, Guanajuato University, Mexico

Song, Xu, An Yang Normal University, China

Srivastava, Arvind K., LightField, Corp, USA

Stefanescu, Dan Mihai, Romanian Measurement Society, Romania
Sumriddetchkajorn, Sarun, Nat. Electr. & Comp. Tech. Center, Thailand
Sun, Zhigiang, Central South University, China

Sysoev, Victor, Saratov State Technical University, Russia
Thirunavukkarasu, 1., Manipal University Karnataka, India
Vazquez, Carmen, Universidad Carlos 111 Madrid, Spain

Xue, Ning, Agiltron, Inc., USA

Yang, Dongfang, National Research Council, Canada

Yang, Shuang-Hua, Loughborough University, UK

Yaping Dan, Harvard University, USA

Zakaria, Zulkarnay, University Malaysia Perlis, Malaysia

Zhang, Weiping, Shanghai Jiao Tong University, China

Zhang, Wenming, Shanghai Jiao Tong University, China

Sensors & Transducers Journal (ISSN 1726-5479) is a peer review international journal published monthly online by International Frequency Sensor
Association (IFSA). Available in both: print and electronic (printable pdf) formats. Copyright © 2013 by International Frequency Sensor Association.
All rights reserved.

ISSN 1726-5479

Zhengbing, Hu, Huazhong Univ. of Science and Technol., China


http://www.sensorsportal.com

Sensors & Transducers Journal /“

Contents

Volume 18 www.sensorsportal.com ISSN 1726-5479
Special Issue

January 2013

Research Articles

Editorial
SEIGEY Y. YUFISH ..ttt e e e e e e e st b e e e e e e e e e nbbareeae e e e annns I

10 Top Reasons to Include SENSORDEVICES Conference in your Calendar of Events
Y= o 1) A A 11 o I URER 1

From Sensors to Applications: A Proposal to Fill the Gap
Vincenzo Di Lecce, Marco Calabrese, Claudio Martines.........c..coovvvvevveiiiiiiiieeiieeeeeeeeeevviee e 5

Smart Sensors and Actuators: A Question of Discipline
Hoel Iris, Frangois PaACUIl ..........ooiiiiiiiii et 14

Atmospheric Icing Sensors - Capacitive Technigues
Umair N. Mughal, Muhammad S. VIrK .......oooiiiii e 24

Design of a Sigma-Delta Interface for Heat Balanced Bolometer
Matthieu Denoual, Damien Brouard, Arthur Veith, Mathieu Pouliquen, Olivier de Sagazan,
Patrick Attia, GilleS AllEQGI.....cei it e e e e s s et e e e e e e e e e snreeeaaens 33

Implementation of a Shoe-Embedded Human Interface and Collaborative
Supplementation of Service Requirements on Smartphone System
Kaname Takaochi, Kazuhiro Watanabe, Kazumasa Takami ..........ccccccceeviiiiiiiiiiine e, 47

Module with Piezoelectric Sensor for Acoustic Emission Applications
Irinela Chilibon, Marian Mogildea, George Mogildea..............oooiiiiiiiiiiiiiiiiiie e 59

Performance Improvement of High Frequency Aluminum Nitride
Ultrasonic Transducers
Yangjie Wei, Thomas Herzog and HENNING HEUET ...........ccooiiiiiiiiiiii e 66

Development of Specialty Optical Fiber Incorporated with Au Nano-particles in

Cladding for Surface Plasmon Resonance Sensors

Seongmin Ju, Seongmook Jeong, Youngwoong Kim, Poram Jeon, Won-Taek Han,

Seongjae Boo, Pramod R. WatEKAr...........cciiiiiiiiiiiiiiicce st siree e e e e e 76

Selective Detection of Hydrogen with Surface Acoustic Wave Devices Using

Palladium Layer Properties

Meddy Vanotti, Virginie Blondeau-Patissier, David Rabus, Jean-Yves Rauch, Sylvain

ST E=T gL [ = LSO SPPRPRPRPP 84

High Performance Sensor Nodes for Wireless Sensor Networks Applications
Sergey Y. YUrish and Javier Cafte...........eeii it e e e e 92

Intelligent Parking Management System Based on Wireless Sensor
Network Technology
Nikos Larisis, Leonidas Perlepes, George Stamoulis, Panayiotis KiKiras .........cccccccvvivivvinnennn, 100


http://www.sensorsportal.com

Wireless Underwater Monitoring Systems Based on Energy Harvestings
Sea-Hee Hwangbo, Jun-Ho Jeon and SuNg-Joon Park ... 113

Assessing the Impact of Wind on Detecting Fire Using a Wireless Sensor Network
Ronald Beaubrun and Yacing Kraimial.........ccocueeeiiieiieeeiee e 120

All Organic Flexible Lightweight BL-Film Sensor Systems

with Wireless Data Transmission

Raphael Pfattner, Victor Lebedev, Bahareh Moradi, Elena Laukhina, Vladimir Laukhin,

Concepcid ROVIra, JAUME VECIANA.........cciiiuriieeiiiieeesiiiee e sttt e s sstae e e ssitae e e s stbeeesanstaeeeannraeaesansees 128

A Medical Wireless Measurement System for Hip Prosthesis Loosening Detection

Based on Vibration Analysis

Sebastian Sauer, Sabine Kirsten, Florian Storck, Hagen Gréatz, Uwe Marschner, Dietmar

Ruwisch and WolIf-Joachim FISCNET ... 134

Wireless Sensor Network Simulation: The Current State and Simulation Tools
Fayez Al-Fayez, Abdelrahman Abuarqoub, Mohammad Hammoudeh, Andrew Nisbet ............ 145

Low Power Consumption Wireless Sensor Communication System Integrated with
an Energy Harvesting Power Source
Vlad Marsic, Alessandro Giuliano and Meiling ZNU ...........ooooiiiiiie i 156

Power Saving Algorithm for Monitoring Extreme Values in Sensor Networks
Pei-Hsuan Tsai, Chun-Lung Lin, Jau-Wu Huang, Jia-Shung Wang..........ccccccveivvieiniiene e, 166

Faults in Sensory Readings: Classification and Model Learning
Valentina Baljak, Tei Kenji, Shinichi HONIAEN ............cooiiiiiiiiiii e 177

On QoS Guarantees of Error Control Schemes for Data Dissemination in a Chain-
based Wireless Sensor Networks
Zahra Taghikhaki, Nirvana Meratnia, Paul J. M. HaVINQ@ .........cccceoiiiiiiiiiiieiee e 188

Authors are encouraged to submit article in MS Word (doc) and Acrobat (pdf) formats by e-mail: editor@sensorsportal.com
Please visit journal’s webpage with preparation instructions: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm

International Frequency Sensor Association (IFSA).

Advertise in

Sensors & Transducers Journal
and Sensors Web Portal

Sensors Web Portal

SHASIRS "
: ! -

=

> R VISITORE

i3 ST T

http://www.sensorsportal.com/DOWNLOADS/Media_Kit 2012.pdf

sales@sensorsportal.com


http://www.sensorsportal.com/DOWNLOADS/Media_Planner_2013.pdf

Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 134-144

T
[

www.sensorsportal.com

Sensors & Transducers

ISSN 1726-5479
© 2013 by IFSA
http://www.sensorsportal.com

A Medical Wireless Measurement System
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Abstract: Vibration analysis is a promising approach in order to detect early hip prosthesis loosening, with the
potential to extend the range of diagnostic tools currently available in clinical routine. Ongoing research efforts
and developments in the area of multi-functional implants, which integrate sensors, wireless power supply,
communication and signal processing, provide means to obtain valuable in vivo information otherwise not
available. In the current work a medical wireless measurement system is presented, which is integrated in the
femoral head of a hip prosthesis. The passive miniaturized system includes a 3-axis acceleration sensor and
signal pre-processing based on a lock-in amplifier circuit. Bidirectional data communication and power supply
is reached through inductive coupling with an operating frequency of 125 kHz in accordance with the ISO
18000-2 protocol standard. The system allows the acquisition of the acceleration frequency response of the
femur-prosthesis system between 500 to 2500 Hz. Applied laboratory measurements with system prototypes on
artificial bones and integrated prostheses demonstrate the feasibility of the measurement system approach,
clearly showing differences in the vibration behavior due to an implant loosening. In addition a possibility to
evaluate the non-linear mechanic system behavior is presented. Copyright © 2013 IFSA.

Keywords: Hip prosthesis loosening detection, Vibration analysis, Wireless medical system, Lock-in amplifier.

state of a hip prosthesis in the bone as, for example,
discussed in [1-3]. Under these circumstances, a

1. Introduction

Established and widely used diagnostic techniques in
clinical routine, such as plain radiography, bone
scintigraphy or arthrography (subtraction or nuclear),
are yet to unreliable in order to determine the fixation
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reliable predication of the loosening state is still
challenging and leaves room for misinterpretation.
This leads to either revision of sufficiently
osseointegrated endoprostheses (false-positive result)
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or a late diagnosis with bone stock destruction and
difficulties in implant revision (false-negative result).
Therefore, there are continuing efforts to establish
new or enhance established diagnosis techniques to
increase sensitivity and specificity. In [4], a shaft
integrated loosening sensor based on the conservation
of momentum theory is described and evaluated with
an oversized demonstrator; in [5], an ultrasound
based extracorporeal testing method is presented. A
promising alternative approach to determine the
loosening state is vibration analysis, e.g., frequently
used in mechanical structural analysis. A
measurement system, capable of delivering amplitude
and phase information of a femurs’ frequency
acceleration response due to a mechanical excitation,
is the required base to extract system resonance
frequencies. By monitoring the shift of these
resonances, predictions about the loosening state are
possible. Several early attempts [6, 7] used both,
extracorporeal vibration excitation and extracorporeal
acceleration measurement, in order to determine the
system response in frequency or time domain.
Especially for an extracorporeal acceleration
measurement the obtained signal amplitude is heavily
damped due to the influence of tissue. Is a
miniaturized system directly placed in the prosthesis,
as, e.g., realized by Puers [8], the negative influences
of tissue in the measurement path are minimized. In
difference to a previous realization with a prosthesis
shaft integrated system [9], a solution with a femoral
ball head integrated measurement system is presented
in this paper (Fig. 1). Within this work the proposed
overall medical system is described, a description of
the integrated lock-in amplifier is given and two
housing variants of the femoral ball head integrated
system are discussed. The developed end-user
application is described. Several experimental results
of applied measurements on an artificial bone-
prosthesis system, demonstrating the influence of
loosening, are presented.

fernoral ball head
integrated sensor tag

acceleration sensor fransponder coi

smarttag controller

prosthesis
femur
Fig. 1. Medical wireless system (cross sectional cut)

integrated in the femoral head of the hip implant
(packaging variant).

2. Diagnostic Measurement System

The diagnostic measurement system (Fig. 2)
consists of two main components: the prosthesis
integrated wireless sensor system (intracorporeal
unit) and a reader station combined with a
mechanical vibration excitation and measurement
system, both connected to a PC (extracorporeal unit).

The wireless sensor tag is placed in the femoral
ball head of the hip implant, in difference to the
previous placement in the stem [9]. This approach
follows the request of the medical industry project
partners due to the following reasons: 1) it simplifies
the manufacturing process (modifying stems involves
higher costs) 2) it permits an unproblematic
sterilization process (stems exhibit a special micro
porous surface coating supporting osseointegration,
which requires a gamma sterilization process with
devastating effect on integrated hard- and firmware)
and 3) it reduces the required number of system
variations (there are less femoral ball head types and
embodiments).

\Wireless measurement system

______________________________ '
Acceleration  Lockdn  Micro-controller (MC) and |
sensor amplifier telemetry front-end (FE) 1

hip socket

ball head 4| L !
R —— :

! Readar Controller Visualization| |

shaft : “ Evaluation :
| [ i

1 - i '

Audio Function '

E l:- generalor :

' ) |

Blt)= 8,5 1 - !

femur :_ _____________ ‘ _}_ o _“_n{_{i _‘ﬂ _external !
Fm———— data i 1

! ' ene ! !

! internal ' 1Y 1 external !

Loounit g Vibration ! unit X

1 1 excitation |

_—————— —_——————

Fig. 2. Overview of the diagnostic measurement system.

The intracorporeal system is built around a freely
programmable transponder unit called Smart Tag 1
(Fraunhofer IPMS ST1). It is designed specifically
for transponder applications requiring a sensor
interface in order to monitor physical quantities
besides providing identification information. It
includes a 16 bit MSP430 microcontroller core,
16 kByte Flash, 8 kByte RAM and 512 Byte
EEPROM memory, 16 digital [/O signals,
2 counter/interval timers, a Real-time clock, RF front
end, 10 bit A/D converter with four channels, 12C bus
module and an integrated voltage regulator. Wireless
energy transmission and  bidirectional data
communication via inductive coupling and amplitude
modulation between tag and reader are in accordance
to ISO 18000-2 standard at a carrier frequency of
125 kHz. Transponder coil and a tuning resonance
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capacity are connected directly to the chip.

In order to perform vibration analysis, the
application specific circuitry incorporates a low
power acceleration sensor (ADXL327, Analog
Devices) for x, y and z axis measurements with a
mechanical resonance frequency of 5.5 kHz. It
provides a typical measurement frequency range
(3dB cutoff frequency) of 0.5 to 1600 Hz in x, y
direction and 0.5 to 550 Hz in z direction and a
typical sensitivity of 420 mV/g with a measurement
range of £2.5 g. Since the acceleration sensor output
is strongly affected by noise, additional signal
preprocessing is required. For this purpose a single
phase lock-in amplifier, based on a switched
rectangular reference signal, has been integrated in
the sensor tag in order to improve the signal-to-noise
ratio. The mechanic excitation system consists of an
electro dynamic vibration excitation (S50018,
TIRAvib), in short a shaker, with a maximum force
of 18 N (unloaded) and a working frequency range
from 2 Hz to 18 kHz. It is connected to a power
amplifier —and  measurement unit.  Besides
amplification of the excitation signal provided by the
reader, it is responsible for measurements of
excitation current and voltage as well as acceleration
and static pressure at the point of force application.
For a medical diagnosis system, these additional
measurements are necessary in order to detect faults
and to ensure reproducibility between different
measurements.

The external reader unit generates the magnetic
field generation, extracts data and provides the low
frequency input signal for the sinusoidal mechanical
vibration excitation. Further measurement flow
control, processing and visualization of measurement
data as well as data storage and maintenance are
carried out on a PC connected to the reader.

3. Integrated Lock-in Measurement

The lock-in measurement technique, as an
application of cross-correlation in signal processing,
has been identified as a very useful approach to
reduce the noise influence in the measured
acceleration sensor signal [10]. It is integrated in the
wireless sensor tag as a discrete circuit. The approach
is feasible due to the facts that the mechanical system
(prosthesis, femur and surrounding tissue) is excited
through the shaker with a signal of known frequency
and phase, the acceleration response is time-periodic
and shows a fix phase relation for each frequency,
and the mechanical excitation signals frequency and
phase information is available in the wireless sensor
tag in order to generate the lock-in reference signal.
The principle behavior of the integrated lock-in can
be described through Eq. 1, in which Uy is the
voltage after applying the lock-in technique, Uy is
the measured signal amplitude, oy the measured
signal frequency, o, the reference signal frequency
and ¢.r the reference signal phase, which are
averaged over the time period T. For explanation
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purposes, the measured signal is a spectral
component of interest, contained in the mechanical
system response (besides noise, harmonics, ...).

1 to+T .
Uns sin(wart) - sin(wpept + @rep) dt - (1)
mea?urca‘

~
reference

When the excitation signal has the same
frequency as the reference signal (oy=wm.f) and an
integration time from 0 <t < T is used, the integral
solves to Eq. 2.

~ Uprcos(drey) | Unrlsin(dres) — sin(dres + 2Twnyr)]
b = 2 * 4T
& wN

wanted

unwanted

(2)

The unwanted parts in Eq. 2 are of increasing
influence in the case of small integration times and
small measurement signal frequencies. If for a given
frequency a phase match is reached (phase difference
0rer=0°) the lock-in amplified signal reaches its
maximum signal output (Eq. 3).

Um

5 (3)

U =

Due to technical constraints, such as available
energy and space in the sensor tag, the generation of
a sinusoidal reference can be too costly. In this case a
periodic rectangular signal can be used, as reference
for the lock-in amplifier, an approach also chosen for
the sensor tag. The associated special circumstances
(i.e., higher order harmonics) have been discussed in
[9].

The acceleration sensor signal is AC coupled and
split into two signal paths, which are separately
amplified (inverted and non-inverted) and passed
through a switch to an integrator (low pass).
Therefore the integration time (T) of the lock-in
amplifier has a fix value. Switching is controlled with
the rectangular reference signal (with ®,.f, @) by the
transponder unit ST1. The base frequency, for both
excitation and lock-in reference signal, is the 125
kHz telemetry frequency of an internal oscillator
(synchronized with reader station), which is divided
by the factor n.

This leads to a large step width with increasing
frequencies. The controller can adjust the phase shift
to obtain measurements with an arbitrary phase
angle. A disadvantage of the switched rectangular
reference signal is the occurrence of odd harmonics.
These are partly damped by the low pass (integrator)
before digitized through the 10 bit A/D converter in
the sensor tag. The magnitude information, in
general, is easier to interpret in order to identify the
initially unknown or estimated system resonances in
a frequency spectrum. If the extrema of a single
phase measurement are evaluated a changing phase
relation (i.e., change of excitation or measurement
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equipment) can influence a determined extrema
frequency value (Fig. 3). By performing two
measurements for each examined frequency (U a,
UL ), with a 90° phase difference, the magnitude can
be calculated. The result is independent from an
unknown reference phase angle (Eq. 4) and the
behavior of a dual phase lock-in amplifier can be
reproduced (regarding the magnitude).

s 2 Ui - 1 o
Ul = \/'DE__;[ +Uip= %V’COS(@?-C;)Q + sin(¢rer)?

4)

{7+ PH=O
| + PHI=180°
] PHEO ]
| ——PHI=13°
| —PHI=26°
. | — PHI=39°
teed ——PHI= 517 ]
| —— PHI=64°
| —PHI=TT"
= —— PHI= 90" |
| —— PHI=103°
| —PHI=116"
| —— PHI=12¢°
“f ——PHI=141°
| ——PHI=154°
| —PHI=167"
<. ——PHI=180" |}

real part of mechanical system response

15 i i i
1000 2000 3000 4000 5000
frequency fin Hz

Fig. 3. Influence of a varying reference phase onto the real
part of simulated mechanical system response, possibly
leading to falsely interpreted resonance frequency values.

Fig. 4 and Fig. 5 demonstrate the feasibility of the
approach with both numerically simulated and
experimentally obtained data from the measurement
system. For the applied measurements with the
measurement system, the reference phase has been
varied in steps of 10° between 0° and 90°. For each
frequency point the two consecutive measurements
(@ret =X°, Qrer =x°+90°) were performed instantly after
each other. When evaluating a system response, it’s
behavior must not necessarily be of linear nature.
Especially in case of a loosening of prosthesis, a non-
linear behavior is likely. This has been demonstrated
in [8]. Therefore measurement techniques targeting
the non-linear system should be considered. Since the
presented lock-in amplifier works in the frequency
domain, additional harmonics (2,3,4) besides the
fundamental frequency (1. harmonic) could be
present in the acceleration sensor signal output.
These could be generated by the bone-prosthesis
system, e.g., due to the prosthesis hitting the bone in
a loose case, or also due to a nonlinear behavior of
the bone-prosthesis interface. There are numerous
possibilities and so far there is no complete
understanding, of what the actual reasons are.

As Fig. 6 depicts a non-linear system responds to
a sinusoidal excitation with additional spectral
components.

12 T T T T T T T
: : : : |+ PHI=O®
| ——PHI=180" 4
——PHI= 0°
| — PHI= 137 |
i ——PHI= 26°
PHI= 38" ||
—PHI=51"
— PHI= 84" ||
——PHI=77°
{——PHI= 50" ||
——PHI=103"
{——PHI=115 ||
PHI=125%
{——PHI=141%
| ——PHI=154" |
1 ——PHI=167%

applied two quadrant measurement

00 1500 2000 2500 3000 3500 4000 4500 5000
frequency fin Hz

Fig. 4. Advantage of combining two measurements with
90° phase difference - the calculated magnitude is
independent from an unknown phase angle of excitation
and measurement path.

100 50
50+ o
~ . g o
g 0 ® g
£ g § b4
.l 1 -6-,(
= -
~100 5 100

715%00 1000 1200 1400 715%00 1000 1200 1400

150,

100

u,|

50

LT iy

800 900 1000 1100 1200 1300 1400 1500
frequency in Hz

Fig. 5. Applied measurement with the INHUEPRO system
on a mechanical resonator around a resonance frequency
with varied reference phase (@ =0°...90°) of the lock-in
amplifier. The top-left plot shows the measurement in the
first quadrant (@, =x°), the top-right plot shows the
measurement in the second quadrant (@, =x°+90°), the
bottom plot shows the calculated magnitude (the dashed
line is averaged and additionally interpolated to increase
the frequency resolution, since frequency step width
increases with increasing frequency). The magnitude
response maxima frequency is almost independent from the
reference phase angle (Qr).

|z —» LTI » |Z]

Q) (O]
g ‘ -
[£] —»{ NL |—» Xl

&) ©

Fig. 6. The spectral response of a non-linear system (NL)
compared to a linear system (LTI).
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In case of the excited femur-prosthesis system,
not only the waveform of the sinusoidal excitation is
changed, but in addition resonances of the femur-
prosthesis system are excited. Due to the dispersive
nature of the mechanical waves in the system, the
higher eigenfrequencies are not integer multiples of
the first eigenfrequency. Therefore harmonics of the
excitation signal are generated, as well as standing
waves in the femur-prosthesis system. For the
presented system approach multiplying the frequency
of the lock-in amplifier was not favorable due to the
fact, that it relies on the fixed base frequency of
125 kHz which is divided by an integer value (1 byte)
in order to create the lock-in reference frequency.
The frequency step width for measuring the higher
order harmonics would be too large. Instead of
varying the frequency . of the lock-in amplifier,
the excitation signal frequency (®c.), the mechanical
system is excited with, and therefore ®,, is varied. In
addition, this approach also allows to shift the start
frequency to lower values (e.g. o.¢f/1= 490 Hz,
Oref/2 =245 Hz, o4 = 122 Hz, ...). In the following
this is called a subharmonic excitation. In the
technical realization only an even division of the
fundamental reference frequency is possible by the
vibration excitation subsystem. But one has to keep
in mind, that the generated signal amplitudes are
much smaller for the harmonics than for the
fundamental frequency. When carrying out
measurements  under  laboratory  conditions,
analyzable signals from an artificial bone prosthesis
system could be obtained for the 2nd and 4th
subharmonic.

6
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Fig. 7. Possible frequencies, which can be evaluated by
dividing the mechanic excitation signal. For the presented
system a division by even divisors is possible, which
allows the evaluation of the 2nd/4th/nth harmonic. Each
division lowers the starting frequency.

But hereby damping played only a minor role.
The approach by a division of the harmonic
excitation signal in order to detect system harmonics
can be expressed with following representation:
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Under the assumption that the measured system
response is of analytic nature the Hilbert transform
can be used to calculate the imaginary part instead of
measuring it. This could lead to a decrease in
measurement time. A demonstration based on
measured data is presented in Fig. 8. Applying the
Hilbert transform introduces additional errors (start
and end of measurement range). Otherwise spectral
characteristics and their associated frequencies seem
to stay consistent. The approach requires further
investigations and is hereby only demonstrated as a
possible solution to reduce the overall measurement
time.
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Fig. 8. Feasibility of the application of the Hilbert
transform (12 individual measurements of real and
imaginary part). The first (top) plot shows a measured real
part of the system response, the second plot shows a
measured imaginary part of the same system. The third plot
shows the calculated system response based on the Hilbert
transform and the 4™ plot shows a comparison of the
calculated magnitudes based on the measured data (blue)
and partially calculated data (red) using the Hilbert
transform. Additional errors are introduced in the
beginning and at the end of the measurement range.
Otherwise spectral characteristics and their associated
frequencies seem to stay consistent. The approach requires
a further investigation and is hereby only demonstrated as a
possible solution to reduce the measurement time.

5. Implant Specific Packaging Concepts

Materials typically used for electronic devices are
neither resistant against the reactive biological



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 134-144

environment nor biocompatible [11, 12]. Therefore, a
reliable encapsulation of the medical wireless system
is necessary, to enable the system function within its
default  life  time  (usually more  than
10 years). Several requirements must be fullfilled.
First of all, interface materials have to be
biocompatible according to USP Class VI or ISO
10993 standard. Furthermore the material properties
should be stable and resistant during a chosen
sterilization process (preferred is an ethylene oxide
sterilization), the implantation and the system
lifetime. In this regard the encapsulation complies
with demands on tissue protection against toxic
materials used in electronic devices and device
protection against harsh biological environment
simultaneously. And finally, electrical insulation and
mechanical protection of the device are required. For
a first packaging variant, combining the microsystem
with the prosthesis should not cause any alteration of
the femoral ball head. For this purpose the
microsystem was miniaturized and placed in the cone
of the ceramic ball head (Fig. 1 and Fig. 9). Other
known approaches, for example described in [8],
would have led to significant constructional
modifications impeding a marketing approval
procedure. In the first integration concept an
encapsulation  with  suitable  electromagnetic
screening properties was required, as the telemetry
unit (coil) is not separated from the printed circuit
board (Fig. 9). As an additional requirement, the
microsystem has to be durable connected to the
femoral ball head for transmitting the femur’s

mechanical excitation to the acceleration sensor.
Therefore potting the sensor system in the cone of the
ceramic head, has been identified as an easy to
realize and cost-efficient approach. Pourable
polymers like epoxy resin, silicone and polyurethane,
which comply with USP Class VI or ISO 10993
standards, are promising candidates. In general,
polymers are more advantageous due to their weight,
space, processing, advantageous chemical as well as
mechanical  properties and  electromagnetic
permeability compared to an inflexible titanium
package. Since polymers interact with their
environment and change their properties over time
[13], these materials have not yet been used for
packaging of long-term-implanted microsystems
[14]. For this reason, chemical, mechanical and
electrical properties of three epoxy resins (Epoxy
Technology, Inc., two silicones from NusSil Silicone
Technology and polyurethane from AdvanSource
Biomaterials) were investigated, in order to
determine their stability during sterilization and
implantation. None of the characterized polymers
fulfill requirements equally well, but low-consistency
silicone seems to be the most reliable and suitable
encapsulation material, as demonstrated in earlier
work in [15].

Because of the electromagnetic screening effect
of the titanium acetabular fossa on the telemetry
transmission, in a second housing concept the coil
was placed beneath the ceramic head (shown in
Fig. 10), where it was mounted on the titanium
sleeve.

ferromagnetic ceramic cover
transponder coil
potting compound

rigid-flex printed circuit board
acceleration sensor

Fig. 9. Microsection of potted sensor system integrated in the femoral ball head and covered with a ferromagnetic ceramic to
suppress electromagnetic screening effects caused by prosthesis stem.

sleave

Faadthrough

FEEK element

transponder cail

programming connector

rigick-les printad cireutt board

Fig. 10. A second realized sensor system housing concept, with electronics integrated in the titanium sleeve and the
transponder coil (with triangular cross section) wound on a PEEK element.
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The second integration concept provides a hermetic
packaging of the printed circuit board in the upper
part of the sleeve. The electronic is potted in a
special designed recess, and protected by a welded
titanium plate. As a drawback, this approach requires
leadthroughs to connect the transponder coil with
remaining electronic components. Also unfavorable
is the much more elaborate encapsulation and
mounting technology of the transponder coil, due to
the unprotected position outside of the ceramic ball
head. The whole assembly should not extend the
round shape of the ball head, to maintain the original
prosthesis geometry. Therefore, the coil was
designed with a triangular cross section, and was
wound on a polyether ether ketone (PEEK) element
and mounted on the sleeve. In a final step the coil
will be covered with glass.

6. Developed End-user Application

The software of a medical product must be in
agreement to the ISO 62304 standard, which
implicates a classification as ’Class B’ component.
The usage of the software and its components could
cause 'nonserious’ injury. Since the development of a
market ready solution was not the project goal, these
requirements are only partially discussed. In favor of
a proof of concept, passing the medical approval at
this early state was not a subject of highest priority
during the software development. However, from the
software perspective, no roadblocks are expected,
which would prevent a medical approval.

The main component of the developed end-user
application is a measurement loop, which gathers up
to four acceleration values for each frequency step, as
shown in Fig. 11. In addition, the excitation system is
constantly monitored to ensure equal measurement
conditions during each measurement run. Is a
threshold violation of one of the monitored
parameters detected (so far voltage, current, pressure,
acceleration) the measurement process is stopped,
until the limits are again met or the measurement is
aborted.

The two relevant measurement modes are either a
frequency or phase sweep, of which the frequency
sweep is preferred. The initial phase relationship
between the mechanical system and the lock-in
amplifier is unknown. It is possible, to implement a
calibration procedure, which can be wused to
determine and set this initial phase relationship.
During a standard frequency sweep measurement run,
the lock-in measurement is carried out with a
reference phase of @.= @+0°, 90°, 180°, 270°
relative to the set reference phase angle ¢, resulting
in a four quadrant measurement (Q;,Q,Q3,Q4). This
measurement carries redundant information, which is
used to assess the quality of a taken measurement.
Due to the fact, that the lock-in amplifier output is
overlayed with a constant offset, an additional offset
correction is required for each taken data point. This
offset can be either determined by a direct
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measurement with the vibration excitation turned off
or indirectly by a calculation from the acquired four
quadrant measurement data. Besides the collection of
measurement data, one of the goals of the developed
software, was an automatic determination of
frequency response characteristics (markers), as a
criteria to detect a prosthesis loosening. These
markers are determined by an intersection of the
frequency response functions of the second (90°) and
the fourth (270°) quadrant measurement. To avoid
false-positive  results additional criteria were
introduced, such that the Q, and Q, measurements
show a minimum and the complementary Q,; and Q;
measurements show a maximum. In addition, a
minimum threshold (MTH) value must be exceeded,
so that [Uy,qi—Uwmgs| = MTH. The identified markers
are internally rated from O to 1 in order to provide a
validity level. Fig. 12 is an example of the
visualization of the collected measurement data with
the developed software GUI, with all visualization
options activated. Multiple measurements can be
compared with each other using the developed
‘marker view’ representation shown in Fig. 13.
Hereby  identified markers for  individual
measurements are filled into a grid, in which the
x-axis represents the frequency and the y-axis the
time of a measurement. This allows the comparison
of a time series of taken measurements and provides
a tool to determine and compare any shifts of
identified marker frequencies.

start -

sot bock-in reference signal
frequency and phase

search sensor collect sensor tag
1ag ADC value

extitation
ohay?

yes

store sensor tag ADC value

measurement loop

Fig. 11. Measurement process program flow chart.

7. Experimental Results

The overall system prototype has been tested in a
measurement setup, which allows a varying
anchorage of prosthesis (Bicontact S, Aesculap) in an
artificial femur (Sawbone). The housed sensor tag
prototype is placed at the proximal end of the
prosthesis stem and pressed onto the stem (Fig. 14).
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Fig. 12. Example of the visualization of the acquired measurement during a single measurement run. The top plot shows the
acceleration responses of the 4 quadrant measurement versus frequency. The bottom plot shows the calculated magnitudes,
as well as a phase relationships from the 4 quadrant measurement. In addition algorithmically identified resonances are

visualized.
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Fig. 13. Example of the marker view’ representation, used to visualize the shift of resonances due to loosening over time.
The horizontal axis represents the measurement frequency range, the vertical axis represents the time the individual
measurement was taken. Identified frequencies for the spatial X, y and z directions are visualized with individual symbols.
This representation allows the visualization of trends and should be useable during clinical routine.

A reproducible anchorage variation is realized
through threaded sleeves, placed in the artificial
femur, which are distributed evenly around the
prosthesis. In order to verify the feasibility of the
measurement approach, the influence of loosening
(decreasing prosthesis anchorage) on the resonance

frequencies in the frequency spectrum is of interest.
Therefore, the mechanical setup focuses on this
behavior. Other influencing mechanical factors (i.e.,
surrounding  tissue, hip and knee boundary
conditions, etc.) are not in the scope of this work. The
femur-prosthesis system is attached to an electro-
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dynamic vibration exciter (TIRAvib S522). The
mechanic connection is realized via a clamp, placed
at the central part of the femur, and a thread bar
attached to the shaker. The reader station (with
attached coil establishing communication and energy
supply) is connected to a PC running the user
application. It also provides the mechanic excitation
signal for the shaker, which is amplified by a power
amplifier (TIRA BAA 60). During the experiment the
state of anchorage has been gradually increased. For
each measurement run, screws were fixed step-by-
step starting from the distal end, until the well-fixed
case was reached.

Fig. 14. Measurement setup focusing on a variation
of the loosening state. Hereby prosthesis is integrated
in an artificial bone. An adjustable anchorage is reached
by fastening or loosening off screws evenly distributed
around the prosthesis.

The obtained measurement results for a
measurement with an initially unknown phase
(1. quadrant measurement - claimed real part) and a
measurement with a 90° degree offset (2. quadrant
measurement — claimed imaginary part) are presented
in Fig. 15. For each frequency value the magnitude is
calculated, which leads to the results in Fig. 16. The
first four magnitude resonance frequencies have been
evaluated. The absolute values for each loosening
case as well as the frequency difference to the initial
loose case are presented in Fig. 17. In Fig. 18
measurements results for the non-linear system
behavior are presented. For these measurements the
prosthesis was excited with half of the reference
frequency of the lock-in amplifier circuit
(@Wexe= Ore/2). Therefore the second harmonic of the
mechanic system has been evaluated. Starting from
an initial fix case, screws were unfastened at the
proximal end of the prosthesis. The obtained
maximum shifts to lower values. In order to quantify
the precision of the developed measurement system,
14 measurements were repeated and the standard
deviation (SD) for each frequency point has been
calculated (Fig. 19). For larger amplitude values, the
standard deviation increases. In general the averaged
precision over all frequencies is tolerable, showing a
variation below 1 % over the full measurement scale.
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Fig. 15. Measurement example with an artificial bone and
an artificial prosthesis showing . quadrant (0°, referenced
as real part, top) and II. quadrant measurement
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Fig. 16. Calculated magnitude of several measurements on
the same mechanic system with varied prosthesis
anchorage state.
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Fig. 17. First four extracted resonances as identified with
the diagnosis system under the influence of a step-by-step
increase of prosthesis fixation (individual bars). The top
plot shows the absolute frequency value for each fixation
step. The bottom plot shows the absolute difference to the
initial loose state.
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Fig. 18. Non-linear vibration behavior can provide
additional frequency domain characteristics, which might
aid the detection of a loosening. The plot shows the system
response, when mechanically exciting the system with the
half reference frequency (Weye= Opr. In the top left (real
part) and top right (imaginary) plot measurements of the
second subharmonic around a resonance frequency are
presented. In the lower plot the magnitude is presented.
Starting from an initial fix case, screws were unfastened
step-by-step at the proximal end of the prosthesis.
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Fig. 19. Calculated standard deviation (bottom plot) of the
digitized lock-in amplifier output signal from 14 repeated
measurements of the real (blue) and imaginary (red) part of
the mechanic demonstration system response. In addition,
the bottom plot shows also the averaged standard deviation
for real and imaginary part over the full frequency range.

6. Conclusions

Vibration analysis can be a valuable extension in the
range of diagnostic measurement techniques and has
the potential to detect hip prosthesis loosening.
Through integration of a miniaturized vibration
measurement system directly into the implant, the
damping effects of tissue in the measurement path
can be overcome. Different loosening states of the
implant can be distinguished in the mechanic
frequency response of the bone-prosthesis system as
demonstrated in the experimental section. In general,
resonance frequencies are shifted to lower values if

the loosening increases. When later on performing
measurements with real patients, the obtained
frequency spectra will be very different between
patients (bone and tissue mass/stiffness, muscle
tension, etc.). Therefore, a reference data set,
obtained from a measurement after the hip
replacement and finished prosthesis osseointegration,
is needed for each patient. It can serve as a reference
for long term patient monitoring and can be part of a
medical case database. Additional experiments, not in
the scope of this paper, indicate that mechanic cross-
sensitivities, such as static load or mass of
surrounding tissue, also influence the detected
resonances and need further analysis. Only evaluating
a single resonance in order to determine a loosening
seems not very favorable, multiple resonances should
be evaluated. Current work focuses on the
identification of additional affecting factors and their
impact (e.g., influence of lubrication) onto resonance
shifts, the improvement of the wireless data
transmission ~ within  the challenging metal
environment (stem and backing), an improved bio-
compatible housing and the preparation of the
medical approval as well as the development of
additional meaningful data visualization strategies,
besides the shown examples, supporting the
diagnostic system. Favorable for the measurement
system would be an increase in the frequency
resolution, as well as a constant frequency step over
the full measurement range.
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