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Kurzfassung

Maligne Hirntumore weisen neben dem Bronchialkarzinom die größte Mor-

talität unter den Tumorentitäten auf. Für Hirntumore sind jedoch keine

vermeidbaren Risikofaktoren für Präventionsmaßnahmen bekannt. Die op-

erative Resektion maligner Hirntumore stellt immer eine kritische Maß-

nahme dar, die, von erfahrenen Neurochirurgen durchgeführt, eine präzise

Gewebedifferenzierung während der Operation erfordert.

Die präoperativen Bildgebungstechniken, wie die der Magnetresonanz-

tomographie (MRT), liefern dem Neurochirurgen bereits wertvolle Informa-

tionen, die eine intraoperative Beurteilung Tumorgrenzen erleichtert. Mit

der Kraniotomie tritt jedoch intraoperativ eine Gewebeverschiebung (Brain

Shift) auf, die eine exakte Übertragung der Tumorgrenzen beeinträchtigt.

Die neurochirurgische OP-Strategie basiert letztlich auf der optischen

sowie der taktilen Sinneswahrnehmung des Neurochirurgen. Während dem

Neurochirurgen das Bild des OP-Situs durch das OP-Mikroskop entsprechend

vergrößert dargestellt wird, wird sein taktiler Eindruck der Gewebekonsis-

tenz während der der Manipulation durch die OP-Instrumente gedämpft.

Somit unterliegt die Hirntumorresektion der Feinfühligkeit und der subjek-

tiven Einschätzung des Operateurs.
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Kurzfassung

In der vorliegenden Arbeit wird ein piezoelektrischer taktiler Sensor

präsentiert, der als intraoperatives Instrumentarium den Neurochirurgen in

der Beurteilung der Hirngewebekonsistenz, insbesondere in Hinblick auf die

Tumorgrenzen unterstützt, da die Differenzierung zwischen dem gesunden

Gewebe und dem Tumorgewebe aufgrund der oft nur geringen Konsisten-

zunterschiede oftmals sehr diffizil ist.

Der hier vorgestellte Sensor basiert auf einem elektromechanischen

Schwingungswandler, der durch ein stochastisches Multisinus-Paket als einem

periodisches Breitband-Anregungssignal betrieben wird. Die mechanischen

Informationen werden in elektrische Signale umgewandelt und die Frequen-

zreaktionsfunktion (FRF) gemessen, um die mechanischen Eigenschaften,

wie Konsistenz und Dämpfung, abschätzen zu können. Die Verwendung

einer Multisinus-Anregung ermöglicht es, ein schnelles Messverfahren für

den intraoperativen Gebrauch durchzuführen.

Diese Arbeit stellt das Funktionsprinzip des piezoelektrischen Bimorph-

Sensors vor und beschreibt die relevanten Komponenten des Messaufbaus

und der Automatisierungsmesssoftware. Das Messverfahren wird in Detail

dargestellt, ebenso wie wesentlichen mathematischen Methoden, die zur

Durchführung der Gewebeuntersuchungen angewendet wurden. Des Weit-

eren wird die Herstellung von Gewebephantomen und das Herstellungsver-

fahren für ex vivo Tiergewebeproben, die in dieser Untersuchung verwendet

wurden, diskutiert. Eine genaue Vorbereitung von Phantomen und Gewe-

beproben ist entscheidend, um das Auftreten unerwünschter Fehler zu ver-

meiden.

Das Messprotokoll wurde in zwei Abschnitten gegliedert. Im ersten

Abschnitt erfolgt die Vermessungen der Gelatine-Gel-Phantomen, die in

graduell unterschiedlichen Gelatine-Konzentration angefertigt werden. Der

zweite Untersuchungsabschnitt wird an ex vivo Tiergewebe durchgeführt.

Die Differenzierung unterschiedlich konzentrierter Gelatine-Gel-Phantome
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konnte auch für geringe Konzentrationsunterschiede zuverlässig erreicht wer-

den. Obwohl der taktile Sensor im Kontakt mit dem Phantom oder dem

Gewebe ein nichtlineares System darstellt, sind die nichtlinearen Beiträge

vernachlässigbar gering, so dass auch unter Annahme eines linearen Modells

die Differenzierung der Phantome mit hoher Zuverlässigkeit erzielt werden

konnte. Es wurde eine Varianzanalyse durchgeführt, um die Zuverlässigkeit

der Sensoren zu bewerten und mögliche Fehlerquellen aufgrund von Inkon-

sistenzen in der Herstellungsmethode der Phantome zu identifizieren. Die

Ergebnisse der Varianzanalyse zeigen die Fähigkeit des vorgestellten tak-

tilen Sensors, qualitativ hochwertige Messungen durchzuführen und die

Probenvorbereitungen zu validieren.

Diese Promotionsarbeit wurde in Zusammenarbeit zwischen der VUB-

Abteilung ELEC und dem Institut für Dynamik und Schwingungen der

Leibniz Universität Hannover durchgeführt.

Schlagwörter: Taktiler Sensor, Piezoelektrischer Bimorph, Differenzierung

von Weichteilgewebe, Multisinussignal
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Abstract

The mortality rate of brain cancer is one of the highest next to lung can-

cer. Unfortunately, for brain cancer there are no well-established preventive

procedures to avoid risk factors. The surgical procedure to remove (i.e. re-

section) malignant brain tumours is a critical task that requires from a

surgeon well-trained skills to perform with high precision the evaluation of

the brain tissue during the operation.

Even though when preoperative imaging techniques, like Magnetic Res-

onance Imaging (MRI), provide valuable information to decide where and

what to remove using a neuronavigation system, during skull opening, the

so-called brain shift effect causes undesirable brain movements that intro-

duces errors in the exact localisation of the tumour.

In the operating theatre, a surgeon uses the information acquired by the

visual sense and the tactile perception. While visual information is magni-

fied by the use of a microscope, tactile perception is diminished by the used

of surgical instruments. In consequence, brain tumour resection depends on

the grade of sensibility of surgeons tactile ability and subjective perception.

This work presents a piezoelectric tactile sensor aimed to be utilised as

an intraoperative tool by neurosurgeons to improve the tactile evaluation
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Abstract

of brain tissue, in particular, delineation of tumour boundaries where dis-

tinction between healthy and tumorous tissue is highly challenging because

of their slightly differences in mechanical properties.

The proposed sensor is based on the use of an electromechanical vibra-

tion transducer excited by a periodic broadband excitation signal: random

phase multisine. Mechanical information is transformed into electrical sig-

nals and the Frequency Response Function (FRF) is measured in order to

be able to estimate mechanical properties such as stiffness and damping.

The use of multisine excitation allows to perform a fast measurement pro-

cedure for intraoperative use.

This thesis introduces the operation principle of the piezoelectric bi-

morph sensor and describes the main components of the measurement setup

and the automation measurement software. The measurement procedure is

presented in extend and the main mathematical methods used to perform

the main tissue evaluation tests are presented. In addition, the fabrication

of tissue phantoms and preparation procedure for ex vivo animal tissue

samples used in this investigation are discussed. A correct preparation of

phantoms and tissue samples is essential to avoid the introduction of unde-

sirable errors.

The experimental procedure is divided in two sets. The first set of ex-

periments is done on gelatine gel phantoms at different levels of gelatine

concentration and several contact forces. The second set are experimental

measurements carried out on ex vivo animal tissue.

The differentiation of phantoms and various types of brain sections is

achieved successfully even at small forces. Even though the tactile sensor,

in contact with tissue or a phantom, is a nonlinear system, the level of the

nonlinear contributions is very small, and therefore, it is possible to work

with linear models to differentiate phantoms with high reliability. A vari-

ance analysis was performed to evaluate the reliability of the sensors and
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to identify possible error sources due to inconsistencies in the preparation

method of the phantoms. The results of the variance analysis show the

ability of the proposed tactile sensor to perform high quality measurements

and validate the sample preparations.

This PhD Work is done in cooperation between the VUB department

ELEC and the Institute of Dynamics and Vibration Research of the Leibniz

University of Hannover.

Keywords: Tactile Sensor, Piezoelectric Bimorph, Differentiation of Soft

Biological Tissues, Multisine excitation
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and of course, to my dear brother Péter. A very special thanks to Annick,

Bea, Johan Pattyn and Sven for your great support in all administrative

and technical issues that I required. In particular, I would like to thank

Johan Pattyn for assisting me to build the measurement setup at VUB and

his constant interest in my research.

In Mexico, my family and dearest friends were my support and backup

battery. They were always there for me, from the beginning to end: my

mother Lourdes, my father David, my sisters Lourdes and Gloria, my broth-

ers Alejandro, Antonio and Eduardo, my life brothers Alejandro Treviño
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Chapter 1

Introduction

This chapter introduces the framework of this doctoral research, and pro-

vides an overview of the structure of this thesis. The aim is to contribute

to the improvement of the outcome of brain tumour surgery procedures

and therefore, other tumour treatment strategies are not covered here. The

author presents a tactile sensor system based on a piezoelectric bimorph.

The sensor system has the ability to differentiate changes in the mechanical

properties of soft biological tissues and phantoms. For the development

of this research work, an exhaustive experimental work has been carried

out, resulting in the preparation and measurement of more than 500 gela-

tine phantoms, and the preparation of several tissue samples from 20 ex

vivo porcine brains. Next, an overview of the most important concepts to

understand the context of this thesis is presented.

1.1 Brain Tumour Resection

The diagnosis of a brain tumour is a dreadful experience for the patient

and his family. Treatment options for brain tumours include the use of

chemotherapy, radiation therapy, advance drugs and neurosurgery. This re-

search focuses on the improvement of the quality of neurosurgery procedures

to resect brain tumours.

The exact localization of a tumour can be performed by well-known pre-
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operative imaging technologies like Computer Tomography CT and Mag-

netic Resonance Tomography MRT. The information regarding the position

and size of the tumour is used during operation by the coupling of an image-

guided surgery system, such as neuronavigation, and a PC supported image

processing unit to find the right entrance in the patient’s skull. In this way,

the surgeon has the possibility to localize and delineate brain tumours bor-

ders with a high level of confidence [Ulrich Sure et al., 2000; Ganslandt

et al., 2002].

Although preoperative preparations made an intensive use of advanced

technological appliances, after skull opening, several factors can provoke

partial lost in the position of tumours during operation like tissue removal,

tissue swelling, and loss of cerebrospinal fluid, among others [Nimsky et al.,

2000]. This phenomenon is called brain shift. Compensation of brain shift

is possible if the brain images are acquired once more in order to eval-

uate the current anatomic situation. Intraoperative Magnetic Resonance

Imaging iMRI can offer the possibility to evaluate brain shift and correct

the localization of tumour during operation [Fahlbusch et al., 2000; Nim-

sky et al., 2001]. However, due to the fact that brain shift is a dynamic

process, the use of iMRI results to be a sophisticated and time consuming

procedure since compensation in real-time demands an iterative updating of

the images [Nabavi et al., 2001]. In addition, the cost of iMRI equipments

is currently very high and demands a highly trained person to operate it.

Therefore, the availability of this technology in hospitals is limited.

Tumour delineation (i.e. differentiation of brain tumour tissue from

healthy one), in consequence, relies on neurosurgeons experience to evalu-

ate tissue properties based on visual sense, magnified by the use of operating

microscopes, and the tactile perception transmitted by the surgical instru-

ments to the neurosurgeons fingers and hands. Tactile perception, in this

case, is limited to the discrimination of relative differences in tissue hardness

or stiffness.

In neurosurgical procedures, beyond the imminent life-threatening con-

dition, there is a great probability of a mental or physical disability as a

consequence of the surgery. During the performance of a tumour resection,
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two perils arise concerning the outcome of the intraoperative brain tissue

evaluation. On the one hand, an insufficient tumour resection may lead

to a recurrent tumour growth due to remaining malignant tissue fractions.

On the other, an excessive resection (i.e. removal of healthy brain tissue)

implies a high risk of a permanent damage of some brain functions.

The availability of a reliable sensor capable to estimate mechanical pa-

rameters of brain tissue as a diagnostic criterion for tumour delineation

would be of particular importance in neurosurgery. Therefore, this thesis

presents the development of a tool with higher sensitivity than humans

tactile capabilities to improve brain tumour resection procedures.

1.2 The artificial sense of touch

The human sense of touch has been investigated widely in order to under-

stand its functions and capabilities. Since tactile sensing is one of the most

common tasks in our daily life, the development of devices able to imitate

human sense of touch is of great interest in different fields like robotics. A

tactile sensor has the ability to measure the parameters of contact between

a specific object and the sensor ([Lee and Rowland, 1995]). An ideal tac-

tile sensor is able to detect the morphology of an object, determines the

spatial distribution of forces, and knows the required torque to grasp an

object [Kolesar and Dyson, 1995]. One important aim is to provide enough

information on the mechanical characteristics of the touched object in or-

der to differentiate it from others. Tactile sensors utilize different sensing

principles, like capacitive, piezoelectric, optical or resistive. In addition to

the ability to collect mechanical information, tactile sensors process the ac-

quired information to provide a data interpretation that is tuned to the

sensing task. In this context, it can be said that tactile sensors aim to

provide a certain degree of perception that can be used to have a better

understanding of the characteristics of the sensed object. Therefore, a tac-

tile sensor, is considered a system that is compose by a sensing, a data

acquisition, and a process unit to provide an interpretation of the acquired

information, commonly known as tactile perception.

3
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Applications of piezoelectric materials for developing tactile sensors have

been studied for many years, showing the capability of this sensing princi-

ple to recognize surfaces, define contours or evaluate contact force/pressure

with high precision. Examples can be found in [Watanabe, 2001; Murayama

et al., 2005; Li Ping and Wen Yumei, 4-6 June 1996; Krishna and Rajanna,

2004; Baglio et al., 2002]. Moreover, in medical applications, piezoelectric

tactile sensors has been already used to measure or characterize some prop-

erties of soft materials like human tissue [Dargahi et al., 2000; Narayanan

et al., 2006].

1.3 Mechanical Properties of Biological

Tissues

The estimation of mechanical properties of biological tissues is an important

research topic in biomedical engineering and biomechanics. Biological tis-

sues can be considered as a solidified polymeric material with complicated

internal structures [Baer et al., 1987]. The development of mathematical

models for biological tissues aim to describe their behaviour under diverse

conditions. Biological tissues change dynamically and several factors have

to be taken into account, like aging, adaptation and reaction to environmen-

tal conditions (e.g. temperature, humidity), healing process after physical

damage, among others. For tactile sensing purposes, models describe the

response of tissues to applied forces or contact load. In general, biologi-

cal tissues behave predominantly viscoelastic. Nevertheless, depending on

the type of tissue and the characteristics of the load, the mechanical be-

haviour can be dominant elastic or a complex combination of elastic and

viscolelastic. This can be explained due to the fact that elastin and colla-

gen fibers are present in mostly all type of biological tissues. Elastin fibers

behave elastically with a high elongation rate and their mechanical effect

is present only at small values of contact load and deformation [Oxlund

et al., 1988]. Studies on tissue components show that collagen fibers ex-

hibit viscoelastic behaviour due to a composition of fibrils acting as a set of
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springs and an amorphous ground substance surrounding the fibrils acting

as a viscous fluid [Gautieri et al., 2013]. Therefore, depending on the mea-

surement conditions and the aim of the tissue evaluation, a certain type

of tissue can be characterized using either its elastic properties or by its

viscoelastic properties. Some existing mechanical models can describe the

viscoelastic behaviour of soft materials and tissues based on experimental

measurements using an indenter and the evaluation of the time dependent

strain-stress relationship [Arenz, 2009]. Specific solutions to the problem

of estimating the viscoelastic parameters of different materials utilizing in-

dentation methods have been introduced in [Pharr, 1998; Constantinides

et al., 2008].

1.4 System Identification Techniques

Building mathematical models is a frequent activity in a wide variety of

professional fields, including research. Models can help us to understand,

describe, and control our environment and the phenomena that occur in it.

A common approach to build models is to use a system-oriented framework,

where a phenomenon of interest (e.g. physical process) can be seen as the

output of a system that is externally excited by the interaction of different

variables or stimuli present in the environment.

The selection of the relevant input-output relationships, the availabil-

ity to measure or acquire input and output data, the feasibility to realize

experiments on the system, the amount of a priori knowledge, and the

objective of having such a model, will define the complexity of the mod-

elling procedure. In practice, observed data contain useful information and

noise. The main challenge to construct a desired model is to select the

right set of tools that will extract from noisy observations the necessary

information to establish the mathematical relationships that can describe

the behaviour of the system that is in our interest. This task is known as

system identification.

In this thesis, the frequency domain approach is used. A comprehensive

explanation of this methodology and the principal techniques that offer a
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structured path that can be applied in several applications can be found in

[Pintelon and Schoukens, 2012].

1.5 Objective

The main objective of this thesis is to present a tactile measurement system

capable to differentiate biological tissues with similar mechanical character-

istics. The intended application of this research is to provide neurosurgeons

with an intraoperative tactile tool to improve tissue tumour delineation pro-

cedures.

The proposed solution introduces the use of a piezoelectric biomorph

using a self-sensing configuration, where the active part can generate me-

chanical vibrations to excite mechanically soft biological tissues or tissue

phantoms1 by the use of multisines as excitation signal.

The evaluation of the mechanical impedance in the frequency domain

is performed to establish a differentiation criterion to be used with biologi-

cal soft tissues or tissue phantoms with similar mechanical characteristics,

where the slight differences in tissue consistency are imperceptible for the

human sense of touch. The advantage of using piezoelectric materials is

that the construction of the measurement system is relatively simple and it

is possible to use the electrical port to drive and sense, therefore, the use

of additional sensors is not required.

The influence of nonlinearities is expected since both biological tissues

and piezoelectric materials behave in a nonlinear way. In this work, experi-

ments were carried out to analyse under which conditions the nonlinearities

can have a real influence on the measurements and/or the tissue differentia-

tion process. The proposed solution shows that it is feasible to differentiate

phantoms and biological tissues with high accuracy even at small forces (i.e.

1tissue phantoms are commonly fabricated with polymers to mimic the mechanical
properties of a real biological tissue. The main advantage of using phantoms over real
tissue is the ability to fabricate several samples with the same viscoelastic properties or a
series of phantoms with a controlled gradient or variations on one, or several viscoelastic
parameters. In addition, tissue phantoms can be stored for longer time and the cost of
fabrication is relatively low.
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1 cN) using a linear model. It is important to point that for soft biological

tissues, in particular soft tissues like brain, the maximum force should not

exceed 10 cN in order to avoid physical permanent damage.

1.6 Tissue Differentiation Criteria

The aim of the presented tactile sensor is to differentiate accurately healthy

from cancerous brain tissue. Tissue differentiation describes the likelihood

of a tumour to resemble normal tissue in the neighbour area where the tu-

mour is located. In pathology, it is common to grade the tumours using a

differentiation criteria. For instance, the National Cancer Institute of the

USA, uses the following grading (Table 1.1) for tumours:

Code Grade Differentiation
1 1 Well differentiated
2 2 Intermediate differentiated
3 3 Poorly differentiated
4 4 Undifferentiated, Anaplastic

Table 1.1: Code for Histologic Grading and Differentiation. Adapted from
[National Cancer Institute, 2016]

For surgeons, tumours with differentiation grade 3 and 4 where healthy

and tumour tissue are very similar, resection becomes a extremely diffi-

cult task, and therefore, the importance of developing tools to enhance the

tactile sensing capabilities during surgery.

In this research work, only ex vivo tissue samples were used for the

experimental investigations. In the specific case of brain, the exercise of

differentiating healthy from tumour tissue was performed by aiming to dif-

ferentiate different areas in brain, for instance, cortex and white matter.

This differentiation exercise was proposed by the neurosurgeon Dr. Ralf

Stroop, St. Barbara Hospital, Hamm, Germany, who indicated that a tac-

tile differentiation among brain sections is a task with similar complexity

than the differentiation of healthy and tumour tissue in a specific brain
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section. In [Ji et al., 2013], it can be seen that Raman spectra from frozen

brain sections and tumour present similar results with slightly differences.

Similar results were reported later by [Kast et al., 2015], demonstrating an

equivalence in differentiation complexity.

8



1.7. Outline of the Thesis

1.7 Outline of the Thesis

The present thesis work is organized as follows. In Chapter 2, an introduc-

tion to the most commonly used tactile sensor technologies is presented, but

an emphasis on characteristics of tactile sensors using piezoelectric materi-

als is done. Then, in Chapter 3 the state of current problems that surgeons

face in order to achieve a secure resection of brain tumours is described

and the need of new medical tools for intraoperative applications in neuro-

surgery is introduced. After that, Chapter 4 addresses the basic concepts

of system identification theory, and the tools used in this thesis are ex-

plained; the topics covered in this chapter are: design of excitation signals,

calculation of the frequency response function, estimation of the influence

of nonlinearities using multisine excitation, and the parametric estimation

algorithm in the frequency domain, known as ELiS (Estimation of Linear

Systems).

In Chapter 5, an analysis of the state of the art, and a comparison of the

current state of similar solutions for tactile sensors in medical applications is

discussed. In addition, four research questions are presented. The research

questions address the following issues: the appropriateness of the proposed

tactile measurement system for neurosurgery applications; the challenges

and advantages of using a piezoelectric tactile sensor to differentiate soft

biological tissues; the use of multisine and frequency domain system iden-

tification tools to improve the accuracy of the measurement system.

Chapter 6 presents the development of the tactile measurement sys-

tem. First, the operation principle of the piezoelectric bimorph sensor is

explained. Then, the main components of the measurement setup and the

automation measurement software are introduced. In addition, the mathe-

matical methods used to perform the main tissue evaluation tests are pre-

sented. Following, the fabrication of tissue phantoms is introduced and their

mechanical characterization using indentation methods is presented. The

main characteristics of the animal brain tissue samples used in this investi-

gation are introduced, and the change in the behaviour of the tissue among

time is explained. Next, the analysis of the influence of nonlinearities in the
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bimorph is discussed, and the measurement procedure is introduced. At the

end of this chapter, a description of the experiments reported in this thesis

is presented. Two sets of experiments are conducted. The experimental

procedure to characterize tissue phantoms and animal tissues is explained

in detail. The first set of experiments is done on gelatine gel phantoms at

different levels of gelatine concentration and several contact forces. The

second set are experimental measurements is carried out on ex vivo animal

tissue.

Chapter 7 and Chapter 8 present the results of the experiments. The

developed measurement tactile system was tested on gelatine gel phantoms

and ex vivo porcine brain tissue samples at several contact forces. The

differentiation of phantoms and various types of brain sections is achieved

successfully even at small forces. Even though the tactile sensor, in contact

with a tissue or a phantom, is a nonlinear system, the level of the nonlinear

contributions is very small, and therefore, it is possible to work with linear

models to differentiate phantoms with high reliability.

In Chapter 9, the conclusions (Section 9.1), the main contributions (Sec-

tion 9.2) and the future work (Section 9.3), are presented.

1.8 Contributions

The main contributions of this research work are:

� Study of a piezoelectric bimorph using frequency domain system iden-

tification techniques to develop a tactile sensor application to detect

minimal changes in the mechanical properties of soft tissues and phan-

toms using a self-sensing configuration.

� Design, construction and testing of the mechanical structures to build

two measurements setups. Selection of the electrical motors and driv-

ing components, as well as the selection of the data acquisition equip-

ment and sensors required for the automation of the measurement

setup. Design and construction of mechanical accessories to enhance

10



1.8. Contributions

the functionality of the measurement setup to perform on the same

machine, indentation tests and measurements of the FRF.

� Design and implementation of a measurement software programmed

in Labview(National Instruments). The design of a user-friendly in-

terface with a complete set of functionalities, and the capability to

perform automated measurements in several phantoms, with the pos-

sibility to select the number of points, repetitions and measurement

conditions.

� Implementation of algorithms in Matlab to process measurement data

to obtain mechanical properties of tissues using indentation tests to

evaluate elastic and viscoelastic properties.

� Realization of an experimental investigation to improve the fabrica-

tion procedure of gelatine phantoms and the preparation of ex vivo

samples. This investigation allows to understand the mechanical be-

haviour of ex vivo samples and phantoms and determine the main

factors that can introduce undesired variability due to measurement

or environmental conditions.

� Experimental verification of the influence of the nonlinearities for the

piezoelectric bimorph using special odd random phase multisines with

random grid for the selection of detection lines.

� Proposal of a measurement procedure for tissue differentiation by

means of the measurement of the FRF using the Fast Method of the

Local Polynomial Method, in order to estimate a parametric linear

second order model. The evaluation of the position of the poles of the

estimated model is used to detect changes in consistency of phantoms

and ex vivo samples.

� Experimental verification of the functionality of the proposed auto-

mated tactile measurement system, using a series of gelatine phantoms

at different concentrations; and with ex vivo porcine brain samples.
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Chapter 2

Tactile Sensor Technology

This chapter discusses the principles of tactile sensor technology and its ap-

plications in medical surgery. The following sections explain the basic prin-

ciples of the human sense of touch (Section 2.2), what sensing approaches

are the most common used to develop tactile sensors (Section 2.3), and what

challenges and design requirements are important to take into account for

the development of tactile sensors for medical applications (Section 2.4). If

the reader has already a background in this topic, it is recommendable to

skip this chapter and pass directly to Chapter 3.

2.1 Tactile Sensors

The capability of humans to interact with the environment relies on the

effective use of physiological information provided by the senses: sight,

hearing, taste, smell and touch. The human sense of touch is located all

over the surface of the body (i.e. skin) and it can provide information about

the shape and surface texture of objects. In addition, it has the ability to

detect some mechanical and thermal properties that can be used for dif-

ferentiation purposes. This differentiation capability is based on subjective

appreciations since the sense of touch cannot provide an absolute value, but

relative terms like soft and hard, wet and dry, or cold and hot. Moreover,

the sense of touch can be used to deduce a grip condition, like static (i.e.
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2. Tactile Sensor Technology

fix) or slip [Najjryn et al., 2009].

The combination of sensory modalities like vision and taction (i.e sense

of touch) allows humans to compile complex information about physical and

mechanical properties of objects in order to realize tasks or activities where

handling, control or inspection is the main purpose. This has opened the

interest of the scientific community to design and produce artificial senses

that can be integrated into devices or machines (e.g. robots) to perform

autonomous activities with high precision.

Robots in industry are frequently employed to conduct assignments

where the manipulation of tools and materials are involved. Here, next

to the visual feedback, tactile sensing systems are mainly utilized to con-

trol the grasp force, so the manipulated object is not damaged or dropped.

In the context of Robot-Assisted Surgery (RAS), beside the grip function,

robots are equipped with intelligent tools that incorporate tactile sensors

to enhance the quality of several medical tasks like tissue handling, tis-

sue evaluation (e.g. palpation) and tissue removal (e.g. tumourous tissue

resection).

In modern medical surgical technologies like teleoperation or Minimally

Invasive Surgery (MIS), the lack of accessibility for direct palpation de-

mands the use of microscopes and cameras. Since medical evaluation of

organs through optical properties is not a sufficient criteria for decision-

making, it is necessary to provide the surgeon with the most identical re-

production of the mechanical properties of the manipulated tissue. There-

fore, surgical tools used in these medical environments require integrated

sensors that are able to imitate the sense of touch or that can provide the

most relevant tactile information to perform the desired task.
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2.2. Sense of Touch

2.2 Sense of Touch

The sense of touch is commonly associated with the capacity of our hands

and fingers to interact with objects to obtain information about their phys-

ical and mechanical properties or their relative temperature in comparison

to our body. In general, our tactile system is allocated all over the skin, that

is largest organ of the human body [El Saddik, 2011]. A large number of

receptors are placed to acquire different tactile information (i.e. sensation

modalities) forming a complex network. The receptor’s density is inhomo-

geneous across the body surface of humans. The detection of sensation

modalities and their combinations permit a human to produce reactions on

a physiological and psychological level. The distribution of the receptors in

the skin is not homogeneous in all parts of the body. For instance, hands,

feet, lips, face and fingertips are highly sensitive areas. Moreover, the fin-

gers in the hand do not encompass the same density of receptors [Johansson

and Vallbo, 1979].

The five million tactile receptors that integrate the sense of touch [Na-

jjryn et al., 2009] are embedded and clustered inside the skin at different

layers (i.e. dermis and epidermis). A receptor is compound by different

types of sensory neurons that form a specific nerve ending (Fig. 2.1). Act-

ing as transducers, nerve endings are stimulated by pressure or deformation

of the skin, generating electrical potentials that travel through the nervous

system. The generated electrical signal is delivered to a specific part of the

brain where the information associated with the stimuli is obtained and

processed.

Tactile receptors and their corresponding nerve endings are generally

classified into three categories according to the type of perception they can

detect (Table 2.1): nociceptors for pain, damage, harmful temperatures and

some types of mechanical stimuli; thermoreceptors for temperature sensing

and thermal stimuli (e.g. heat or cold); and mechanoreceptors for mechan-

ical stimuli (e.g. stress, deformation, vibration, etc.), shape and surface

texture [Webster, 1988; Dahiya and Valle, 2013].
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Hairy skin Glabrous skin

Epidermis

Dermis
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corpuscle

Papillary Ridges

Septa

Ruffini’s
 corpuscle

Hair receptor

Meissner’s
corpuscleSebaceous

gland

Free nerve
ending Merkel’s

receptor

Figure 2.1: Sensory receptors of the human sense of touch [Haslwanter,
2011]

Receptor Type Nerve Endings Sensor Modalities
Mechanoreceptors Merkel-disk,

Meissner-corpuscle,
Pacinian-corpuscle

Pressure (soft and
hard), surface texture
(rough and smooth)
and shape

Thermoreceptors Rufiini-corpuscle,
Krause-corpuscle

Heat and cold

Nociceptor Free nerving endings Pain

Table 2.1: Types of sensory receptors in the sense of touch

Pain for the human body is an essential function to protect it from po-

tential harms derived from mechanical and thermal hazards; consequently,

nociceptors are polymodal and represent the majority of the receptors in

the skin. In the case of the thermoreceptors, temperature information

is acquired by two type of nerve endings: Krause-corpuscle and Ruffini-

corpuscle. On the one hand, Krause-corpuscle responds to temperatures
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2.2. Sense of Touch

below 40 ○C and produce in the body the sensation of cold. On the other

hand, Ruffini-corpuscle produces the sensation of warmth when the stimu-

lation is done by temperatures above 40 ○C [Russell, 1990]. The sensation

of the temperature is appreciated by a human in terms of comfort and dis-

comfort depending on several factors like: the temperature of the skin, the

stimulated region, the rate and direction of the temperature change, among

others [Hensel, 1974; Schepers and Ringkamp, 2009].

The study of Mechanoreceptors is of particular interest for designing

artificial tactile sensors. Therefore, a considerable amount of studies has

been done to describe the functioning of this type of receptors. Mechanore-

ceptors are classified by the rate of adaption into four types (Fig. 2.2):

Fast Adaption (FA) type I and II, and Slow Adaption (SA) type I and

II [Johansson and Vallbo, 1983]. Contact and motion is detected by FA

receptors. They are sensitive to dynamic stimuli and generate electrical

impulses at the beginning and at the end of the stimulation. FA type I is

used to measure the rate of skin indentation and FA type II is sensitive to

acceleration. Information about pressure and perceptions like soft and hard

are detected by SA receptors. The electrical impulses generated by a static

stimulation (e.g. constant pressure) are present throughout the duration

of the stimulus. The main difference between SA type I and type II is the

size of the receptive field. SA type I has a smaller receptive field making it

suitable to detect roughness.

Anatomically, mechanoreceptors are mainly placed in hairless skin areas

(i.e. glabrous skin), for instance the hand and the finger tips [Gardner, 2001]

where are distributed about 17 000 receptors [Johansson and Vallbo, 1983].

There are three types of nerve endings associated to mechanoreceptors:

Meissner-corpuscle, Merkel-disk and the Pacinian-corpuscle.

Meissner-corpuscle, a FA type I receptor located in the epidermis (i.e.

top layer of the skin), is used to detect contact, motion and normal force. In

addition, Meissner-corpuscle has the ability to sense slip motion of objects

that are gripped. Its frequency response for vibrations is within the range

of 20 - 50Hz and it possesses a receptive field of about 3-4mm.

Pacinian-corpuscle is a FA type II receptor. It is located in the deepest
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Figure 2.2: Classification of mechanoreceptors basis on the rate of adaption
[Johansson and Vallbo, 1983]

layer of the skin (i.e. dermis), and therefore, it is activated only by high

pressures and deformations rather than soft touch. With a receptive field

of 10mm and a frequency response range of 60 - 400Hz, the main use of

Pacinian-corpuscle is to detect vibrations.

Merkel-disk works in a low frequency range (5 - 15Hz). Classified as

SA type I, this receptor located in the epidermis is able to detect static

and quasi-static contact, providing information about pressure and weight

of an object, as well as, information about surface texture. Merkel-disk is

the smallest touch receptor in the skin with a receptive field about 3 - 4mm

[Gardner, 2001; Russell, 1990; Saga, 2008; Dahiya and Valle, 2013].

As mentioned before, tactile receptors act as transducers. Nerve end-

ings transform mechanical and thermal stimuli into electrical impulses that

travel through different nerves to the spinal cord and from this organ are

distributed to several areas of the brain cortex to be processed to produce

sensations, perceptions and reactions. Although the human sense of touch

is a highly complex system that is able to provide complete information

about the environment, it has the limitation that it cannot provide abso-

lute quantities. In consequence, a successful execution of some critical tasks

(e.g. medical diagnosis or surgery) using tactile information is only possi-

ble by doing intensive training, accumulating experience, and sometimes,
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by validating the measurements by a second individual who performs the

same task. This drawback is the main motivation to develop artificial tac-

tile sensors based on the human sense of touch in order to support humans

with critical activities where taction is used as a primary evaluation tool

or to provide autonomy to devices and machines that have to interact with

the environment.

2.3 Technological approaches for tactile

sensors

Tactile sensors in general aim to measure thermal and mechanical (e.g. pres-

sure and force) information. In this thesis, the focus is only on the acquisi-

tion of mechanical information. This part introduces the main approaches

to develop tactile sensors to acquire mechanical information. Further, some

examples are given to illustrate their use. A particular emphasis is made

on piezoelectric tactile sensors in order to cover the fundamentals of the

solution presented in this work. Specific applications of tactile sensors for

tissue differentiation in neurosurgery can be found in Section 2.4, where

similar solutions to the one presented in this work are discussed in detail in

Chapter 3.

2.3.1 Capacitive Sensors

Capacitance is an electrical property that can be used to implement a great

variety of sensing applications. Fig. 2.3 represents a simple capacitor com-

posed by two parallel conductive plates with separation d. The plates are

separated by a dielectric material. The capacitance C is calculated as follow

C = kε0A

d
(2.1)

where ε0 is the permitivity constant of space, k is the relative permi-

tivity of the dielectric material between the plates, also known as dielectric
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constant, and A is the area of the parallel metallic plates.

Paralell conductive platesDielectric
material

d
A

Figure 2.3: Capacitor composed by two parallel plates and a dielectric
material

For the fabrication of tactile sensors based on the evaluation of capac-

itance, it is important to determine a parameter that can vary selectively

with a particular mechanical stimulus [Fraden, 2010]. As an illustration, for

the parallel plate capacitor, equation 2.1 shows that changes in geometry

will lead to variations in the capacitance, which can be interpreted as an

indirect measurement of mechanical stimuli like stress or strain.

Several applications of capacitive tactile sensors for robotics and surgery

have been introduced in the recent years based on the implementation

of highly sensitive microelectromechanical systems (MEMS). [Muhammad

et al., 2011] introduced a tactile sensor using micro parallel plates capac-

itor’s arrays. This sensor is able to measure an applied force using non-

linear models to calculate the capacitance as a function of the geometrical

dimensions. Multi-dimensional measurement is also achievable by the im-

plementation of capacitive tactile sensors as shown in [Santos et al., June

20-23, 2005; Hyung-Kew Lee et al., 2008].

2.3.2 Inductive Sensors

Measurement of the induction of magnetic fields is the operating principle

used by this type of sensor. The aim is to transform magnetic energy
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into electrical signals using inductors, or a combination of inductors and

permanent magnets. A typical application of inductive sensors is to detect

the presence of a metallic object. This is known as a proximity sensor,

where eddy current flowing into the material under test produces a change

in the amplitude of the sensor’s circuitry that triggers a switch to generate

a binary (on/off) signal. Moreover, inductive sensors can be use to detect

physical continuous quantities like displacement or pressure by means of

the evaluation of the mutual inductance between two or more inductors

[Du and Yelich, 2010].

Inductive sensors are designed basically using coils. These elements

consist of a conductor wire in the shape of a spiral or helix. Several factors

determine the value of the inductance, for instance:

� number of turns in the coil

� geometry of the core

� material of the core

� position of the core with respect to the coil

A sensor is implemented when a physical phenomena can change any of

the factors above mentioned. In practice, the most common ways to variate

the inductance are by changing the position of the core or to produce induc-

tance changes by approaching external materials (ferrous or nonferrous) to

modify the core properties. Inductive sensors are often implemented using

oscillators based on LC network circuits. In this case, the capacitor has a is

fixed capacitance value and the inductor, under no-load conditions, has also

a fixed value of inductance, generating a signal with frequency f1. Two me-

thods can be used to read the output of the sensor: frequency shift method

and off-resonance method [David J Hall, 1984]. The frequency shift method

works as follows, the inductive sensor under no-load conditions is oscillat-

ing at a frequency f1. The sensor is connected to a frequency-to-voltage
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converter, generating a voltage v1. In the presence of an object, the induc-

tance value changes and the oscillator shifts the frequency at a new value

of f2, leading to a new output voltage v2. The changes in the frequency-to-

voltage converter is a function of the characteristics and proximity of the

sensed object. The off-resonance method is based on the evaluation of volt-

age drops of a parallel LC circuit connected to the inductive sensor. The

no-load conditions allows the LC circuit to oscillate at the resonance fre-

quency, generating a maximum voltage. When an object is in the presence

of the sensor, the inductance changes, causing an impedance mismatch that

leads to a drop from the maximum output amplitude. The evaluation of the

voltage drop from the no-load condition is used to determine the proximity

and nature of the sensed object.

Another way to implement inductive sensors is using the evaluation

of the mutual inductance in transformers. The linear variable differential

transformer (LVDT) presents excellent characteristics to measure displace-

ments, for instance: fast response, large operational temperature range,

almost infinite resolution, among others. Fig. 2.4 shows the schematic di-

agram of a LVDT. The primary inductor coil is energized using an AC

voltage power supply. The voltage Vin is induced into the secondary coils

that are connected using a push-pull configuration. The output voltage Vout

is the difference between the voltages across the two secondary coils which

at the center(i.e. null position) Vout = 0. The main idea here is that the core

has a sliding mechanism that allows to interconnect it to other structures,

materials or mechanisms to measure linear displacements as a function of

the position of the core.

The measurement of displacement can be use indirectly to sense other

physical variables, such as deformation and pressure, which are variables

widely used in tactile applications. [Li and Shida, 1996] developed a tactile

sensor with three combined sensing principles: inductive, capacitive and

thermal. The proposed sensor is able to discriminate hard materials like

metals and plastics. [Satoru Takenawa, 2009] presented a tactile sensor

capable to measure force in three axis and detect slip. The sensor uses a

permanent magnet located inside an elastic rigid substrate that separate two
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Vin

Vout

Figure 2.4: Linear variable differential transformer

induction coils. Changes in the position of the magnet generate a variation

in the equivalent inductance. Using carbon micro coils, [Chen et al., 2006]

developed a tactile sensor using fingerprint patterns to measure mechanical

deformations and loads. This tactile sensor uses LC oscillators to detect

changes in the inductance of the micro coil as function of the applied force.

2.3.3 Optical Sensors

The main advantage of optical sensors is the capability of performing non-

contact measurements. Next to other similar technologies, for instance ul-

trasound or magnetic sensors, optical sensors can measure several physical

quantities with high precision. The range of operation for this type of sen-

sor goes from reflecting light applications, where source-detector modules

are used to transform light into electrical signals, to more complex config-

urations using stereo cameras and vision pattern recognition algorithms.

Optical sensors are widely used as proximity sensors, where a photo-

sensitive device (e.g. photo diode) can measure the light from an emitter

device, such as an infrared LED, to detect the presence of an object by

means of reflection or by blocking the path of the lighting source. More

complex applications can measure the distance between the detected ob-

ject and the light source using the phase difference between the emitted

and detected signal. Using this principle, sensor arrays are built to get two

and three dimensional images [David J Hall, 1984].
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For robotic applications, the use of vision algorithms is a common prac-

tice to provide the robot with the ability to interact with the environment.

Here, one or more cameras are used to gather images that are processed

in real-time to obtain information about spatial distribution, geometries,

textures and movements of objects.

Figure 2.5: Sensing principal of optical tactile sensors. The light from an
emitting device is reflected on a surface and detected using a light detector
element.

Current applications of optical tactile sensors utilise light transduction

as a sensing principle. A light source device emits light, commonly using

a specific delimited frequency band (e.g. infrared). The light waves in-

cident on the surface of a material under test (Fig. 2.5) causing different

effects depending on the properties of the material, for instance reflection,

absorption, and diffuse reflection. A photodetector device is used to mea-

sure the reflected light where a processing unit analyses the collected data.

During the last decades several efforts to develop optical sensors for tactile

applications has been introduced. First investigations using optic fibers to

measure stress patterns were conducted in the 1960’s showing promising

results. Later [Schneiter and Sheridan, 1984] introduced an improved de-

sign for tacitle manipulation. [Tan et al., 2008] presented an slide tactile

sensor using optical fibers for underwater robots. Optic fibers can be used

in arrays to measure pressure and deformation of surfaces [Jenstrom and

Chen, 1989]. Applications of optical sensors using reflecting elements can

be found in [van Steenberge et al., 2013; Tachi and Kajimoto, 2005].
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Figure 2.6: Direct Piezoelectric Effect: electric voltage U is generated when
a force F is applied to a piezoelectric material. Adapted from [APC Inter-
national Ltd, c2002].
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Figure 2.7: Inverse Piezoelectric Effect: a piezoelectric material experiences
changes on its physical dimensions when it is exposes to an electrical field.
Adapted from [APC International Ltd, c2002]

2.3.4 Piezoelectric Sensors

The term Piezoelectricity derives from the Greek piezein, which means to

press or squeeze [Online Oxford Dictionary, 2012]. Piezoelectricity is a prop-

erty of certain materials that involves the interaction between their mechan-

ical and electrical behaviour. Mechanical deformations on the piezoelectric

material generate a local charge displacement, which can be converted into

a electrical voltage, for instance using a charge amplifier, in order to be

measurable. One advantage of the phenomenon of piezoelectricity is the
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Figure 2.8: The Curie brothers, Jacques (right) and Pierre, with their par-
ents, Eugène and Sophie-Claire [Giroud, op. 1986]

capability of being reversible: when a mechanical stress S is applied, an

electrical charge Q or voltage U is generated. This behavior is also known

as direct piezoelectric effect (Fig. 2.6). Vice versa, when an electrical field

E is applied to the material, a mechanical strain S or deformation occurs

(i.e. inverse piezoelectric effect, Fig. 2.7). This duality allows the use of

piezoelectric materials to fabricate sensors based on the use of the direct

piezoelectric effect and to build actuators using the inverse effect.

The discovery of the piezoelectric effect is attributed to the brothers

Jacques and Pierre Curie (Fig. 2.8), who were previously working on the

understanding of pyroelectricity phenomenon in crystals. In 1880, the Curie

brothers reported in [Curie and Pierre, 1880] the results of their investiga-

tions on different asymmetric crystals where electrical charge was generated

by the application of compression forces. The effect was found in quartz,

topaz, Rochelle salt and tourmaline, among others. On the contrary, this

effect was not found on amorphous materials. In addition, they observed

that pyroelectricity appears in the same crystals that exhibit piezoelec-

tricity, and with reference to the polarity of the generated charge, they
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described that the electric effect caused by compression is similar to the

one obtained by cooling down the crystal and the one for decompression

is similar to the one obtained when heating the crystal. One year later,

Gabriel Lippmann predicted the inverse piezoelectric effect by means of

the application of thermodynamic principles [Lippmann, 1881]. The Curie

brothers verified experimentally the assessment of Lippmann by measuring

the expansion of quartz crystals under the influence of an applied electrical

field [Curie and Pierre, 1881]. More detailed information on the history of

piezoelectricity can be found in [Mason, 1981; Katzir, 2003].

[Driscoll, 2010] refers that since the prehistoric age piezoelectric ma-

terials (e.g. quartz crystals) were utilized extensively. Nevertheless, an

innovative use of them (i.e. in electronics and mechatronics devices) just

started in the last century. Nowadays, we can find almost everywhere de-

vices with at least one piezoelectric component: wristwatches, computers,

battery chargers, LCD screens, digital cameras, ultrasound scanners, park-

ing sensors, fuel injectors, etc. Current devices use not only natural or

raw materials who are known to be piezoelectric (e.g. quartz, tourmaline,

etc.), but also new synthetic materials have been invented (e.g. piezoelec-

tric ceramics) to have the same behavior but with enhancement of certain

properties.

Modeling of piezoelectric transducers

Mathematical descriptions for piezoelectric transducers have been de-

veloped over the last century. From theoretical relations using material’s

properties to numerical methods (i.e. computational methods), the selec-

tion of the most appropriate modeling strategy depends on several factors:

the type of application (e.g. sensor or actuator), the transducer geometry,

the operation regime (e.g. static, quasi-static or dynamic), the level of the

driving power, among others.

For instance, transducers with complex geometries are often modelled

using the Finite Element Method FEM where the geometry is described by

small discrete elements, each one described by simpler equations, with the
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aim of finding an approximation of the overall behaviour of the transducer.

Detailed explanations about how to use FEM techniques for modelling

of piezoelectric transducers are presented in the work of [Lezgy-Nazargah

et al., 2013; Abreu, G. L. C. M. de et al., 2004; Piefort, 2001; Hwang and

Park, 1993]. Some examples of other modelling techniques for piezoelec-

tric transducers can be found in [Mohammadzaheri et al., 2012; Jalili, Dec.

2009; Arnau, 2008; Geis, 2007; Prokic and Interconsulting, 2004; Hwang

and Park, 1993; Leach, 1994].

The Linear Piezoelectric Constitutive Equations

The linear piezoelectric constitutive equations given in [IEEE Standard,

1987] describe the interaction between the mechanical and electrical be-

haviour of piezoelectric materials as follows:

S = sET + dtE

D = dT + εTE
(2.2)

Equation 2.2 shows a matrix notation that describe the electromechan-

ical interaction between the mechanical strain S, the mechanical stress T,

the electrical field E and the dielectric charge displacement D. These quan-

tities are vectors and can be represented by tensor notation. sE is the

elastic compliance at constant electrical field (i.e. ΔE = 0), d is the piezo-

electric charge constant, and εT is the dielectric constant or permittivity

at constant stress (i.e. ΔT = 0) [Fu, 2005]. The superscripts used in the

constitutive equations refer to the boundary conditions of the quantities

S, T, E and D (Table 2.2). It is important to remark that the consti-

tutive equations neglect thermal effects, although piezoelectric materials

are temperature-dependent, and therefore, should be used in environments

with temperatures below the Curie point [Uchino, 1997] in order to avoid

depolarization.

An additional constant is defined to describe the performance of a piezo-

electric material to transform mechanical into electrical energy and vice
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Variable Condition Physical realization
Mechanical strain ΔS = 0 material clamped
Mechanical stress ΔT = 0 material non-attached
Electrical field ΔE = 0 electrical terminals in

short circuit
Dielectric displacement ΔD = 0 electrical terminals in

open circuit

Table 2.2: Boundary conditions of the piezoelectric quantities

versa. Named as the piezoelectric coupling coefficient k2
ij, this constant is

expressed as [Ikeda, 1996]:

k2
ij = Mechanical energy stored or converted

Electrical energy supplied

k2
ij = Electrical energy stored or converted

mechanical energy supplied

(2.3)

The electromechanical energy transformation is used in both actuators

and sensors. The index ij describe that electrodes are perpendicular to the

axis i, and the strain or stress is in the direction of j. Some ways to be

measured can be found in [Moheimani and Fleming, 2006]. This coefficient

can be also expressed in terms of piezoelectric constants as:

k2
ij = d2ij

SE
ij ε

T
ij

(2.4)

where dij is the piezoelectric constant, which is defined as the ratio of

the strain in the direction j to the applied electric field along i, at a constant

stress. SE
ij is the elastic compliance, defined as the ratio of the strain in the

direction i to the stress in the direction j, under the condition of a constant

electric field. εTij the absolute permittivity under constant stress. A dis-

cussion on the piezoelectric coupling coefficient is presented in [Neubauer,

2015]. The coupling factor should not be considered as a measure of the

overall efficiency of the material since the stored energy can be regained,

nevertheless, it is a good indicator to determine the rate of power for driving

35



2. Tactile Sensor Technology

(a) Piezoelectric Transducer (b) Two-port network representation

Figure 2.9: Two-port network representation of a piezoelectric transducer.
The electrical voltage U and the current I are electromechanically trans-
formed into a mechanical force F and velocity v, and vice versa.

circuits [Hirschmann, 2011]. The constitutive equations and the previously

shown piezoelectric material constants are commonly employed to model

the operation of piezoelectric transducers in static and quasi-static opera-

tion. Moreover, it is important to remark that these equations are valid for

low power excitations, since in high power operation, thermal effects and

non linear behaviour have to be taken into account.

The Two-port Network Representation

A two-port network representation is a common modelling technique

used in electrical circuit analysis. It consists of four terminals which are

arranged into two ports, one for the input and one for the output. On each

port two variables are present, an electrical voltage and an electrical cur-

rent. Assuming that the system under test is linear and using the principle

of superposition, an admittance matrix with associated network parame-

ters can be obtained to describe the behaviour of the system. (Fig. 2.9)

shows a two-port network representation for a piezoelectric transducer in
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the shape of a bending cantilever. The electrical side is the input port with

input variables voltage U and current I. The output port represents the

mechanical bending deformation with output variables force F and velocity

v. If the piezoelectric transducer is electrically excited by harmonic signals,

the behaviour can be described using the following admittance matrix:

⎡⎢⎢⎢⎢⎣Îv̂
⎤⎥⎥⎥⎥⎦ = ⎡⎢⎢⎢⎢⎣Y11 Y12

Y21 Y22

⎤⎥⎥⎥⎥⎦ ⋅ ⎡⎢⎢⎢⎢⎣ÛF̂
⎤⎥⎥⎥⎥⎦ (2.5)

Y11 = Î

Û
(2.6)

Y21 = v̂

Û
(2.7)

Y12 = Î

F̂
(2.8)

Y22 = v̂

F̂
(2.9)

where Y11 is the short-circuit input admittance and it is defined by the

ratio of the complex amplitudes of the electrical current Î and the electrical

voltage Û when the transducer is mechanically free (i.e. F = 0). The

electro-mechanical conversion is described by Y21 and Y12, known as the

short-circuit core admittances, forward and backward, respectively. Y22 is

the short-circuit output admittance and it is defined by the ratio of the

velocity v̂ and the mechanical force F̂ when the electrical port is short-

circuited (i.e. U = 0 ).

The use of two-port network representation is recommended when a

nonparametric system identification is sufficient or when black-box models

are required due to a great complexity of the transducer’s geometry.

Lumped Parameters Models

The electrical input admittance Y11 measured in the vicinity of a single

resonance frequency (Fig. 2.10) can be described using electromechanical
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Figure 2.10: Typical FRF of a piezoelectric transducer. The different fre-
quencies are denoted by: fm where the maximum admittance is reached
and fn where the minimum admittance is reached. fs is the series reso-
nance frequency and fp is the parallel resonance frequency. fr represents
the resonance frequency and fa represents the anti-resonance frequency.

analogies. This is a suitable way to model it using a Lumped Parameters

Modelling Approach. This is a black-box modelling strategy to describe any

system using fitted parameters, called lumped elements. Conventional mod-

els for piezoelectric sensors and actuators using electromechanical analogies

and lumped parameters models have been developed over the last decades

based on the work of [Richter et al., 2009; Twiefel et al., 2008; van Dyke,

1928; Mason, 1935; Cady, 1922].

Fig. 2.11 shows a piezoelectric transducer modelled using only mechan-

ical elements. This model describes the transducer excited harmonically in

the vicinity of a resonant (vibration) mode. The mechanical properties are

described by the mass-spring-damper system where mp is the modal mass

of the transducer, cm the modal stiffness and dm the modal damping.

The electrical port is composed by the shunted capacitance C1, repre-

sented mechanically using a spring, and the dielectric loss R1, represented
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2.3. Technological approaches for tactile sensors

Figure 2.11: Mechanical analogy of a piezoelectric transducer in the vicinity
of a single resonance

using a damper. This model can be used for both, sensor and actuator

applications. The conversion between mechanical and electrical energy is

represented by a lever with transformation factor A.

To understand more in detail the equivalence in both representations,

electrical and mechanical, the following list shows the convention used for

electro-mechanical analogies:

Voltage - Force

Current - Velocity (Electrical Charge ≅ Displacement)

Inductance - Mass

Capacitance ≅ Mechanical Compliance

Resistance - Damping

Using these analogies, the transducer modelled using mechanical el-

ements (Fig. 2.12a) can also be represented using electrical components

(Fig. 2.12b). The conversion between mechanical and electrical energy is

represented by an electrical transformer.The coupling factor is represented

here as A in both cases.

This electrical representation can be once more simplified by eliminating

the transformer. Using the correct conversion factor, all the impedances
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(a) Mechanical representation (b) Electrical representation

Figure 2.12: Equivalent models of a piezoelectric transducer. Adapted from
[Twiefel et al., 2008].

connected to the mechanical port are reflected into the electrical port, thus

the resulting circuit (Fig. 2.13) is a simplified electrical network composed

by the shunted capacitance Cp, connected in parallel to a LCR series circuit.

The dielectric losses are represented by R1. In some cases, these losses can

be considered small, and therefore neglectable (i.e. R1 ≈ 0). The relation

between the LCR elements and the mechanical port elements are defined

by the following set of equations:

Cm
−1 = cm

A2

Lm = mp

A2

Rm = dm
A2

(2.10)

The geometry and materials of the transducer are not required to build

a lumped parameters model, and therefore, an advantage of this representa-

tion is that the model parameters can be estimated using only experimental

measurements. The user should take into account that this model is only

valid in the close vicinity of a resonance mode. If a more complex repre-

sentation is required, for instance, to describe multi resonance modes, the
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2.3. Technological approaches for tactile sensors

Figure 2.13: Equivalent electrical model circuit of a piezoelectric transducer.
Adapted from [Twiefel et al., 2008]

model can be extended easily connecting in series blocks of single degree of

freedom representations as discussed in [Twiefel et al., 2008]. Additionally,

in the work of [Król et al., 2006] is discussed a methodology to obtain elec-

tromechanical models for systems with multiple degrees of freedom using

FEM. The experimental method proposed by [Lenk and Irrgang, 1974] can

be used to estimate the model parameters from the measurement of FRF.

This method uses the evaluation of the frequency response locus of the

complex values of the admittance. Some examples of the implementation

of this method can be found in[Fu, 2005; Littmann et al., 2003; Hemsel,

2001; Priya and Inman, 2008].

A typical FRF measurement of a piezoelectric transducer is shown in

Fig. 2.14. Four frequencies are marked. The resonance fr and antiresonance

fa frequencies are located approximately at the maximum and minimum

value of the admittance respectively, coinciding with the two maximum

values of the phase slope located at the zero degrees crossing. f1 and f2

are the frequencies where the difference between admittance value and the

maximum admittance is approximately -3dB.

For harmonic excitation, the electrical admittance Yel = I/V is a function

of the angular frequency ω:

Yel(jω) = (Cp + Cm

1 + ωCm(jRm − ωLm)) jω (2.11)

When Yel(jω) (i.e. Y11) is plotted in the complex plane, a circle is
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Figure 2.14: Measurement of the Frequency Response Function of a piezo-
electric transducer.

obtained as shown in Fig. 2.15. The value of the shunted capacitance Cp

set the offset of the circle on the imaginary axis. Using Eq. (2.11), the

radius of the circle is easily found as the half of the maximum real value of

the admittance, given as:

max [Re( Cm

1 + ωCm(jRm − ωLm)) jω] = 1

2Rm

(2.12)

Therefore, the radius of the circle is a function of the mechanical damp-

ing. The angular frequencies ω1 and ω2, denoted in Fig. 2.15, correspond

to the frequencies f1 and f2 shown in Fig. 2.14 respectively. ωs is the series

resonant frequency, located at the maximum value of the real part of the

admittance. For small values of Cp, ω1 and ω2 can be determined as the fre-

quencies values where the maximum and minimum value of the imaginary

part of the admittance are given. The importance of these three angular

frequencies (ωs, ω1 and ω2) is that LCR circuits theory can be used to es-

timate the parameters of our model using the equations that defines the

quality factor Q:
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Im(Yel)

Re(Yel)

ωs

ωsCp

≈ ω1

≈ ω2

r = 1
2Rm

Figure 2.15: Frequency response locus of a piezoelectric transducer without
dielectric looses.

Q = 1

R

√
L

C
= ωr

Δω

(2.13)

where Δω = ω2 − ω1 and ωr = 1√
LC

.

Assuming a linear behaviour of the piezoelectric transducer and a rela-

tively high quality factor Q (i.e. ωr ≈ ωs), a lumped parameter model can

be identified from the measurement of the electrical admittance plotting

the frequency response locus and using the following equations [Littmann,

2003]:

Cm = 1
Lmω2

s

Lm = Rm

ω2−ω1

Rm = 1
max[Re(Yel)]

Cp = max[Im(Yel)+min[Im(Yel)]
2ωs

(2.14)

The coupling factor cannot be obtained directly from the electrical ad-

mittance measurement. To estimate this parameter, the FRF of the me-
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chanical admittance Ymech = v/F (i.e. Y22)) has to be measured and its

frequency response locus has to be plotted to get a second circle. The

coupling factor then is calculated as the ratio of the radius of Yel and Ymech:

k2 = ( rYel

rYmech

)2

(2.15)

Additionally, for a single mode the coupling factor can be obtained using

the resonance and antiresonance frequencies fr, fa, as discussed in [Uchino,

2010; Cao et al., 1998].

Applications of piezoelectric tactile sensors

There are two transduction techniques commonly used in tactile sen-

sors fabricated with piezoelectric materials: Piezoresistive and Piezoelec-

tric. Piezoresistive sensors produce a change in their internal resistance

when the sensor is subject to a deformation produced by an external force.

These are used for low frequency or static applications and present low

noise. Piezoelectric sensors generate an electric charge proportional to the

applied force or deformation. Although they are commonly used in high

frequency to measure vibrations, they can be used for quasi-static applica-

tions. Some drawbacks of piezoresistive and piezoelectric sensors are that

they present hysteresis, are sensitive to temperature and depending on the

applied load can behave nonlinear.

Tactile sensors using piezoresistive materials are mainly used as a strain-

gauge to measure force as a function of the internal resistance of the sensing

material. Early investigations showed the potential use of this technology.

[Fiorillo, 1997] used a 16 element sensor cell array to develop a tactile sensor

with low spatial resolution for robotic applications. In this case, the tactile

sensor measures the applied pressure. This measurement concept, using

cell arrays of micro sensors, has been constantly used to increase sensitivity.

[Park et al., 2009] presented an improved tactile sensor designed with carbon

fibres as sensing elements. MEMS technology to fabricate micro tactile

piezoresistive sensors has been used in the last years. A tactile sensor using
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an array of bending beam structures (i.e. cantilever) has been proposed by

[Thanh-Vinh et al., 2014]. Medical applications, for instance surgery, can

take advantage of the development of new tactile sensors designed for tissue

characterization [Kalantari et al., 2011].

Piezoelectric bulk ceramics are not commonly used to fabricate sensors.

Nevertheless, first investigations showed that it is feasible to use bulk ce-

ramics when they are driven in resonance and the evaluation of the changes

in resonance frequency and resonance amplitude can be used to measure

contact force [Watanabe, 2001]. Moreover, if more sensing element are

added, for instance to form an array, it is feasible to measure more com-

plex tactile values, for instance surface texture [Dargahi et al., 1998]. New

developments are based on the use of piezoelectric fibres arrays or multi

stack arrays using new materials with high piezoelectricity, for instance

Polyvinylidene Difluoride (PVDF). [Dargahi, 2000; Sedaghati et al., 2005]

developed sensors for endoscopic applications using PVDF films. Other ex-

amples of piezoelectric tactile sensors for medical applications can be found

in [Feng et al.; Sokhanvar et al., 2007; Takashima et al., 2008; Chuang et al.;

Nakatani et al., 2013].

2.4 Tactile sensors for intraoperative

differentiation of Tumours

In this section, the development of tactile sensors for intraoperative differ-

entiation of tumours is discussed briefly, a more detailed discussion on the

state of the art on tactile sensors is done in Chapter 5.

In the last decades, several tactile sensor solutions have been presented.

Tactile sensors in medical applications have been a very demanded research

activity where mostly all sensing principles have been used. A thorough lit-

erature review can be found in several papers. The first developments can

be found in [Lee and Nicholls, 1999] covering the eighties and nineties. Nev-

ertheless, the review of Lee is not focused on medical applications, the first

applications for minimal invasive surgery are well reviewed in the literature
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survey presented in [Eltaib and Hewit, 2003]. Following work to discuss the

state of the art in tactile sensing for medical applications can be found in

[Tiwana et al., 2012; Lucarotti et al., 2013; Saccomandi et al., 2014]. The

work of Saccomandi summarizes in a very optimal way the course of the cur-

rent developments for tactile technologies, pointing out that the most used

sensing techniques are piezoresistive, piezolectric and capacitive sensors. In

addition, Saccomandi states most common application in the medical field:

� Prosthetics

� Surgical tools

� Biomechanical Analisys

The aim of using tactile sensors for surgical procedures is to perform a

task similar to that of the hands of the surgeons with enhanced capability

and higher reliability. The action of sensing the hardness and/or softness of

an object can provide a differentiation criterion to differentiate healthy and

tumorous tissue during operation. Nevertheless, it is important to remark

that not all type of tumours present an evident change in hardness and

therefore, applications for tactile evaluation based on change of hardness is

limited to specific medical targets.

The development of tactile sensors for tissue hardness evaluation were

first proposed by [Omata and Terunuma, 1992]. Using a resonant driven

transducers, soft tissues were characterized by the use of a piezoelectric

transducer due to their high sensor sensitivity and sensor resolution. The

measurement principle is based on the evaluation of the frequency shift

Δf = fx−f0, where f0 is the resonance frequency at free vibration (i.e. non-

contact condition) and fx is the resonance frequency when the tactile sensor

is in contact with a certain load (e.g. biological tissue). It was proven that

the evaluation of the frequency shift reveals to be an elasticity-sensitive pa-

rameter, having a linear correlation between Δf and the elasticity modulus

of the sample under test. Thus, this method aims to determine tissue con-

sistency in term of stiffness, limiting their use to tissues where the elastic
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behaviour is dominant. In the last years, this method was used for sev-

eral medical applications like in vitro examination of prostate tissue, for

monitoring intraocular pressure, detection of lymph node metastasis, and

evaluation of skin lesions [Jalkanen et al., 2006a,b].

Relative hardness of biological soft tissues can be evaluated by the use of

cantilever beams fabricated using ionic polymer-metal composite (IPMC)

[Bonomo et al., 2008]. IPMC tactile sensor uses a similar working principle

than the one proposed in this thesis, where a bimorph configuration is

used. One IPMC layer is used as an actuator and the other one as a sensor.

The work of Bonomo et al. is discussed in detail in Chapter 3. [Dargahi

et al., 2000; Sokhanvar et al., 2007; Qasaimeh et al., 2009] have developed

tactile sensor systems using Polyvinylidene Fluoride (PVDF). The aim of

these works is to develop tactile sensors for endoscopic grasper with the

ability to measure the magnitude and position of the contact force. Some

constraints arise when using PVDF materials, for instance, only dynamic

loads can be measured. Therefore, the application of this technology is

limited to applications where the grasping force is required to have a better

control when tissues are handled or manipulated during endoscopic surgical

procedures but it is not suitable for palpation or examination of tissues for

tissue differentiation or tumour delineation.

Although there are promising solutions, the so far described strategies,

provided only a correlation of the consistency of tissues and the measure-

ment of tissue stiffness, hence its use on biological tissues with predominant

viscoelastic behaviour (e.g. brain tissue) is limited.

2.5 Conclusion

A tactile sensor delivers information of the mechanical interaction derived

by the contact of such sensor and a Material Under Test (MUT). In conse-

quence, when referring tactile sensing, it is important to take into account

two concepts: contact and contact transduction [Webster, 1988].

The information provided by a tactile sensor is the result of the forces

and displacements generated during the contact, where in most of the cases,
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the consequence is a certain deformation of the MUT, which can be tempo-

ral or permanent. By the use of electromechanical transducers, mechanical

information is transformed into electrical signals that can be processed in

order to be able to estimate mechanical properties of the MUT, such as

stiffness and damping, as well as important variables during contact, such

as force and compliance.

Requirements for designing tactile sensors depend mainly on two fac-

tors: MUTs nature and desired level of deformation. Designing a tactile

sensor with capability of measuring a wide range of mechanical properties,

for instance measuring from hard metals to soft biological tissues, will be

an evident difficult task. In the specific case of medical applications, tactile

sensors are a promising solution to evaluate tissue characteristics. For tu-

mour resection, the differentiation of healthy tissue and tumourous tissue

has been traditionally performed by surgeons using visual and tactile infor-

mation, where the well trained surgeons’ sense of touch plays a critical role

in the quality of the surgical procedure. Therefore, design requirements of

tactile sensors for surgical differentiation of tissues aim to have the maxi-

mum quantity and quality of tactile information at the minimum level of

tissue deformation. An important question that arises here is how much

information is necessary to get from the evaluated tissue. Due to the com-

plex internal structures of tissues and its nonlinear behaviour, the design

of tactile sensors must be limited to a certain desired application and a

specific type of tissue.
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Chapter 3

Medical Motivation

This chapter presents the medical motivation behind this thesis. Section 3.1

explains the basic concepts of brain tumours and the importance of improv-

ing brain tumour resection procedures. An overview of the surgical workflow

for brain tumour resection is discussed in Section 3.2. Finally, the problem

of brain shift is presented in Section 3.3.

3.1 Brain Tumours

A brain tumour is defined as the growth of abnormal tissue in the brain,

interfering with the regular brain activity, occupying space within the skull

and damaging healthy tissue. Depending on the area where the tumour

appears, it is the risk to disrupt a certain brain function (Fig. 3.1).

In general, brain tumours are classified into two types: benign and ma-

lignant. A benign tumour does not contain cancer cells but it still can be

a high risk to the patient, and therefore, it must be removed. A malignant

tumour contains cancer cells with a high spreading rate, causing damage

rapidly and invading healthy brain tissue in its surroundings. In terms of

complexity of the surgical procedure, the resection of a malignant tumour

arises extra challenges. Since depending on the tumour grade, its borders

could not be easily recognised and tumour border delineation is essential to

assure the quality of the procedure and avoid recrudescing. In the case of
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Figure 3.1: Brain structures and their corresponding functions [National
Brain Tumor Society, 2014].

benign tumours, border delineation is still an important factor, but it has

less lethal consequences from an incomplete resection. Depending on the

place of origin of the tumour cells, tumours can be named as primary, if the

tumour was originated in the brain, or secondary, also known as metastatic,

if the tumour was spread to the brain from a different origin. Another way

to classify tumours is by a visual evaluation of a tumour sample under a

microscope, commonly named tumour grade (Table 3.1).

Although malignant brain tumours represent only the 2% of all cancer

cases in adults [McKinney, 2004], the percentage of deaths from the total

cases is much higher in comparison with other cancers. Only in Europe,

during 2008 from 62.000 cases of brain cancer, 42.000 resulted in death; i.e.

a mortality ratio of 68%, while for breast cancer the mortality ratio is 30%

[Ferlay et al., 2010]. Diagnosis and treatment possibilities for brain tumour
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Tumour
Grade

Tissue type Differentiation
of tumour from
healthy tissue

Growing rate

Grade I benign difficult slow
Grade II malignant difficult relatively slow
Grade III malignant relatively easy: tu-

mour cells look differ-
ent from healthy ones

relatively fast

Grade IV malignant easy: tumour cells
look most abnormal

fast

Table 3.1: Tumour grade classification. Adapted from [National Cancer
Institute, 2014].

still need to increase their availability and effectiveness, specially for rare

cancer tumours [Crocetti et al., 2012].

Treatment options for brain tumours include the use of chemotherapy,

radiation therapy, advance drugs and neurosurgery. This thesis aims to

contribute in the improvement of the quality of surgical procedures for brain

tumour resection. Therefore, other treatment strategies are not covered

here. Since brain is the most delicate organ in the whole human body, the

aim for neurosurgery is to be as less invasive as possible; therefore, the main

targets of designing tools for brain surgical procedures are to reduce size,

minimize tissue deformation, and increase performance and reliability.

3.2 Surgical workflow

The development of microneurosurgical techniques was introduced by Yaargi

[Tew, 1999]. The operating theatre required for brain tumour surgery con-

sists on a complex specialized setup that goes beyond the use of a simple

microscope and macrosurgical instruments. Instead, neurosurgey is assisted

by the use of floating binocular microscope with high magnification and

lighting that provides the surgeon with the capability to recognize all neu-

roanatomical structures. Displays are placed in the operating theatre to

provide visual access to other members of the surgical team. In addition,
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the use of neuronavigation systems provides the surgeons with the possibil-

ity to use preoperative images taken with cross-sectional imaging devices

like CT or Magnetic Resonance Imaging MRI. A neuronavigation system

is composed by a computer to process images, a reference frame and an

optical or electromagnetic detector placed on a probe. To match the 3D

model reconstruction of the cross-sectional images with the real target (e.g.

human brain), a set of anatomical landmarks are used to pair the spatial

coordinates of the images with the ones in the real operative environment

[Orringer et al., 2012].

The typical setting of the operating theatre can be seen in Fig. 3.2. The

patient is positioned at the centre of the room. Different equipment trolleys

and instrument tables are placed with direct access to the scrub nurse (N1)

and surgeons (S1 and S2). The anaesthesia module is manipulated by a

specialist who prepares and tests required equipment before the surgery,

keeps monitor of the patient during the procedure to avoid problems related

to the anaesthetic treatment and provide the required care to wake up the

patient safely. In addition, a neuronavigation system consisted of a camera

and a control unit is also in the theatre. The head of the patient has to

be fixed in order to have a perfect calibration between the pre-operative

CT scans and the real position of the tip’s surgical probe. The visual

mapping is displayed in monitors where the surgeons and the scrub nurses

can follow the course of the procedure. The preoperative images, as well as

the images taken during surgery are stored using a Picture Archiving and

Communication System (PACS).

The workflow for resection of brain tumours is shown in Fig. 3.3a . Once

surgery has been selected as the most appropriate treatment for the patient,

the physician will give the patient the indications and order a preoperative

neurological examination, to have it as a reference and further comparison

after the operation. In addition, a complete preoperative imaging recording

is performed to localise the exact position and dimensions of the tumour

(Fig. 3.3b).

At the starting point of the operation, the patient is positioned on the

operating table and the anaesthesiologist applies the anaesthesia required
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Figure 3.2: Configuration of the operating theatre for neurosurgery.

for the particular type of procedure, for instance: neuroanaesthesia, anaes-

thesia for sitting craniotomy or sedating medication for awake brain surgery.

The anaesthesiologist is present during the whole procedure to monitor the

vital signs (e.g. heart rate, blood pressure, breathing, and blood oxygen)

and to react to any unexpected situations. After the anaesthesia takes ef-

fect, the neurosurgeon performs an incision in the skull to remove a piece

of bone (i.e. bone flap) and the dura mater is placed apart in order to have

an open exposition of the brain (Fig. 3.3c).

The technique and tools for resecting the tumour depends on the me-

chanical characteristics of the tumourous tissue. For soft tumours, suction

tools are utilised. For hard tumours, scalpels, scissors type devices and

ultrasonic aspirators (i.e. device that produces an ultrasonic field to break

and liquefy tumours) are frequently used. This procedure depends critically

on visual and tactile evaluation of the brain tissue to differentiate healthy

from a tumourous one. To enhance the vision capabilities of the surgeon,

the binocular microscope is extensively used to recognize all neuroanatom-

ical structures (i.e. eloquent areas) of the brain. Nevertheless, the tactile

perception capabilities of the surgeon are reduced, due to the use of micro

surgery instruments that diminish the tactile information acquired by the

surgeon’s hands, since this information has been transmitted through the

surgical instrument and not as result of a direct tactile impression using

the hand or the fingers. The main task is clear to all surgeons: to remove
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as much as possible the tumour tissue with the minimal damage of healthy

brain tissue in order to avoid any impairment or damage of the patient’s

vital functions. The main challenge during the operation is to clearly iden-

tify the borders of the tumour, since in this area, the consistency of both

tissues (i.e. brain and tumour) have more similar characteristics than in

any other regions.

After debulking (i.e. tumour resection), the surgeons close the head

opening, placing again the bone flap and suturing it. A sample of the re-

sected tissue is used for pathological analysis. At the end of the operation,

the anaesthesiologist and the surgeons check a series of brain functions to

assure the safety of the procedure. Some days after the operation, a se-

ries of postoperative images (Fig. 3.3d) are taken to verify the quality of

the resection and determine if there are still tumour remains. If this is

the case, the physician should recommend and follow up treatment (e.g.

chemo- or radiotherapy). A complete recovery of the patient takes in av-

erage several weeks [American Cancer Society, 2014; Cancer Research UK,

2013; The Johns Hopkins University, 2015].

A complete resection of the brain tumours is a desirable situation that

not always can be achieved. For instance, tumours located in deep brain

regions cannot be accessed easily. The critical trade-off that surgeons have

to deal is to determine how much tumour is enough to resect without com-

promising a brain function, since in a very small area of brain tissue one

can find millions of neural connections. This topic has been addressed sev-

eral times in the last years by the community of neurological surgeons. In

August 2015, [Li et al., 2015] presented a study done on 1229 patients with

glioblastoma multimorfe (GBM), which is one of the most common primary

brain tumours with a high mortality ratio. This study shows a comparison

between patients who had a complete tumour resection and patients with

partial resection (i.e. < 100%). The study shows an evident advantage of

a full resection, where the median survival time of the patients were al-

most the double. Therefore, the development of tools and procedures that

can assist the surgeons to perform a complete tumour resection with the

minimal risk of damaging healthy brain tissue is fundamental.
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3.3 Brain shift

The use of preoperative images using MRI or CT provide the necessary

information to localize the exact position and size of a brain tumour. This

information is used to feed the neuronavigation system that guide the sur-

geons to find the area where the tumour is located and to identify tumour

borders, in order to avoid an incorrect resection or damage of healthy brain

tissue. In principle, this is enough to guarantee a complete resection. Nev-

ertheless, this ideal situation is far away from the reality in the operating

theatre. After skull opening, several factors can provoke partial lost in the

position of tumours during operation like tissue removal, tissue swelling,

and loss of cerebrospinal fluid, among others [Nimsky et al., 2000].

This phenomenon is called brain shift. In Fig. 3.4 three different exam-

ples of brain shift are shown [Clatz et al., 2005; Lichtor, 2015; Ginat et al.,

2014]. The images on the right correspond to the preoperative case. On the

left side, the presented images shown different grades of brain shift during

or after the surgical procedure. It is important to state, that brain shift phe-

nomenon is a dynamic, nonlinear and time varying process. These effects

severely increase the complexity for modelling and evaluation purposes. In

[Hastreiter et al., 2004] are discussed some strategies to measure and model

brain shift, including direct measurement and mathematical modelling. The

complexity of measuring brain shift intraoperatively has led to the develop-

ment of numerical simulations using FEM. In this case, the brain structures

are defined using nonlinear biomechanical models [Wittek et al., 2005].

Brain shift occurs since the very moment the skull is opened, present-

ing constant changes and evolution during the tumour resection procedure.

Therefore, measurements of brain shift during the whole operation can pro-

vide more valuable information to build better models. Here, an important

factor is that intraoperative measurements should not interfere with the

resection procedure or be invasive in any way. Current research done by

[Stroop et al., 2013] aims to develop a noncontact measurement technique

using a 3D stereo camera system that can be used constantly in the operat-

ing theatre to register the movements of the brain during tumour resection
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together with the vital signs information of the patient (e.g. blood pressure,

temperature, pulse, etc.).

The misalignment of the neuronavigation information and the real tar-

get demands from the surgeons to be alert and make an in-vivo evaluation

(visual and tacile) of the brain area and its surroundings to determine what

has to be resected. In particular, finding tumour borders is a crucial task

to the success of the procedure. Therefore, the availability of a tool that

assists the surgeons to make this tissue evaluation is essential.

3.3.1 Intraoperative imaging techniques to correct

brain shift

An alternative solution to compensate and correct the effects of brain shift

is to use intraoperative imaging devices. The preoperative images are used

as a reference point for the neuronavigation system. New images are taken

again during the course of the resection to calculate brain shift compen-

sations. This implies that the resection has to be interrupted while the

patient is taken to the imaging device (or vice versa) and the obtained

results are used to recalibrate the navigation system causing an unavoid-

able increase of the total time required to do the surgery. Some current

technologies to compensate brain shift using intraoperative images are: In-

traoperative Magnetic Resonance Imaging iMRI, Intraoperative Computer

Tomography iCT, and Intraoperative Ultrasound iUS. These technologies

have presented promising results to evaluate brain shift and correct the

localization of tumour during operations, as reported in [Fahlbusch et al.,

2000; Nimsky et al., 2001; Ginat et al., 2014; Fountas, 2013; Neu and Genin,

2014; Letteboer, Marloes M J et al., 2005]

Nevertheless, there are still some drawbacks. Due to the fact that brain

shift is a dynamic process, the use of these technologies results to be a

sophisticated and time consuming procedure since compensation in real-

time demands an iterative updating of the images [Nabavi et al., 2001].

For instance, [Martin et al., 2000] reported that tumour resection using

56



3.4. Conclusion

iMRI increased by one-third the total operation time. In addition, the

cost of current intraoperative imaging equipments is currently very high

and demands a highly trained person to operate it. [Kent and Jensen,

2014] reported that the operating costs of an operating theatre using iMRI

equipments could exceed 10 million dollars in a period of 5 years, having a

direct impact in the cost per-surgery between 2000 and 4000 dollars extra.

Therefore, the availability of this technology in hospitals is still limited.

3.4 Conclusion

Preoperative imaging for localisation of brain tumours is nowadays very

advanced. However, compensation of brain shift using intraoperative imag-

ing technology is still in development. Intraoperative real-time evaluation

of the current anatomic situation faces the challenge of compensating the

dynamic processes occurring in the brain (e.g. swelling). iMRI is a sophis-

ticated, costly and time consuming procedure. Therefore, the development

of intelligent surgical tools that the surgeon can use for tactile tissue eval-

uation in real-time presents a more affordable solution with the advantage

of not adding a higher level of complexity to the surgical workflow.

57



3. Medical Motivation

Tumour diagnosis

Surgery preparations

Preoperative images

(CT, MRI)

Anaesthesia

Craniotomy

Dura mater opening

Start of

tumour resection

Evaluation of

eloquent areas,

tissue delineation,

tissue resection

all tumour

tissue

resected?

Craneal closing and

ending of operation

postoperative care.

Tumour specimen

pathologic analysis

No

Yes

(a) Workflow Brain Tumour Resec-
tion

(b) Preoperative MRI [Risholm
et al., 2010]

(c) Craniotomy for Brain Tumour
Resection [Cancer Research UK,
2014]

(d) Postoperative MRI [Risholm
et al., 2010]

Figure 3.3: Brain Tumour Resection in Practice. The red circle in (b) shows
the brain tumour before the operation and in (c) the postoperative MRI
shows the same area after the tumour resection.
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(a) Brain shift example 2 [Lichtor, 2015]

(b) Brain shift example 1 [Clatz et al., 2005]

(c) Brain shift example 3 [Ginat et al., 2014]

Figure 3.4: Three examples of Brain shift during brain tumour resection.
The images on the left side are preoperative images and on the right side
postoperative MRI. The red ovals show the localization of the brain shift.
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Chapter 4

Introduction to Characterizing

Dynamic Systems in the

Presence of Nonlinear Distortions

In this thesis, system identification techniques are used to process measure-

ments performed on tissue phantoms and animal death tissue samples using

a piezoelectric bimorph excited with multisines. The aim of these measure-

ments is to differentiate minimal changes in the mechanical characteristics

when a series of samples are evaluated, or like in the case of ex vivo animal

tissue, to identify changes in mechanical characteristics when a determined

surface of a biological tissue is palpated. The acquired data is processed

and the FRF is calculated. After this, a parametric model identification

using ELiS is performed and the pole-zeros distribution is used as a dif-

ferentiation criteria to determine changes in the sample. In the following

sections, the design of multisine excitations is presented. Then, the calcula-

tion of the Frequency Response Function is presented. At the end, the ELiS

parametric estimation procedure is explained. This chapter introduces the

theory of the frequency domain techniques used in this research work. In

the Appendix A, the reader can find more detailed information on these

referred topics.
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4.1 System Identification

System Identification aims to build models based on a series of collected

data obtained from measurements. This experimental approach often re-

quires to acquire input and output signals from a selected system by the use

of instruments and the obtained information must be analysed and com-

bined with a priori knowledge of the system in order to infer an accurate

model. The estimation of the model of a physical system can have differ-

ent purposes. From a basic need to understand or explain the observed

phenomenon, to more complex tasks like designing a controller or predict

the behaviour of such system in the future. This section does not cover

a full comprehensive introduction to the theory of system identification,

but it provides an overview of the main tools used for the development

of this thesis. Comprehensive treatment of system identification methods

can be found in [Söderström and Stoica, 1989; Ljung, 1999; Pintelon and

Schoukens, 2012]

Figure 4.1: Block diagram of a system: the output signal is a combination
of the dynamic response to the input signal plus the contributions of the ad-
ditive measurement noises nu(t) and ny(t) that act following the behaviour
described by a proposed model obtained using system identification tech-
niques. The noise-free input and output are denoted by u0(t) and y0(t).
The measured input and output signals are denoted by u(t) and y(t).

In practice, physical systems are complex and the available information

of its internal operation is often minimal or unknown. In some cases, access

to experimental data is limited or simply not available. For instance, to

study the effect of vibrations in a bridge for health monitoring applications,

the excitation (i.e. input signal) of the system is often the natural forces
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that act on the structure (e.g. wind, earthquakes, etc.), and therefore, it

is not possible to have an accurate measurement of the input signals. In

addition, the realization of multiple repetitions of the measurements under

the same conditions is not feasible, since the system (the bridge) cannot be

excited two times with equal input signals. For complex dynamic systems,

it is important to decide what signals have the most predominant influences

on the output or outputs that we are observing. Those variables that are

out of the area of interest can be viewed as noise or disturbances as seen in

Fig. 4.1.

To obtain the model of a determined system from acquired data, system

identification follows a series of steps:

� Experiment design and measurement strategy

� Selection and definition of a model structure

� Model estimation

� Validation of the model

These steps are equally important and each of them should be conducted

properly to assure an optimal result. A brief discussion of the system iden-

tification steps is presented in Section A.1.

4.2 Design of Multisine Excitations

A multisine is a broadband periodic excitation signal with excellent prop-

erties to measure and identify linear and non-linear systems. It consists of

a sum of harmonically related sinusoids [Schoukens et al., 1991]

u(t) = ∑N
n=1An{ej(2πfnt+φn) + e−j(2πfnt+φn)}

= ∑N
n=1 2An cos(2πfnt + φn) (4.1)
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where N is the total number of sinewave components, fn are the excited

frequency lines, An are the set of amplitudes and φn are the phases. The

behaviour of the multisine depends on the amplitude/phase relationship

between the frequency components [Remley, 2003]. An important charac-

teristic that measures the quality of an excitation signal is the crest factor

Cr. For a signal u(t) the crest factor is calculated as the ratio of the peak

value upeak divided by the root mean square value urms:

Cr(u) = upeak

urms

(4.2)

The crest factor gives an indication of the amount of power injected

into a system. For signals with high impulsive behaviour, the crest factor

is large and the injected power is low, while for compact signals, the crest

factor is low but the injected power is higher. An adequate selection of the

amplitudes and phases of the harmonic components can improve the power

distribution in the frequency band of interest by reducing the impulsive be-

haviour of the signal (i.e. minimization of the crest factor). This procedure

maximizes the Signal-to-Noise Ratio (SNR) of the measurements.

Another advantage of the use of multisine in comparison with conven-

tional stepped sine measurements is a significant improvement in the mea-

surement time. In the case of measurements with good SNR, multisine

measurements require at least one period to be measured. One period of

the broadband signal is defined by
1

Δf

where Δf is the frequency resolution.

The total measurement time using multisine excitation Tbs is defined as

Tbs = 1

f0
+ Tw (4.3)

where f0 = Δf and Tw is the waiting time needed to let the transients to

disappear. For stepped sine measurements, the measurement time is much

longer, since for every frequency component at least one period is measured

and the previously mentioned waiting time Tw is included in every frequency
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step to avoid the influence of transients. In consequence, for N frequency

lines the total measurement time Tss is

Tss = N∑
k=1

1

fk
+NTw (4.4)

4.2.1 Design of multisine excitation in frequency

domain

This technique is based on the calculation of the time domain signal using

the spectrum to reduce significantly the numerical effort and calculation

time. The implementation of the DFT is easily done in mathematical soft-

wares like Matlab R� by using inverse fast Fourier transform algorithm (ifft).

A complete training to generate broadband excitation signals can be found

in [Schoukens et al., 2012]. The design steps to create a multisine excitation

signal in frequency domain are the following:

� Select the lines to be excited,

� Select the amplitude distribution,

� Select the phase distribution according to the application,

� Apply inverse Discrete Fourier Transform (DFT) to obtain the time

domain signal,

� If required, crest factor of the multisine can be optimized by numeri-

cal methods [Schoukens et al., 1991].

In Section A.2 the reader can find a more detailed explanation on the

practical considerations in the design of multisines.
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4.2.2 Detection of nonlinear distortions using

multisine excitations

The selection of the frequency grid for random phase multisines plays an

important role in the design of excitation signals aiming to detect nonlinear-

ities. If a full frequency grid is selected, all frequency lines (i.e. k = 1,2,3, ...)

within the band of interest are used as excitation lines and no distinction

can be made between odd and even distortions. Therefore, a general prac-

tice is to use odd random phase multisines, where the excitation lines are

always an odd line number and the even lines are used as detection. Below,

three cases of odd frequency grids are discussed.

Odd random phase multisine

For a frequency grid with F number of frequency lines, all odd lines

(i.e. 2k + 1 with k = 0,1,2,3, .., F ) and none even lines are excited. Fig. 4.2

illustrates an example of the input ( 4.2a) and output ( 4.2b) spectrum of

a nonlinear DUT excited by a periodic odd random phase multisine. The

output spectrum shows that beside the linear contributions, even nonlin-

earities appear in the spectrum, providing the user, a first insight about the

real behaviour of the system. Nevertheless, the odd nonlinearities cannot be

separated from the linear part and therefore, it is not possible to estimate

a model where both, linear an nonlinear, behaviour is described.

Odd-odd random phase multisine

If some of the odd lines are used as detection lines (i.e. amplitude =0),

the necessary conditions to separate the linear and nonlinear contributions

are satisfied. The odd-odd multisine ( Fig. 4.3) have a frequency grid with

measurement lines on 4k+1, k = 0,1,2,3, .., F . The output spectrum ( 4.3b)

shows that the even nonlinear contributions appear, like in the case of

the odd random multisine, in the detection lines (2,4,6,8,10,...). The non-

excited odd lines (3,7,11,15,19,...) contain the odd nonlinear contributions,

while the measurement lines (1,5,9,11,13,...) are the sum of the linear and

the odd nonlinearities.
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Frequency

(a) input
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(b) output

Figure 4.2: Spectrum of the odd multisine

1 5 9 13 17 21
0

Frequency

(a) input

1 5 9 13 17 21
0

Frequency

(b) output

Figure 4.3: Spectrum of the odd-odd multisine

Odd random phase multisine with random harmonic grid

To construct this special-odd multisine, a frequency grid is defined with

size Ngrid. Within each group, a number of randomly selected harmonics is

eliminated in order to function as detection lines. Fig. 4.4 presents the ex-

ample of a multisine with Ngrid = 4 and one randomly eliminated harmonic.

The input spectrum ( 4.4a) shows 3 blocks of 4 odd frequency lines. Only

3 odd harmonics are used as measurement lines. The output spectrum

( 4.4b) shows the presence of odd and even nonlinearities. The odd and

even detection lines content nonlinear contributions and the odd measure-

ment lined are the sum of the linear contribution and the odd nonlinearities.
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0

Frequency

(a) input

1 5 7 9 11 15 192123
0

Frequency

(b) output

Figure 4.4: Spectrum of the odd multisine with random harmonic grid

4.2.3 Excitation signals for nonparametric and

parametric measurements

The optimal spectrum of an excitation signal used for nonparametric mod-

elling differ from the one needed for a parametric approach. It is important

to take into consideration that if we do not have enough information about

the DUT, it is recommended to first obtain a nonparametric model to have

a first insight about the behaviour of the system. The use of multisine exci-

tation can provide information about the linear and nonlinear contributions

when a FRF is measured. Once the nonlinearities have been quantified and

qualified, the user can take some decisions to obtain a parametric model.

In a nonparametric approach, the signal power of the input excitation

should be concentrated in the system bandwidth, with the highest number

of harmonics that can provide an adequate spectral resolution in the non-

parametric model and allow detection of model-fitting errors in the paramet-

ric identification [Evans et al., 1992]. In addition, the user has to consider

the use of special random phase multisine to detect and quantify nonlinear

distortions. The SNR should be kept constant among the band of interest.

Therefore, low crest factor values are preferred.

A parametric model is obtained by the estimation of a transfer function
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that contains a limited number of parameters. Here, the aim is to excite

those frequency lines that can contribute with relevant information to the

estimation of the model parameters. Therefore, the energy should be con-

centrated around those frequency lines [Schoukens et al., 1991]. Similar to

the nonparametric case where a scalar criterion (i.e. crest factor) is used to

find the optimal spectrum of an excitation signal with a constant SNR, the

parametric case uses the determinant of the covariance matrix to assure

the accuracy of all the parameters of the identified system. A review of

optimized signals for parametric modelling can be found in [Pintelon and

Schoukens, 2012]

4.3 Measurement of the FRF using the

Local Polynomial Method LPM

The Local Polynomial Method LPM is an advanced tool that estimates

the nonparametric FRF, reducing the measurement time, since there is

no need to wait for a steady state of the DUT to acquire the input and

output data, meaning this, that the frequency resolution also increases. The

LPM handles with transients and its associated problems (i.e. leakage) by

approximating them in the frequency domain locally using a low degree

polynomial. If the reader is interest in the basic concepts of the calculation

of the FRF, a detailed explanation is presented in Section A.3.

Leakage due to transients can be reduced by applying conventional win-

dow methods [Harris, 1978]. Assuming that transients are a smooth func-

tion of the frequency, leakage can be reduced by differencing the spectra

over neighbouring lines [Schoukens et al., 2006]. The leakage error de-

creases with increasing differencing order which demands a larger number

of acquired signal periods in order to avoid interpolation errors. Neverthe-

less windowing shows a good performance, the LPM improves the reduction

of leakage errors in a more reduced measurement time.

The LPM makes the following assumptions:

� The FRF of the DUT is smooth enough in frequency, and therefore, it
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can locally be approximated by a low degree polynomial of pth order.

� The leakage error produced by the transients can be described by a

polynomial. It is assumed that the transients are a smooth function

in the frecuency domain.

� The excitation is not smooth, so assuming a smooth behaviour of the

transients over the frequency, it is evident that the transients can be

eliminated from the steady state contributions.

The LPM can use random or periodic excitation signals to measure

SISO or MIMO systems. In addition, the LPM has two algorithms, known

as the robust and the fast method. The measurement conditions and the

approximations (i.e. FRF,BLA and transients) made are different for each

method. A summary is presented in Table 4.1

Algorithm FRF BLA

Robust
- P ≥ 2 periods - P ≥ 2 periods and

M ≥ 2 realizations
- Local polynomial ap-
proximations of the
transient error

- Local polynomial
approximation of the
transient error

- nx experiments us-
ing multisines as exci-
tation signal

- M ×nx with full ran-
dom orthogonal multi-
sines

Fast
-P ≥ 1 periods -P ≥ 2 periods
- Local polynomial
approximation of
the FRF (for MIMO
systems only) and the
transient error

- Local polynomial
approximation of
the BLA and the
transient error

- 1 experiment with
uncorrelated inputs

- 1 experiment with
uncorrelated multi-
sines

Table 4.1: Summary of the measurement conditions and the approximations
made for the Robust and Fast Method when measuring SISO or MIMO
systems. nx is the number of inputs. [Pintelon and Schoukens, 2012]
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Consider the measurement setup shown in Fig. A.13. The measured

output spectrum Ym(Ωk) , where Ωk = jωk with 2πkfs/N and fs is the

sampling frequency, is given by

Ym(k + r) = HDUT (k + r) ×Xm(k + r) + T (k + r) +N(k + r) (4.5)

(4.5) shows that output spectrum is the combination of the multiplica-

tion of the input spectrum Xm(Ωk) with the transfer function of the DUT

HDUT (Ωk) plus the contributions of the transient term T (Ωk) and the noise

N(Ωk).
Considering that the frequency response of both, the transfer function

HDUT (k) and the transient T (k), are smooth and parametrized using a pth

order polynomial at the excited bins k with neighbouring spectral points

r = [−n,⋯,−1,0,1,⋯, n]. Hence HDUT (k+r) and T (k+r) can be expanded

as

HDUT (k + r) = HDUT (k) + a1r +⋯+ aprp

T (k + r) = T (k) + t1r +⋯+ tprp
(4.6)

where Xm(Ωk), Ym(Ωk) ∈ C2n+1,1. The Transfer function of the DUT is

estimated by solving the equation

Ym(k + r) = θKXm(k + r) +N(k + r) (4.7)

where KXm ∈ C2n+1,2p+2 is given by

KXm = ⎡⎢⎢⎢⎢⎢⎢⎣
Xm(k − n) ⋯ −np ⋅Xm(k − n) 1 −n ⋯ −np⋮ ⋯ ⋮ ⋮
Xm(k + n) ⋯ np ⋅Xm(k + n) 1 n ⋯ np

⎤⎥⎥⎥⎥⎥⎥⎦ (4.8)

and with respect to the unknowns θ ∈ C2p+2,1

θ = [HDUT (k), a1,⋯, ap, T (k), t1,⋯, tp]H (4.9)
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where the superscript H corresponds to the Hermitian complex conju-

gate operator. If 2n + 1 ≥ 2p + 2, Eq. (4.7) is an overdetermined set of

equations that can be solved in the least squares sense as

θ̂ = (KH
Xm

KXm)−1KH
Xm

Ym (4.10)

The noise covariance matrix is calculated using the residual of the least

squares fit N̂ as

ĈN(k) = 1

2n + 1 − (2p + 2)N̂N̂H (4.11)

Implementation of the Fast Method (adapted from [Sanchez et al., 2011])

Assuming that the reference signal r(t) is known, the nonpara-metric

FRF of the measurement setup shown in Fig. A.13 can be calculated using

the fast method of the LPM using a single measurement of at least 2 periods.

The transfer function of the DUT can be rewritten as

Z(k) = GRZ(Ωk)R(k) + VZ(k) + TRZ(Ωk)
with

Z(k) = ⎡⎢⎢⎢⎢⎣Ym

Xm

⎤⎥⎥⎥⎥⎦ ,GRZ(Ωk) = ⎡⎢⎢⎢⎢⎣GRYm(Ωk)
GRXm(Ωk)

⎤⎥⎥⎥⎥⎦ and VZ(k) = ⎡⎢⎢⎢⎢⎣VYm

VXm

⎤⎥⎥⎥⎥⎦ = NRZ(Ωk)EZ(k)
(4.12)

The DUT transfer function GRZ is a column vector relating the refer-

ence signal R toward the input Xm and the output Ym. TRZ is a column

vector containing the transients terms and VZ models the part of the input-

output spectra which does not depend on the reference signal. VZ has two

components, NRZ(Ωk) and EZ(k) being the noise transfer function and the

unobserved white noise sources.

The estimated FRF ĜRZ and the noise covariance ĈVZ
, both from the

reference signal R to the input-output, can be used to obtain consistent
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estimates of the DUT FRF ĤDUT (Ωk) and the nosie covariance matrix of

the input and output measurements using the following equations

ĤDUT = ĜRYm(Ωk)
ĜRXm(Ωk)

Cov
⎛⎝
⎡⎢⎢⎢⎢⎣Ym

Xm

⎤⎥⎥⎥⎥⎦
⎞⎠ = ĈVZ

(k) (4.13)

Following the procedure explained previously, Eq. (4.8) is now computed

with respect to the reference R(k) as

KR ∈ C2n+1,p+2 =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 −n −n2 ⋯ −np

0 1 −(n − 1) −(n − 1)2 ⋯ −(n − 1)p⋮ ⋮ ⋮ ⋮ ⋯ ⋮
R(k) 1 0 0 ⋯ 0⋮ ⋮ ⋮ ⋮ ⋯ ⋮
0 1 (n − 1) (n − 1)2 ⋯ (n − 1)p
0 1 n n2 ⋯ np

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.14)

Here, it is assumed that the reference signal is a multisine with all excited

frequencies on the spectrum grid with at least n non-excited lines around

the excited bin at frequency k. Then, Eq. (4.9) is rewritten to determine

the frequency response from the reference to the input ĜRXm and from

the reference to the output ĜYm to obtain the frequency response function

estimate of the DUT ĤDUT as

ĤDUT = ĜRYm(Ωk)
ĜRXm(Ωk) = Ω̂RYmp+2,1

Ω̂RXmp+2,1

= Kpp+2,2n+1Ym2n+1,1

Kpp+2,2n+1Xm2n+1,1

(4.15)

where the matrix Kp ∈ C2n+1,p+2 is used to compute the least squares

solution. Kp depends only on the reference R(k) and therefore, it can be

computed in advance for all the excited frequencies Ω(k) using

Kp = (KH
R KR)−1KH

R (4.16)

The residual error of the least squares is calculated as NZ = KNZ, where

the projection matrice KN is defined as
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KN = I2n+1,2n+1 −KR(KH
R KR)−1KH

R

and KCP = (KH
R KR)−1 (4.17)

The covariance matrix of the residuals is scaled with the least squares

degrees of freedom

CNZ
= NH

Z 2,2n+1NZ 2n+1,2 1
2n+1−(p+2) (4.18)

and using a linearised transformation of the covariance matrix CNZ
to-

ward the transfer function of the DUT ĤDUT , gives

J2,1 = [1−ĤDUT ]H
Xm(k)

CĤDUT
= JHCNZ

J
(4.19)

4.4 Parametric Estimation of linear

systems using ELiS

ELiS stands for ”Estimator for Linear Systems”, a program included in

the Frequency Domain System Identification (Fdident) toolbox for Mat-

lab ([Kollar et al., 1994]). It implements an iterative weighted nonlinear

least squares procedure that fits parametric models from the nonparamet-

ric transfer function characteristics of dynamical systems.

ELiS can estimate the model parameters P of the parametric trans-

fer function of the DUT HDUT (Ωk, P ) in discrete time (z−domain) or in

continuous time (s−domain) model.

HDUT (Ωk, P ) = N(Ωk,P )
D(Ωk,P ) = Re(Nk)+jIm(Nk)

Re(Dk)+jIm(Dk) = ∑n
r=0 αrΩr

k

1+∑d
r=1 βrΩr

k

where Ωk = ⎧⎪⎪⎪⎨⎪⎪⎪⎩
jω for continuous time

exp(jωTs) for discrete time

and P = ⎡⎢⎢⎢⎢⎣αβ
⎤⎥⎥⎥⎥⎦ = [α0 ⋯ αr ⋯ αn β1 ⋯ βr ⋯ βd]t

(4.20)
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In Eq. (4.20) the coefficient β0 is set equal to 1 (other choices are also

possible), since at least one coefficient of the transfer function HDUT has to

be redefined. For mechanical systems, the natural representation are done

with differential equations, therefore, the continuous model (i.e. s−domain)

is a common selection to determine physical parameters, such as resonance

frequencies, damping factors, among others [Pintelon et al., 1989].

The maximum likelihood estimate PML of the model parameters P is

obtain by means of the minimisation of the cost function K

K(P,Xm, Ym) = 1
2 ∑N

k=1 (Re(Ek)2+Im(Ek)2
S2
Ek

)
with

S2
Ek = σa2xk(Re(Nk)2 + Im(Nk)2) + σa2yk(Re(Dk)2 + Im(Dk)2)

Re(Ek) = Re(Xmk)Re(Nk) − Im(Xmk)Im(Nk) −Re(Ymk)Re(Dk)+Im(Ymk)Im(Dk)
Im(Ek) = Re(Xmk)Im(Nk) + Im(Xmk)Re(Nk) −Re(Ymk)Im(Dk)−Im(Ymk)Re(Dk)
Xmk = Re(Xmk) + jIm(Xmk)
Ymk = Re(Ymk) + jIm(Ymk)

(4.21)

where σa2xk, σa
2
yk, are the variance of the input and output frequency

domain noise, and Xmk, Ymk are the measured input and output Fourier

coefficients. This, assuming that the Fourier coefficients of the input and

output noise are Gaussian distributed.

As seen in Eq. (4.21), the term S2
Ek depends on the model parameters

P via the numerator and denominator of the transfer function. In conse-

quence, the derivative of the cost function K, is a nonlinear function of P .

This nonlinear minimisation problem is calculated using the Gauss-Newton

iteration procedure with start values defined by the minimization of K with

SEk = 1∀k, that is an ordinary least square.

75



4. Introduction to Characterizing Dynamic Systems in the
Presence of Nonlinear Distortions

The DUT is identifiable in all cases, except when the numerator N and

the denominator D of the transfer function HDUT have no common roots.

A comprehensive review of the ELiS method can be found in [Kollar, 1993;

Pintelon et al., 1989].

Implementation of ELiS in this thesis

The scope of the use of ELiS in this research work is to estimate a second

order model. The proposed piezoelectric bimorph tactile sensor is excited

using multisine excitation in frequency range of 10 to 10 kHz. Although

this broadband signal was used for investigation purposes to understand

the behaviour in the different resonances, the final experiments reported in

this thesis use only the information in a narrow frequency band around the

second mode of vibration of the bimorph.

It is relevant to state that using this technique, the frequency band selec-

tion of the multisine excitation can be limited to the neighbour frequencies

around the second mode of vibration. By decreasing the number of excited

frequency lines, the total energy input to excite the second mode of vibra-

tion will be increased, resulting as well, in a better signal to noise ratio. In

addition, multisine signals with crest factor optimization can be used. An

explanation of different crest factor optimization techniques can be foun in

[Pintelon and Schoukens, 2012].

ELiS is used in this thesis within the Fident toolbox in Matlab. The

information provided to the toolbox is the input and output signals of the

bimorph in frequency domain. The algorithm estimates a second order

model in the s domain using the following default parameters for the rpalg

(vector of basic algorithm descriptors): [′g′,′w′,50,1e − 6,0,10,0.1,1e − 10]
where each of the eight values correspond to:

� 1 - algorithm: ’g’ (Newton-Gauss),

� 2 - setting of starting (initial) values: ’w’ (weighted least squares,

weight: vary)

76



4.5. Conclusion

� 3 - maximum number of iterations

� 4 - stop if rel. variation of cost function smaller than this value

� 5 - stop if rel. variation of parameters smaller than this value Levenberg-

Marquardt settings:

� 6 - number of consecutive decreases of the cost function before trial

with lambda=0. A negative value means that this is never done, with

the absolute value used as a lower bound for lambda

� 7 - starting value of lambda

� 8 - maximum value of lambda which allows stopping of iteration

All the experiments reported in this thesis used these settings and the

initial values correspond to the default settings generated by the toolbox.

A more thorough explanation can be found in the documentation of the

toolbox or following the examples proposed in [Schoukens et al., 2012].

4.5 Conclusion

System identification is an experimental approach to obtain models from

measurements. The aim is to apply system identification techniques using a

frequency domain approach to obtain useful information from the measure-

ments performed with the tactile sensor, in order to provide a differentiation

criteria based on the equivalent mechanical impedance, resulting from the

contact between the tactile sensor and a biological tissue sample or a tissue

phantom.

Multisines are used to excite the piezoelectric tactile sensor to generate

mechanical vibrations. The mechanical impedance of the contact between

the sensor and a tissue sample is measured as a function of the frequency.

In comparison to conventional stepped sine measurements, the use of mul-

tisines results in a considerable reduced measurement time which is a vital

requirement in the development of this thesis work.
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The tactile sensor system measures the nonparametric FRF using the

fast algorithm of the LPM. The estimation of the parametric transfer func-

tion using ELiS is used in this thesis to obtain a second order linear model.

This transfer function represents the relation of the electrical input and

output signals of the piezoelectric tactile sensor that can be related to the

mechanical impedance via the electro-mechanical conversion using the di-

rect and indirect piezoelectric effect. The tissue differentiation strategy is

based on the comparison of the tissue sample measurement from the no-load

condition using the pole-zero representation.
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Chapter 5

Problem Description

The present chapter is divided into three sections. Section 5.1 discusses

the current developments of tactile sensors for medical applications with an

emphasis on surgical resection of tumours and tissue evaluation by means

of palpation. Although in the recent years there have been reported several

studies and developments of tactile sensors to improve the quality of surgi-

cal procedures, there are several open questions and room for improvement

in this field. In particular, the main function of tactile devices has been

simplified to the evaluation of tissue stiffness or tissue hardness, where it

is assumed that the elastic behaviour in tissue structures is dominant. For

complex structures like brain tissue it is required a more advance analysis

of the mechanical properties. Therefore, a full evaluation of the viscoelas-

tic properties is recommended to establish a reliable tissue differentiation

criterion, and in a second step, the estimation of the mechanical properties.

Next, Section 5.2 addresses four research questions. The first question

refers to the importance of this work in the field of neurosurgery. The

second and third question address the novelty of this work in the field of

tactile sensors. The fourth one deals with the advantages of using frequency

domain system identification tools to process the tactile measurements in

an efficient and reliable way, in order to provide an intraoperative real-time

solution.

Finally, Section 5.3 introduces the proposed tactile sensor system, their
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main components and its measurement capabilities. In addition, this section

describes the steps that are followed to present the solution to the research

questions, which included the preparation of the samples, the experiment

design and the analysis of the acquired data to set a differentiation crite-

rion for tissue tactile evaluation. A thoughtful description of the proposed

solution, the experiments design, and the presentation of the results can be

found in Chapter 4, Chapter 5 and Chapter 6, respectively.

5.1 Analysis of the literature research

The state of the art in tactile sensors has been thoroughly reviewed in

several papers already [Lee and Nicholls, 1999; Eltaib and Hewit, 2003;

Rahim et al., 2012; Tiwana et al., 2012; Lucarotti et al., 2013; Saccomandi

et al., 2014]. The most frequently used transduction technologies to design

tactile sensors are capacitive, piezoresistive, piezoelectric, inductive and

optoelectric. In Table 5.1 the main advantages and disadvantages of these

transduction technologies are presented.

The aim of this section is to present a discussion on the current develop-

ments of tactile sensors for tumour localisation and tumour delineation by

means of palpation. It is intended to provide the reader with an overview

of similar solutions to the one presented in this thesis, in order to empha-

size the relevance of this work. A selection of 16 different designs of tactile

sensors systems is presented. The scope is delimited for applications where

contact or non-contact evaluation of mechanical properties of biological tis-

sues is performed to localise differences in the properties of tissues, with

the aim of differentiating healthy from tumourous tissue. The selected de-

signs were reported between the years 2000 and 2015, and therefore, they

represent the most recent results on the topic.

As first presented in Section 2.4, the work of [Omata and Terunuma,

1992] caught the attention of the scientific community specialised in medical

applications. Omata demonstrated the capability of tactile sensing to assist

surgeons to perform more accurately tissue consistency evaluation during

surgical procedures. It was clear that the pathologic properties of biological
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tissues can be associated to a health state or medical condition. A relevant

question here was, what properties are important to measure or which ones

are relevant to evaluate in order to get a decision making criterion that can

be easily assimilated by the surgeons. In this context, several investigations

have been carried out to properly characterize and model tissues using dif-

ferent methods, for instance, mechanical indentation, ultrasound, electrical

impedance, FEM, among others.

The most common property evaluated for tissue differentiation is stiff-

ness. This means, only the elastic behaviour of tissues is considered. There-

fore, it is assumed that tumours have a dominant change in stiffness, where

in most of the cases, hard masses are surrounded by healthy soft tissue. Ac-

cording to [Plinkert et al., 1998], tissue hardness and dynamic stiffness can

be measured by static compression and by the evaluation of its resonance

frequency (i.e. when vibrations are induced in the tissue), respectively. The

experimental work of Plinkert consisted on the measurement of several tis-

sue samples from the neck and skull bones. The samples were placed on

an electromagnetic shaker to induce vibrations. The applied force and the

acceleration were measured at several frequencies and the properties of the

tissues were estimated measuring the force and phase as a function of the

frequency. In this context, it is expected that most of the common tactile

sensor solutions are based on the measurement of static compressions or by

the estimation of an equivalent dynamic model using induced vibrations.

The review of the 16 tactile sensor systems is organized in the follow-

ing way. First, applications for breast cancer will be presented, where the

common characteristic is that the main use is in physical examination and

not for an intra-operative evaluation. After, applications for tumour tis-

sue differentiation in kidney, liver and lung are presented. For these three

organs, in most of the cases it is aimed to develop tools for MIS proce-

dures. Therefore, an important requirement is the feasibility of the sensor

to be miniaturized. Next, developments in tactile sensing for brain tumour

resection are reviewed.
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Transduction
technique

Modulated
parameter

Advantages Disadvantages

Capacitive Change in ca-
pacitance

1.- Excellent
sensitivity. 2.-
Good spatial
resolution. 3.-
Large dynamic
range.

1.-Stray capaci-
tance. 2.-Noise
susceptible.
3.-Complexity
of measurement
electronics.

Piezoresistive Changed in
resistance

1.-High spatial
resolution. 2.-
High scanning
rate in mesh.
3.-Structured
sensors.

1.-Lower re-
peatability.
2.-Hysteresis.
3.-Higher power
consumption.

Piezoelectric Strain
(stress)
polarization

1.-High fre-
quency re-
sponse. 2.-High
sensitivity. 3.-
High dynamic
range.

1.-Poor spa-
tial resolution.
2.-Dynamic
sensing only.

Inductive
LVDT

Change in
magnetic
coupling

1.-Linear out-
put. 2.-Uni-
directional
measurement.
3.-High dynamic
range.

1.-Moving parts.
2.-Low spatial
resolution. 3.-
Bulky. 4.-Poor
reliability. 5.-
More suitable
for force/torque
measurement
applications.

Optoelectric Light inten-
sity/spectrum
change

1.-Good sens-
ing range.
2.-Good relia-
bility. 3.-High
repeatability.
4.-High spatial
resolution. 5.-
Immunity from
EMI

1.-Bulky in
size. 2.-Non-
conformable.

Table 5.1: Comparison of several transduction techniques for tactile sensors.
Adapted from [Tiwana et al., 2012].
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The reader should take into account that the brain is the most delicate

organ of the human body. In consequence, a tactile sensor for brain tumour

resection is expected to produce the minimum deformation to the tissue.

Following this, two examples of tactile sensors with combined technologies

are discussed. Finally, one example for tissue handling in MIS is presented.

Breast cancer detection

In breast cancer detection, next to the well-known imaging technologies

like ultrasound or mammography , diagnosis using palpation is a standard

procedure for diagnosis. Tactile sensors can improve the quality of human

palpation by detecting more accurately differentiate changes in tissue hard-

ness or stiffness that can be related to the presence of hard masses in the

breast. Two relevant applications of tactile sensors for breast cancer diag-

nosis using palpation are presented.

[Wellman, 2001] reported the use of a commercial piezoelectric tactile

imaging system (Assurance Medical Corp, Hopkinton, Mass, USA) to gen-

erate images that can assist in breast cancer detection. This imaging system

is compound by a 16x26 pressure sensors array. The palpation system can

register a series of tactile images to form a tactile map. Using averaging me-

thods, the variations due to transducer noise, tissue motions and the ones

induced by the user her/himself, are significantly reduced. This system is

relatively slow, every tactile map requires between 20 and 40 seconds for

processing and the scanning itself takes 25 seconds. The system was able

to recognize breast masses, differentiating them from healthy breast tissue.

[Xu et al., 2013] presented another solution for tactile breast tumour

detection using piezoelectric transducers. This solution presents a similar

operation concept than the one presented in this thesis. The tactile sensor

is compound by a piezoelectric bimorph in the shape of a bending beam.

The piezoelectric layers are bonded to a common cantilever made of stain-

less steel. This system works on quasi-static regime. One of the layers is

used as a transducer driven with a DC voltage to generate a bending force,
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producing a displacement in the bimorph, which is sensed by the other

piezoelectric layer. The force-displacement information is used to estimate

the elastic modulus of the sample under test. The system was tested on real

patients and the results showed the capability of this system to generate a

tactile map of the elastic modulus distribution, in order to localize masses

with different stiffness in breast.

Applications for resection of tumours in kidney, liver and lung

A)Kidney

[Afshari et al., 2011] introduced a tactile sensor using magnetic trans-

ducers to develop an artificial palpation system to localise kidney stones

in MIS procedures. The working principle is based on tissue indentation

and the measurement of the correspondent force and position feedback to

estimate an equivalent stiffness. The measurement prototype consist of a

tip head in the shape of a long bar. The tip is connected to a mechanism

consisted of: 1 a hall effect sensor to measure the linear displacement with

a resolution of 5 μm; 2 a load cell with resolution 2.5 cN to measure the

contact force; 3 a linear actuator using a servo motor to generate the inden-

tation of the tip head on the tissue under test. The system was tested using

tissue phantoms to mimic the properties of the liver and a hard object was

placed to simulate the stones. In this medical case, it is clearly expected to

detect or differentiate the presence of a hard mass inside soft tissue. The

presented results showed the ability of this sensor to detect the presence

and position of the stone.

[Yu et al., 2015] developed a tactile sensor based on a non-invasive elec-

trical impedance probe for an intended use in MIS for localization of kidney

tumours. The tactile sensor consists of two spherical electrodes for tissue

contact. The spheres have 1mm diameter and 4mm of separation. The

electrodes are mounted on a mechanical structure with a compression spring

to produce a constant contact force when the electrodes are touching the

tissue. The electrical impedance is measured in a frequency range of 200
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kHz to 5 MHz using a LCR metre from Agilent. The system was tested

on ex vivo tissue samples from animal and humans. The conductance and

susceptance plots showed that is possible to discriminate healthy from tu-

mourous tissue.

[Zhao et al., 2013] presented a tactile sensor for hardness measurement

of tissues. The sensor is built using MEMS and placed into an endoscope

gripper. The intended use is in MIS. The hardness sensor is made of two

piezoresistive cantilevers that act as force sensors. The mechanical model

used to describe the contact between the sensor and the tissue consist of a

set of parallel springs in tandem. Two springs describe the elastic properties

of the tissue sample and two springs are related to the elasticity modulus

of the piezoresistive sensor. When the tactile sensor is in contact with a

tissue, there are changes in the internal resistance of the piezoresistive ele-

ments and the data acquisition system transforms them into two voltages.

The ratio of the voltages is used as a differentiation criterion. The system

was tested on ex vivo animal tissue. The obtained results showed that this

sensor is capable to differentiate several types of tissue organs. Neverthe-

less, the mechanical properties of the tested tissues are significantly big and

there are no reported tests done on tissues with slightly changes in consis-

tency.

B)Liver

[Kusaka et al., 2000] presented a piezoelectric tactile sensor based on

the measurement concept introduced by [Omata and Terunuma, 1992] us-

ing the frequency shift evaluation from a non-contact to a contact condition.

Intended for liver tumour resection, this sensor operates at a resonance fre-

quency of 92 kHz and requires 10 seconds per measurement point to realize

the calculation of the estimated compliance change, that is represented in

terms of stiffness. The tip of this instrument has 3 mm in diameter and

it considers that the tumour is under the healthy tissue (20 mm from the

surface). The sensor was able to measure stiffness in human liver with good

accuracy, showing the capability of resonant piezoelectric tactile sensors
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to estimate mechanical properties in biological tissues. In this study, the

typical contact force for the conducted measurements is not reported.

[Perri et al., 2010a,b] presented the design of a tactile sensing system for

MIS. The system is composed by a palpation 4x15 elements array capacitive

sensor able to measure pressure distribution when the device is touching a

soft tissue. One advantage of this sensor is the capability of using disposable

latex sleeves for a perfect sterilization assurance. The contact force required

for a measurement is in the order of 6N . Intended to be used in liver and

lung tumourous tissue detection, the tactile sensor is placed together with

an endoscopic grasper and a laparascopic ultrasound probe. The system was

tested on ex vivo tissue samples and artificial spherical mimicking tumours.

In this case, it was assumed that the tumour is much harder than the healthy

tissue. The obtained results showed that this system is able to localize the

mimicking tumours with good precision.

The work of [Beccani et al., 2015, 2014] introduced a wireless palpation

probe to obtain real-time stiffness distribution maps from biological tis-

sues. This development is intended to localise lumps in soft tissue in MIS

procedures. This sensor solution uses a field-based magnetic localization al-

gorithm to obtain position, orientation, and tissue indentation depth using

Hall-effect sensors and an external source of magnetic static field. Addition-

ally, a barometric pressure sensor covered by a silicone rubber tip is used to

acquire pressure data in order to estimate contact force. The idea behind

a soft silicone rubber head is to produce a soft contact between the tissue

and the probe to avoid tissue damage. Nevertheless, the use of soft rubber

materials for the tip, introduces a series of challenges, for instance, the pres-

ence of nonlinearities and the plastic deformation that can result from the

usage of the tip. The sensor uses a wireless microcontroller to transmit the

acquired information to the processing unit. One important remark is that

the calculation of the stiffness assumes a linear elastic model, considering

that the indentation depth is less than 10% of the sample’s thickness. The

wireless palpation probe was tested on tissue phantoms and in-vivo animal

tissue showing promising results.
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C)Lung

[Miller et al., 2007] developed a tactile imaging system to be imple-

mented in an endoscopic tool for direct palpation during MIS for lung can-

cer tumour localisation during resection. It consists on a capacitive sensor

array to measure distributed pressure working together with the endoscopic

camera, where a series of LED lights are placed to registered a pseudo-colour

map. This imaging sensor system showed good results to find tumours of

different sizes. In average, the measurement time is higher than 100 sec-

onds. The typical contact force for palpation is in the order of some Newtons

and the resolution for force and displacement are ±7.5 μm and ±10 cN , re-

spectively. The measurement concept is limited to the evaluation of tissue

stiffness and it is considered for localisation of harder materials inside a soft

homogeneous structure.

[Jung-Hoon Hwang et al., 2013] proposed the design of a tactile sensor

for robotic MIS. The objective is to provide the surgeon with the ability

of performing in-vivo palpation for resection of tumours in colon, lung or

stomach, for instance. The design of Hwang uses micro strain-gages made

of semiconductor materials to realize a resistive tactile sensor. This ap-

proach aims to detect abnormal (hard) objects in soft tissue. Therefore, it

is assumed that tumours exhibit dominant elastic behaviour and a stiffness

evaluation is a sufficient criterion. The resistive transduction technique has

almost the same advantages (e.g. high linearity and resolution) and disad-

vantages (e.g. low frequency range) previously discussed for piezoresistive

tactile sensors. This sensor was tested only on phantoms and the tumours

were considered in all cases harder materials.

Applications for Brain tumour resection

The solution presented by [Bonomo et al., 2008; Brunetto et al., 2010],

is one of the first biomedical applications using Ionic Polymer Metal Com-

posites (IPMC) materials. IPMC are a type of smart material, fabricated
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typically with Nafion and Flemion. With a high similarity to piezoelectric

materials, IPMC transform electrical energy into mechanical and vice versa,

and therefore, they can be used as sensors or actuators. One of the advan-

tages of IPMC is that it is possible with small voltages to achieve large

displacements [Gonzalez and Lumia, 2015]. The working principle is simi-

lar to the one presented in this thesis using self-sensing configuration with

one element used to actuate and other to sense. The IPMC tactile sensor is

driven in resonance to induce mechanical vibration on the contacted tissue.

It uses the evaluation of the nonparametric FRF to estimate the equivalent

mechanical impedance of the sensor. The equivalent mechanical model of

the contact between the sensor and the sample under test is similar to the

one presented by the author of this thesis in [Hemsel et al., 2007]. The

tissue is modelled as a SDOF lumped parameter model. The estimation

of the modal mass, stiffness and damping is done using a grey-box system

identification technique. The sensor was tested on gelatine gel phantoms

of different concentrations. The obtained results, showed the capability of

this sensor to differentiate gel phantoms. Nevertheless, the authors didn’t

report the contact force used to perform such experiments and the influence

of this variable in the identification process. The authors aim to use this

tactile sensor in brain tumour resection, and therefore, it is important to

report the necessary contact force to perform the measurements or the level

of indentation in the tissue.

[Tanaka et al., 2010] developed a bio-compatible real-time sensing sys-

tem using balloon expansion to measure softness, sliminess and smoothness.

This development is intended for brain tumour resection. The principle of

operation is the following: a balloon is placed in contact with an object

and it is expanded with fluid. The force exerted to the object produces a

pressure and depending on the surface conditions, the ball can slip or can

be stuck. The pressure and volume of the balloon are measured. These

parameters are used to establish a differentiation criterion. The prototype

was tested on gelatine phantoms and on ex vivo porcine brain. In the case

of brain, the aim was to differentiate white from grey matter. The indenta-

tion produced by the contact of the balloon on the brain tissue was 1mm.
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The results of the experiments revealed that the balloon expansion can be

used for tactile applications. Nevertheless, the prototype presented some

problems to make an evident differentiation, which is dependant on the

thickness and the contact area.

[Johannsmann et al., 2013] developed a tactile sensor using torsional

piezoelectric resonators. The sensor employed crystal quartz in the shape

of cylinders working at a resonance frequency of 78 kHz. This research

aims to determine the state of brain tissue for differentiation purposes dur-

ing brain tumour resection. The measurement method is based on the

evaluation of the frequency shift between a non-contact (unloaded) and a

contact (loaded) condition to estimate an equivalent stiffness. The sensor

was successfully tested in-vivo using rats with an induced brain tumour.

The type of brain tumour used for the experiments can be easily differen-

tiated using visual inspection and presents a clear difference in stiffness.

Tactile sensors systems using combined technologies

[Nyberg et al., 2013] presents a tactile sensor for resection of prostate

tumours. This approach combines two different sensing techniques: Raman

spectroscopy and a piezoelectric tactile sensor. The Raman probe uses op-

tical fibres made from silica. The piezoelectric transducer is made of PZT

and it is driven in resonance at a frequency of 95.58 kHz. Both parts are

connected to a load cell to measure the contact force. The measurement

of tissue samples are done at constant deformation. For the piezoelectric

sensing part, the frequency shift Δf is calculated as the difference between

the no-load condition and during the tactile impression. Using different

depths during the experiments, the equivalent stiffness is calculated using

linear regression analysis. Raman spectrography uses a similar measure-

ment principle. The spectral peaks are calculated subtracting the measure-

ment done in the darkness from the one using ambient light. This sensor

evaluates stiffness only and it was tested on ex vivo animal tissue, as well as

on tissue phantoms. The Raman probe was influenced by several factors,

in particular the ambient light. The reported results indicate that a combi-

89



5. Problem Description

nation of sensing approaches can increase the quality of the measurement.

Nevertheless, this investigation is still in an early phase.

[Sasaki et al., 2014] presents a stiffness evaluation system combining two

different technologies. On the one hand, a piezoelectric tactile system us-

ing the design developed by [Omata and Terunuma, 1992]. On the other

hand, a CT scan device was placed to obtain images of the tested samples.

The main idea is to transform the CT number into a value related to the

mechanical stiffness using the tactile sensor. The intended application is

for endoscopic tumour resection in liver.

Tissue handling in Minimally Invasive Surgery

[Pourabbas and Chauhan, 2014] introduced a tactile system to measure

stiffness under static and quasi-static response of the tissue. The tactile

sensor uses strain gauges as sensing elements. The modelling of the tactile

palpation is done using a spring-based stiffness approach. This consists of

two parallel force sensing elements with different stiffness. The stiffness

of the object under test is estimated measuring the deflection caused by

the contact of the tactile sensor and a certain object, which is different for

each force sensing element. The authors of this work only considered the

elastic behaviour of the tissue for the estimation of the stiffness, regardless

the evident viscoelastic behaviour of soft tissues. The presented prototype

still is a macro model and therefore, the size is not comparable to a real

application in MIS. The reported results showed the capability of this new

system to differentiate rubber samples with different stiffness.

Discussion

As it is seen in the previous literature review, the development of tactile

sensors for intra-operative tumour resection in different organs of the human

body is of great interest. A review of 16 different designs was presented to

provide the reader an insight in the current advances on this topic. Except

from the work of [Bonomo et al., 2008; Brunetto et al., 2010], the presented
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tactile sensors utilises stiffness evaluation as a primary evaluation criterion

assuming a linear behaviour during the measurement process, including the

contact between the sensor and the sample under test. Tumour and healthy

tissue are modelled as linear elastic materials. Using lumped parameter

models, they are often represented as a mass connected to a stiffness element

or a series of these elements. There are several common assumptions for

the measurement procedure:

� The deformation (i.e. indentation) of the tissue is minimal, and there-

fore, there is no plastic deformation.

� The tactile sensor tip (i.e. contact head) stays in contact with the

tissue all the time and nonlinear effects, for instance, slip or con-

tact/noncontact effects are not considered.

� A tumour is a mass with a higher stiffness, and in consequence, harder

than healthy tissue.

� The boundaries of the tumour are clearly delimited, and therefore,

it is not considered a mix area of tumourous and healthy cell in the

border.

� Tissue mimicking phantoms have the same mechanical properties than

the aimed biological tissue.

In the case of applications for breast, prostate, kidney, liver and lung tu-

mours, the proposed tactile technologies presented promising results, since

most common types of tumours in these organs can be, in fact, considered

as a harder mass. In addition, these organs have in common that in case

of damage or an excess in the resected tissue (i.e. healthy tissue is also

removed), the general function of the organ is not severely compromised

and in some cases, some tissues can regenerate themselves.

For brain tumour applications, the work of [Johannsmann et al., 2013]

showed the feasibility of using stiffness evaluation in brain tumour differ-

entiation. Nevertheless, in the case of human brain, tumours with such

characteristics corresponds to those in advance stage, where expectancy of
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survival is reduced. The tactile sensor proposed by [Tanaka et al., 2010],

addressed properly one of the main issues in the evaluation of the consis-

tency of brain: tumours can be also softer with changes in their viscosity.

The proposed size for the balloon tip sensor has an appropriate dimension

(i.e. in the order of a few millimetres) to be used for neurosurgery. In

addition, this solution could achieve a proper differentiation between brain

areas, showing a real potential capability for delineation of brain tumours.

However, there are not further reports in scientific literature. The tactile

sensor of [Brunetto et al., 2010] is the only solution where the viscous damp-

ing is taking into account in the equivalent mechanical model of the tissue.

The lumped parameter model for the contact between the sensor and the

sample under test has the the same structure as the one proposed in these

thesis. Nevertheless, the differentiation criterion takes into consideration

only the changes in the resonance frequency. Given this, it is not possi-

ble to conduct a proper evaluation of the changes of both, stiffness and

damping. Moreover, the work of Brunetto did not report any measurement

on animal tissue and the problem of delineation of tumour borders is not

addressed.

In conclusion, there are some issues not covered by the current devel-

opments in tactile sensing for an accurate localisation of brain tumours by

means of palpation and the correct assistance to the surgeon to delineate

tumour boundaries. A tactile sensor for brain tumour resection has to take

into account the following:

� For tumours in early stage, tumour and healthy brain tissue differ, but

slightly, in colour and mechanical properties. These small differences

are often not evident for human perception.

� A small contact force is required to avoid tissue deformation (1−5 cN).

� Brain tissue is highly viscoelastic and exhibits nonlinear behaviour.

� The duration of the measurement has to be as fast as possible in order

to avoid influence of the viscoelastic relaxation.
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� Brain is the most complex organ with a high number of parallel

functions and interconnections. Therefore, an unwanted resection of

healthy tissue, can provoke an irreparable damage to vital functions.

Moreover, brain tissue cannot be self-regenerated.

5.2 Research questions

This section addresses four research questions to provide the reader a guide

about the course of the following chapters:

� How can a tactile sensor improve the quality of the resection of brain

tumours and the delineation of tumour borders, during surgical proce-

dures, without increasing the complexity of the setup of the operating

theatre or without adding the use of high complex surgical tools?

� What are the key elements and the ideal measurement conditions to

take into account for a correct tactile evaluation of brain tissue or

mimicking tissue phantoms?

� How does the information acquired by a tactile sensor lead to the

establishment of a tissue differentiation criterion to detect changes in

tissue consistency, and further, lead to a parametric estimation of a

model that takes into account the viscosity in tissues?

� How can the use of multisine excitations and frequency domain tech-

niques be used for tactile sensors applications to reduce the measure-

ment and data processing time, aiming to achieve a real-time system?

These questions state the main points of interest for the development of

this research work based on the analysis of the state of the art and the accu-

mulated experience of the author during the realisation of the preliminary

investigations and tests at the very beginning of the doctoral studies.
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5.3 Presentation of the Solution

The development of the proposed tactile sensor and the corresponding ex-

periments to validate its correct use in the intended context of brain tumour

resection procedures are discussed in detail in Chapter 6, Chapter 7 and

Chapter 8. The working packages can be divided as following:

Presentation of the piezoelectric tactile sensor and the mea-

surement setup (Sections 6.1, 6.2, 6.9). The tactile sensor is based

on the use of a piezoelectric bimorph. The bimorph is operated using a

self-sensing configuration. One layer is used as an actuator and the other

as a sensing element. The modelling mechanics of the bimorph is presented

to give an understanding of the operation mode. To model the contact be-

tween the bimorph and a sample under test, a parametric model strategy is

used (Section 6.10). The measurement setup consists of an automated set

of linear stages where a sample under test can be placed, and the tactile

sensor can perform a palpation. The contact force and indentation depth of

the tactile sensor’s tip are acquired by the automated measurement system,

as well as the input and output voltages of the bimorph. The automated

setup can also perform standard indentation tests (Section 6.5) to exper-

imentally characterize soft materials using relaxation and creep response

evaluation.

Preparation of tissue mimicking phantoms and experimental

characterization of phantoms and brain animal tissue (Sections 6.3,

6.4, 6.6, 6.7, 6.8). The use of phantoms to test the efficiency and sensitiv-

ity of tactile sensors is a common practice. Tissue phantoms are artificial

materials with similar mechanical characteristics as real tissues. The scope

of this thesis only covers brain animal tissue. Preliminary tests were car-

ried out to measure the viscoelastic properties of different organs of animal

tissue, including brain. The aim is to gain an insight of the mechanical

characteristics required to mimic brain tissue. Ex vivo brain tissues from

porcine were used to characterize different brain areas. The brain sam-

ples were prepared with the help of the German neurosurgeon, Dr. Ralf

Stroop, who performed the complete selection of the organs and performed
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the brain section’s cuts to assure the quality of the samples. An important

factor is the time window (post-mortem) to perform the measurements. It

is reported in the literature that ex vivo brain tissues can be used only

within 6 hours following the death of the animal. The effect of ageing and

drying in fresh ex vivo brain tissues was studied. Two types of materials

were selected for the fabrication of phantoms. The preparation method is

introduced, and the results of the mechanical characterization using the

automated setup are presented.

Experiments conducted on tissue phantoms (Section 6.11, Chap-

ter 7). To probe the sensitivity of the tactile sensor system, four different

gelatine phantoms were prepared at concentrations from 10% to 16% in

steps of 2%. It is assumed that a soft and constant contact exists between

the tip of the bimorph and the surface of the gelatine during all the mea-

surement procedure. The experiments were conducted at three different

contact forces: 1 cN , 5 cN and 10 cN . The duration of these experiments

was one week.

Experiments conducted on ex vivo animal tissue (Section 6.11,

Chapter 8). Tactile evaluation of fresh ex vivo animal brains were tested.

These experiments were conducted with the assistance of Dr. Ralf criterion.

The role of the neurosurgeon was essential. During one week of tests, he

verified the sterile condition of the measurement laboratory, checked the

condition of the ex vivo brains, realised the sample preparation, defined the

measurement points, and performed an inspection post-measurement to all

measured points to identify possible errors due to physical damages in the

tissue. The contact force for all measurements was 1 cN . The aim of these

experiments is to determine if the information of the estimated stiffness and

damping parameters can be clustered to find a correlation to the measured

brain structures. The measured brain areas were: cortex surface and brain

slice sections of white matter, basal ganglia and thalamus.

Analysis of the results (Chapter 7, Chapter 8). For each mea-

surement point on all gelatine tissue phantoms and brain tissue samples,

the nonparametric FRF was measured using a multisine excitation. The

frequency domain information in the neighbourhood of the second mode of
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vibration is used to estimate a parametric linear second order model using

the algorithm ELiS. The position of the poles of the second order model is

utilised as differentiation criterion.

5.4 Conclusion

This chapter provided the reader an analysis of the state of the art in the

development of tactile sensors for medical applications in surgery. The cur-

rent efforts are focused mainly on the evaluation of elastic properties of

tissues to identify tumours. It was discussed the relevance of the evaluation

of scholastic properties for brain tumours. A series of research questions

were stated and the proposed tactile sensor system was presented in sum-

mary. In the next chapters, the reader will find the core of this research

work and thorough discussion on the results of the experimental work.
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Chapter 6

Materials and Methods

This chapter aims to provide the reader an explanation of the experimental

methodology used to develop a piezoelectric tactile system. In addition, the

procedure for experimental measurements carried out during this investi-

gation is presented. Since a critical task is to have reliable testing samples,

an overview on the preparation of tissue mimicking phantoms is presented.

The objective is to prepare reliable and repeatable phantoms with con-

trolled gradient at different concentrations with minimal step. This, allows

to emulate in a precise way, the real conditions that a surgeon faces during

tactile evaluation of biological tissues in brain tumour surgery.

Two measurement setups were developed during the realisation of this

PhD thesis, one at the Institute of Dynamics and Vibrations of the Leib-

niz University of Hannover, and a second one at the Department ELEC

of the Vrije Universiteit Brussel. The main characteristic and features of

the setups are presented in detail in this chapter, aiming to provide the

reader with an insight of the importance of the development of a precise

measurement device.

Ex vivo animal porcine brain samples were tested to prove the capability

of the tactile sensor to identify minimal changes in tissue consistency. The

methodology to prepare animal tissue samples is introduced, and a series

of recommendations are listed to avoid measurement errors during tactile

evaluation.
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A real-time evaluation of the tissue is only possible if the measurement

time per point is minimal. Since the proposed evaluation of tissue con-

sistency is based on the measurement of the FRF, a periodic broadband

excitation signal (i.e. random phase multisine) is utilised to perform fast

measurements. The use of multisines to estimate the non parametric FRF

is a very useful tool to determine the influence of nonlinearities in the mea-

surement process. It is well-known that biological tissues exhibit nonlinear

behaviour due to their complex internal structures. In addition, the vary-

ing contact surface can induce nonlinear effects. Nevertheless, under certain

conditions of contact force and tissue indentation, it is possible to work us-

ing linear models for tissue differentiation.

6.1 Piezoelectric Bimorph

As discussed before, piezoelectric materials have the ability to convert elec-

tromechanical energy. Therefore, they can be used for sensing or actuation.

The bimorph configuration is a cantilever beam consisting of two piezoelec-

tric layers bonded to a third one, which is a thin non-piezoelectric strip or

usually called passive layer. Fig. 6.1 shows an illustration of commercial

piezoelectric bimorphs. If the piezoelectric layers are polarized an elon-

gation or contraction is produced in their geometry obeying to the Euler-

Bernoulli equation that describes the deflection on a beam.

Figure 6.1: Piezoelectric bimorphs [Morgan-Ceramics, 2016].
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For actuation applications, such as insulin pumps and micro position-

ing, the applied voltage in the active layers should be in such a way that

one strip is elongated and the second is contracted, in order to produce

a bending motion. Moreover, if an external mechanical stimuli produces

bending deformations on the bimorph, a voltage is generated as a result

of the stimuli. Therefore, piezoelectric bimorphs can be used for sensing

applications and energy harvesting.

Fig. 6.2 shows a piezoelectric bimorph in a configuration fixed-free can-

tilever. A bending deflection is produced when the active elements are

polarized. If a sinusoidal voltage is used as excitation signal, the piezo-

electric bimorph will bend according to the polarity of the voltage, and the

shape of the deflection will depend on the frequency of the excitation signal.

Here, it is illustrated only the first vibration mode.

Figure 6.2: Bending of a piezoelectric bimorph.

The piezoelectric bimorph configuration is often used as a bending actu-

ator in quasi-static operation to produce a constant deflection as a function

of the electrical excitation. Fig. 6.3 presents a lumped parameter model for

the piezoelectric actuator in quasi-static operation that describes the trans-

formation of electrical into mechanical energy. From this simple model it

is possible to obtain the equations that describe the mechanical and the

electrical part:
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F = cw − αU

Q = αW +CU

(6.1)

where α is the electromechanical transfer factor and c is the mechanical

stiffness. These two parameters can be experimentally obtained. When the

electrical terminals are short-circuited (i.e. U = 0) and a known force F

is applied to the piezoelectric bending actuator, the deflection w can be

measured to calculate the stiffness as c = F
w . To obtain α, it is necessary to

apply a constant voltage to the actuator to measure the deflection without

the presence of any external applied force (i.e. F = 0). The electromechani-

cal transfer factor is calculated as α = cw
U . The electrical capacitance C can

be measured using an impedance analyser at low frequency. The actuator

parameters can be also obtained theoretically using the linear piezoelec-

tric constitutive equations(Chapter 2, Eq. (2.2)) and the Euler-Bernoulli

equation for the bending moment. The main assumption is that the piezo-

electric actuator is a long and thin beam used for small deformations and

the mechanical stress is uni-axial. Quasi-static operation can be used for

sensing purposes. In this case, the bending actuator is subject to deflection

forces that can provide information about the stiffness of a certain applied

load (i.e. material under test), similar to the operation of a strain gauge.

c

1
C

1

A = α

w

F

U

Q

Figure 6.3: Model for the piezoelectric bimorph in quasi-static operation.
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6.1. Piezoelectric Bimorph

For dynamic operation, a piezoelectric bending actuator (e.g. piezo-

electric bimorph) can be represented using lumped parameter models as

described in Chapter 2. Inertia and structural damping effects are intro-

duced by adding an equivalent mass and a damper element into the model.

In the electrical port, dielectric losses are present as well, as function of

the operation frequency. They are modelled as an electrical resistance or a

damper if electromechanical analogies are used.

Sensing Principle

The sensing principle of the proposed piezoelectric tactile system is

based on the use of a piezoelectric bimorph that is in contact with a me-

chanical load (i.e. soft biological tissue) as presented in Fig. 6.4.

Driving Signal Sensing Signal

Actuator Sensor

Tissue

Figure 6.4: Piezoelectric bimorph in contact with a soft biological tissue.
Adapted from [Cancer Research UK, 2014].
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The piezoelectric bimorph cannot be in direct contact per se with a

phantom or a tissue sample since its shape can easily damage the surface.

Therefore, a ball tip is placed for tissue contact. Additionally, this spherical

tip allows to maintain a soft contact (i.e. the tip and the tissue stays in

contact during all the measurement). If hard contact appears, nonlinear

effects (e.g. Section A.4) can occur, affecting the result of tissue evaluation.

Moreover, the contact between the bimorph and the sample should be done

at minimal contact force, in order to avoid any plastic deformation that

could lead to permanent damage in the internal structures. Although it is

assumed a soft contact condition, the reader should take into account that

nonlinear effects can also happen under this condition, due to non-uniform

contact during indentation, the presence of fluids in between the surfaces,

etc.

The main idea is to use the bimorph as a resonant vibrator by driving it

using a sinusoidal voltage to evaluate changes in the FRF of the electrical

port when the contact ball touches a sample. In the vicinity of a resonance

frequency, the mechanical behaviour can be modelled as shown in Fig. 6.5.

This lumped parameter model depicts how the effect of the load (e.g. bio-

logical tissue) contribute directly in changes in the mechanical conditions of

the complete system. The sinusoidal voltage is transformed into mechanical

vibrations by the rigid lever that represents the electro-mechanical coupling

of the piezoelectric material. The load is attached to the mechanical port

of the bimorph and the assumption of a soft contact, assures that both,

bimorph and load, vibrate at the same frequency. The extra elements that

appears by the effect of the presence of the load are an additional mass mL,

a damping element dL and a counteracting stiffness cL.

Changes in load parameters influence the shape of the FRF, leading to

the presence of possible changes in the values of the resonance and anti-

resonance frequency and their correspondent maximum and minimum am-

plitude. The resonance Freqr and antiresonance Freqa frequency can be

calculated using the following equations (see Fig. 6.5 for the definitions of

the variables), assuming that the system is lightly damped [Takács and

Rohal’-Ilkiv, 2012; Fernández-Afonso et al., 2015]:
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mp
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Figure 6.5: Model for the piezoelectric bimorph in contact with a mechan-
ical load. The piezo mechanical port is represented by the mass mp, the
stiffness cp and the damping dp. The piezo electrical port is represented by
the capacitance C1 and the resistance R1. The load is represented by mass
mL, the stiffness cL and the damping dL. U , Q, x and F are the voltage,
the electrical charge, the displacement and the force, respectively.

Freqr ≈ 1

2π

√
cp + cL
mp +mL

(6.2)

Freqa ≈ 1

2π

$%%&cp + cL + A2

C1

mp +mL

(6.3)

The maximum amplitude ∣Q∣max at the resonance frequency depends on

the damping factor ([Markert and Seidler, 2001]):

∣Q∣max ≈ 1

2(dp + dL) (6.4)

To illustrate the sensing principle, some simulations are presented in

Fig. 6.6. This figure presents 3 plots of the amplitude and phase of the

FRF. Fig. 6.6a shows how the damping contribution of the load affects

mainly to the amplitude of the resonance frequency and the phase as de-

scribed in Eq. (6.4). In practice, damping contributions modify the value

of the resonance frequency, but this effect is minimal. The reduction of

the amplitude in phase should be taken into account if the damping con-

tribution is large enough, since this can lead to loss of the zero-crossing

point.
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Figure 6.6: Effect of the damping (a), stiffness (b) and mass(c) in the
Frequency Response Function of the bimorph in contact with a load
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On the one hand, the stiffness behaviour of the load leads to a direct

increase in the values of the frequencies of the resonance (Eq. (6.2)) and

anti-resonance (Eq. (6.3)) as shown in Fig. 6.6b. On the other hand, the

load of the mass contributes in the opposite way, reducing the value of the

resonance and anti-resonance as presented in Fig. 6.6c. The results of these

simulations show that the evaluation and comparison of the FRF between

the no-load and a certain load condition, can provide information about

the mechanical characteristics of the load, and therefore, a methodology for

load evaluation or load differentiation can be developed using this sensing

principle.

� � � � � � � 	 
 � ��

� ���

� ���

� ���

�

�������� �� � ��

�
��
��

��
�

� � � � � � � 	 
 � ����� �

��� �

��� �

��� �

�������� �� � ��

�
 !

"##
��
��

� $

Figure 6.7: FRF measurement of the electrical admittance Y = I
V . The

first vibration mode (red circle) is highly damped when the bimorph is in
contact with a load.

When the electrical port of the bimorph was measured for the first time

in contact with a load, it was observed that several vibration modes ap-

peared as shown in Fig. 6.7. The first vibration mode was severely damped

and therefore, it cannot be easily identified. It was assumed that higher

input voltages are necessary to measure it. The second and third vibration

mode can be seen in the FRF. Nevertheless the third vibration mode was

highly damped and a clear zero-crossing phase was not reached.
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Further measurements of the electrical port were performed at higher

voltage amplitudes in the vicinity of the first vibration mode. It can be

seen in Fig. 6.8, that at higher amplitudes, the first vibration mode can be

identified but the amplitude is still highly damped. The phase presents the

same problem due to damping and a zero-crossing phase is almost reached.
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Figure 6.8: FRF measurement of the electrical admittance Y = I
V in the

vicinity of the first resonance frequency. The bimorph is in contact with a
load.

Self-sensing configuration

A new concept was proposed to use the bimorph. A mounting setup was

designed and constructed to hold the bimorph sensor as shown in Fig. 6.9.

A Self-sensing configuration was used, where one of the layers of the piezo-

electric bimorph is driven using a sinusoidal voltage, to generate mechanical

vibrations. The other layer, transforms the mechanical vibrations into a si-

nusoidal voltage of the same frequency. The maximum amplitude in the

sensor is reached when it is operated in the vicinity of a resonance mode.

Mechanical contact between the contact tip ball and the load (e.g. tis-

sue), leads to changes in the mechanical conditions of the complete system.

Therefore, the new measurement concept is based on the evaluation of the

transfer function of the division of both voltages USensor

UActuator
with relation to
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1
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7

Figure 6.9: Mounting of the piezoelectric bimorph for self-sensing configura-
tion. 1 Actuator terminal, 2 Ground terminal, 3 Sensor terminal, 4 Holder
5 Piezoelectric bimorph, 6 Contact ball tip, 7 Back holder.

the changes in stiffness and damping due to consistency differences in the

load.

The main advantage of the self-sensing configuration is an increase in

the sensitivity. The lumped parameter model that describes the behaviour

of the contact between the self-sensing bimorph and a load is presented

in Fig. 6.10. This model included the electrical port of the piezoelectric

layer that is used as a sensing element. Since the two layers are fabricated

identically, it is assumed that the electromechanical conversion has the same

factor A and can be represented using only one rigid lever. In the same way,

it is considered that the mechanical parameters of the piezoelectric layers

can be represented using a single mass-spring-damper element.

Measurements of the two configurations of the bimorph were carried out

(i.e using both piezoelectric layers to actuate and the self-sensing configu-

ration). The FRF of the transfer function USensor

UActuator
and the measurement

of the FRF of the electrical admittance Y were obtained and compared in

Fig. 6.11. For the measurement of the self-sensing configuration, two mea-

surements were conducted. The first one using one layer as actuator and

the other for sensing. For the second measurement the actuator and sensor
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Figure 6.10: Mechanical model of the piezoelectric bimorph in contact with
a load in the vicinity of a vibration mode

layers were exchanged. The measurement results show that the self-sensing

configuration has a higher sensitivity and all the vibration modes can be

identified. In addition, this comparison shows that for using the self-sensing

configuration, any of two the piezoelectric layers can be used for sensing.
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Figure 6.11: Comparison of three FRF measurements. Grey: Admittance
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exchanging the roles of the

piezoelectric layers.
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Figure 6.12: Three bending modes of the piezoelectric bimorph. Blue: first
mode. Red: Second mode. Green: Third mode.

It is important to remark that the presented lumped parameter models

describe the behaviour only for one vibration mode and the model is valid

only in the neighbour frequencies that surround the resonance frequency.

Nevertheless, the measurement of the FRF for broadband (Fig. 6.11) shows

that the piezoelectric bimorph has multiple vibration modes, each one repre-

senting a different type of deflection. Fig. 6.12 illustrates the three bending

modes of the piezoelectric bimorph. It is possible to model more complex

motions using lumped parameter models by the superimposition of addi-

tional mass-spring-damper elements as shown in Fig. 6.13 ([Richter et al.,

2009]
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Figure 6.13: Piezoelectric bimorph in contact with a mechanical load.
Model describing three vibration modes. Adapted from [Richter et al.,
2009]
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6.2 Measurement Setup

The experimental research of this doctoral thesis, includes a detailed set of

experiments that were performed to understand the complexity of measur-

ing biological tissues and tissue phantoms.

Two setups were designed and built. In this section, the reader can

find a description of the developed setups, their capabilities, as well as the

methods utilised to process the measured data. One setup was designed and

constructed at the Institute of Dynamics and Vibration Research, Faculty

of Mechanical Engineering of the Leibniz University of Hannover. It was

utilised to perform mechanical indentation tests to obtain the mechanical

parameters of the measured samples. Additionally, the setup was used to

perform the measurment of the FRF using step sines. The second setup

was developed at the Department ELEC of the Vrije Universiteit Brussels.

This setup was utilised to perform automated measurements of the FRF

using multisine excitations. The author of this thesis carried out all the

designs, assembly and testing of the measurement setup including:

� Mechanical conceptual design, design of the mechanical components

and selection of the materials.

� Assembly of the mechanical structure for the setup.

� Selection of the sensors, actuators, signal conditioning amplifiers and

driving controllers.

� Construction of the electrical and electronic circuits for the tempera-

ture sensors and the limit switches.

� Selection and configuration of the data acquisition equipment.

� Design and programming of the Labview software for the automation

of the measurements tests.

� Programming of the signal processing and system identification algo-

rithms in Matlab.
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Since both measurements setups (Hannover and Brussels) have almost

the same functionality and operational characteristics, in this section is de-

scribed only one setup. The fundamental difference between them is the

strategy to perform the measurement of the FRF. The Hannover’s setup

utilised stepped sine excitation signal, and the Brussels’ setup uses a mul-

tisine excitation. These measurements setups were intensively used to gain

experience in preparing and testing tissue samples and tissue phantoms to

improve the quality in the measurement procedure.

This thesis is the result of the experience gained through the experi-

mental measurement of almost 25000 measurement points1. This implies

the fabrication of more than 500 gelatine phantoms, and the preparation of

tissue samples from 20 ex vivo porcine brains and 4 porcine livers. Around

20,000 indentation tests were performed (including normal indentation, re-

laxation and creep response). For the measurement of the FRF, almost

5,000 tests were carried out in total, where 2,000 were realised in Brussels

using multisine excitation.

Automated Measurement System for Mechanical Characteri-

zation of Soft Tissues and Phantoms

An automated measurement system was built to measure the viscoelas-

tic properties of soft materials and biological tissues using spherical-tip

indentation tests (Fig. 6.14). In addition, the measurement setup is able to

perform frequency sweep measurements using a stepped sine sweep.

The relevance of measuring the mechanical characteristics of biological

tissues is to obtain reference values for the preparation of tissue phantoms

in order to validate them. In this particular study, it is of interest to

have phantoms with similar mechanical characteristics than brain tissues.

The validation of phantoms is done using the evaluation of the viscoelastic

properties.

1A measurement point is defined as one single position on the surface of the phantom
or tissue sample, where a measurement (mechanical indentation or FRF) is performed.
This means, that on that particular single position, a complete measurement was carried
out.
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Figure 6.14: Measurement setup (Hannover)

It is assumed that a linear viscoelastic behaviour is exhibited since the

value of the indentation force is very low. For that purpose, a Standard

Solid Model (Fig. 6.15), consisting of a linear spring connected in series

with a Kelvin-Voigt model, is adopted to describe the constitutive stress-

strain relations. The indentation methods used in this thesis are described

in the section Section 6.5

The setup consists of two mechanical structures, the first one for vertical

displacement (Z axis) and the second one for horizontal displacement (X

axis). On each structure a linear stage, model IGUS SHT-12-AWM-120, is

placed for the generation of linear displacement and coupled to geared DC

step motors model Nanotech ST4118.
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E1

E2 η

Figure 6.15: Viscoelastic Standard Solid Model. E1 and E2 represent the
elastic properties and η is the viscosity.

The linear stage for the X axis has a metal plate to place the samples. A

second exchangeable plastic plate with three uniformly distributed circular

orifices is used to fix the sample’s containers to the linear stage in order to

avoid any undesirable movement or shift.

In the X axis, samples can be measured along the axis using the control

software. Since the measurement system has not a third movement axis, a

simple fixture mechanism between the metal and the plastic plate is used to

shift in the Y axis the position of the samples. This feature allows the user

to perform measurements using different ”measurement lines”, providing

the capability to cover all the points on the surface of the sample. The

total free displacement for this axis is of 2200 millimeter with a resolution

of 10 micrometer per step.

The linear stage of the Z axis has a fixture plate to collocate the indenter.

As shown in Fig. 6.16, a support holder is used to fix a load cell, model

HBM 1-PW4MC3/300G-1, to measure the contact force. A tool adapter is

placed at the measurement side of the load cell to fix the indenter or the

piezoelectric bimorph. The resolution of the vertical axis is 500 nanometer

per step with a total free displacement of 100 millimeter. The maximum

velocity for this axis is 500 micrometer per second.

The coupling of the step motors to the linear stages are done with anti-

backslash nuts to prevent any backslash effect during measurements. Limit

switches are placed to prevent that the step motors can drive beyond the

maximum free displacement points on each axis. The limit switches are
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1

2

3

4

Figure 6.16: Close-up of the fixture plate on Z axis. 1 Support holder. 2
Load Cell. 3 Indenter. 4 Tissue phantom.

also used to set the zero position (i.e. home position) in order to perform

measurements with multiple repetitions at the exact position each one.

The variables acquired by the setup are the following: displacement,

force and temperature. The temperature is acquired using a semiconductor

temperature sensor LM35 (Texas Instruments). This is a linear temperature

sensor with an accuracy of ±0.2○C. The temperature sensor is placed inside

the sample during the whole measurement procedure.

The displacement is measured using a linear digital differential encoder.

Since the linear stages can be set to start at the home position defined by

the limit switches, the differential encoder can be set to zero on the same

position every time, and therefore, absolute displacement is measured.

The load cell 1-PW4MC3/300G-1 is made from aluminium and has a

maximum range of 300 cN with a resolution of ±0.01 cN . A Wheatstone

bridge is required to read the force from the load cell. A load cell amplifier,

model HBM AE101, is used for signal conditioning. Changes in the inter-

nal resistance due to strain deformation generated by an uni-axial applied
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2

1

3
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Figure 6.17: Measurement Setup (Hannover). 1 Step motor Z axis. 2.
Linear Stage Z axis. 3. Load Cell. 4. Tissue Phantoms. 5 Mechanical
Indenter. 6 Step Motor X axis. 7. Linear Stage X axis.

force on the load cell are transformed into electrical voltage, filtered and

conditioned by the load cell amplifier.

Fig. 6.17 shows the measurement setup using a mechanical indenter to

characterize tissue phantoms. As it can be seen, up to three phantoms

can be placed. The setup is completely automated. The driving unit of

the step motors and the sensors (temperature, displacement and force) are

connected to a PXI measurement system.

A software was implemented in Labview (National Instruments) to op-

erate the apparatus. The software generates the driving signals to control

de movement of the step motors. With the information of the displacement

and limit sensors, the linear stages can be set to any position with high

accuracy. In addition, the software communicates with the data acquisition

cards of the PXI system to read and process the information of the sensors.
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Figure 6.18: Measurement Software: Main Panel.

The developed Labview program has a friendly user interface with dif-

ferent panels. Following, a short introduction of the functionalities of the

most important panels are given.

Main Panel (Fig. 6.18): Here the user can monitor the current values

of the position of the indenter in the axis Z and the relative position to the

axis X, as well as the values of the force and temperature. Additionally,

the user can select the manual mode to drive each axis to a any position or

order the setup to set the home position. The velocity of the axes can be

varied manually in this screen. In this panel, the user can start a manual

or single measurement, or start the automated sequence.

Automation setup panel (Fig. 6.19): For automated measurements,

the user should define how many points per sample will be measured and

the number of repetitions per point. This is called the measurement matrix.
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Figure 6.19: Measurement Software: Automation Panel.

In addition, the user should select the height to change from one sample to

another in order to avoid a collision with the container and a second height

to change from one point to another in order to avoid any collision with the

sample due to non-uniform or non-flat sample’s surface.

Step 1 panel (Fig. 6.20): This panel is used to identify that the in-

denter (or the bimorph’s ball tip) has reached the surface of the sample.

The user should select a minimum contact force and the velocity of the axis

Z. When the indenter reaches this force, the Z axis linear stage stops.

Step 2 and Step 4 panels (Fig. 6.21):These panels are almost iden-

tical and are used for the load and unload processes during a indentation

measurements. The function of the step 2 is to configure the main param-

eters to produce indentation. Here the main parameters are the maximum

load or force at which the indenter should stop and the linear velocity of

the Z axis that moves vertically the indenter. During the load process, the
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Figure 6.20: Measurement Software: Step 1 Panel.

software acquires, plots and stores the information of the force, the current

position and the time.

Step 4 panel looks almost exactly the same as panel 2. Here the indenter

is moved away from the load. Two parameters are need to be set, the first

one is the linear velocity to move the indenter back and the second is the

position for returning above the surface of the phantom. If the automated

measurement option is selected, then the measurement matrix is loaded.

The position for returning is taken from the matrix information.

The information of all parameters above mentioned for Step 2 are also

stored during this step. When the setup is performing normal indentation

test(Section 6.5) the software proceed to perform first Step 1, following Step

2 and immediately after Step 4.

Frequency Sweep Response Panel (Fig. 6.22): The measurement

setup is able to perform frequency sweep response measurements. This

function was used with the piezoelectric bimorph in the first stage of the
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Figure 6.21: Measurement Software:Step 2 Panel

experiments. In this panel the user can select all the parameters related to

the frequency range and the amplitude.

The excitation signal is produced using a function generator model PXI-

5402 (National Instruments) to generate a sinusoidal excitation signal. Us-

ing a data acquisition card PXI-6133, the voltages of the actuator and

sensor piezoelectric layers of the bimorph are acquired and the information

is processed and transformed in to the frequency domain to estimate the

FRF. The information in the frequency domain of both the sensor and the

actuator layers are stored. It is important to remark that this setup can

perform only stepped sine (i.e. single measurements at one frequency at

the time) is used and not multisine excitation.

For manual and automated measurements on samples, the setup per-

formed first the Step1, next an indentation is done using Step 2, following

the frequency sweep response is done and finally the indenter moves back

using the procedure defined in Step 4.
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Viscoelastic Tests Panel (Fig. 6.23): This panel is used to perform

measurements of the viscoelastic properties of samples using relaxation or

creep response(Section 6.5). For the relaxation test, the parameters to be

set are the total time for the relaxation test and the depth of the indentation.

For creep response, the parameters to be set are the total time for the test,

and the desire reference force.

During the relaxation or the creep test, force, displacement and time

are acquired, plotted and stored.The viscoelastic parameters for both tests

are obtained using the equations explained in (Section 6.5).

Manual and automated measurements starts with Step 1, next Step 2 to

indent the sample, following the relaxation or creep test is performed and

finally Step 4 allows the indenter to move back.

Data storage and analysis

The developed measurement software allows the user to save all the ac-

quired date from the sensors. In addition, general information that the user

desire to save to document the experiment is stored. The software save the

information in one file per step. Moreover, the measurement setup posses a

usb web cam to realise a photo image from each measurement. In this way,

the user can localize the measurement point visually. The measurements

files are open by a program in Matlab to process the information and obtain

the results, according to the selected test. The variables in Matlab and the

results of the process are also stored in new files.

Summary of the main characteristics of the setup

In Table 6.1 a summary of the main features of the measurement setup

is presented. The table include typical times to perform a measurement.

The reader should take into account that the measurement time can vary,

according to the specific conditions of the desired test.
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Figure 6.22: Measurement Software: Frequency Sweep Response Panel.

Figure 6.23: Measurement Software. Relaxation and Creep Response Tests
Panel.
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Table 6.1: Summary of the main features of the measurement setup

Characteristic Value Units Observations
number of axes 2

Vertical
Axis

max. velocity 500 mm
s

max. displacement 100 mm
resolution 500 nm

Horizontal

Axis

max. velocity 2 mm
s

max. displacement 200 mm
resolution 500 μm

Automation
max number of
samples to test

3
it is possible to
measure only one

typ. number of meas,
points per sample

30
depends on the

size of the sample
Typical
times for
tests.

Time per
one meas.
point.

normal indentation 30 s
relaxation and creep
response tests

600 s

FRF measurement
using a stepped sine
sweep

120 s

total time including
signal processing.

time depends on the
number of freqs.

to measure.

FRF measurement
using a multisine
excitation

950 ms

total time including
signal processing.

time depends on the
freq. resolution.
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6.3 Tissue Mimicking Phantoms

The study of the mechanical properties of biological tissues is of great inter-

est in biomedical engineering and biomechanics. For medical applications,

an accurate measurement or estimation of these properties can lead to the

improvement of several critical procedures, for instance, in the differentia-

tion of tumourous tissue from healthy one during surgery.

At early phases of investigations, initial tests on medical devices are not

conducted on biological tissues. Instead, they rely on the use of phantoms.

These artificial tissues, are commonly fabricated with gelatine or soft plas-

tics. The aim is to mimic some of the physical properties of real tissues,

presenting a comparable consistency. Working with phantoms instead of

real tissue has several advantages [Bude and Adler, 1995]:

� Phantoms present a higher stability, which means that they will not

change their physical or chemical structure rapidly, and therefore they

can be stored in containers for a considerable time.

� The materials chosen for fabrication are usually not expensive and

can be acquired easily.

� It is possible to obtain compositions with controllable gradients or

variations, which could be useful in the calibration of sensors and

medical devices.

As presented in Chapter 5, most common applications of tactile sen-

sors evaluate only the elastic properties of tissues. Nevertheless, biological

tissues are considered as solidified polymeric materials with complicated

internal structures [Baer et al., 1987], and therefore, exhibit viscoelastic

behaviour and in most cases with associated nonlinearities.

In the case of brain tissue, the complexity of its internal structure, lead

to search for materials with a predominant viscoelastic behaviour. In or-

der to simulate this, it is a common practice to fabricate phantoms with

polymers.
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In this thesis, tissue phantoms of comparable consistency as brain par-

enchyma were prepared using 90 g Bloom pig skin gelatine powder type A

from the company Sigma-Aldrich.

Gelatine is a mixture of proteins of high average molecular masses

present in collagen. The extraction of these proteins are by means of boiling

the skin, tendons, ligaments and bones in water. Type A denotes that the

gelatine is derived from acid-cured tissue.

The Bloom number, also known as Bloom gelometer, is a reference indi-

cator of the strength of a gel formed from a solution of known concentration.

The Bloom number is proportional to the average molecular mass. Bloom

numbers of porcine skin Gelatin vary from 90 to 300 g. [Sigma-Aldrich,

2015]. Moreover, gelatine is a non-toxic, easily manageable substance. In

medical research, it is a well-known material used to construct tissue phan-

toms. Some examples can be found in [Hall et al., 1997; Ritter et al., 1998;

Madsen et al., 2005; Lazebnik et al., 2005; Martinez and Jarosz, 2006].

In addition, plastic phantoms were prepared to compare their character-

istics to the gelatine phantoms. The advantage of plastic phantoms is that

they can last longer time without losing their original properties. Addition-

ally, since no biological components are used in the fabrication, there is no

contamination of bacteria that can affect the phantom. It is known that

plastic phantoms are used to mimic other types of tissues with good results

[Stefansic et al., June 15-23, 2002; Leclerc et al., 2015]. Nevertheless, there

are no reports of plastic phantoms used to mimic brain tissues.

The selected plastic for the preparation of the phantoms is from the

company M-F Manufacturing, the base regular plastic (model 2228LP) and

the super soft plastic (model 8228SS) can be combined with the softener

(model 4228S) to change the consistency.

Next, the procedure to fabricate gelatine and plastic phantoms is pre-

sented.
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Materials and equipments:

� Magnetic stirrer YellowLine, Model MSH Basic

� Magnetic sticks for stirring

� 600ml Beaker glasses

� Plastic container with cover

� Precision scale Kern&Sohn GmbH, Model KB1600-2

� Gelatin powder Sigma-Aldrich, Model G6144-500G Gelatin from porcine

skin, Type A, 90-110 Bloom

� Regular plastic (model 2228 LP)

� Super soft plastic (model 8228SS)

� Plastic softener (model 4228S)

� Purified water

Fabrication Procedure for Gelatin Phantoms (Fig. 6.24)

� Cleaning and disinfection of the equipment and laboratory table.

� Calculation of the mass of water and gelatine powder for each gelatine

concentration.

� Measurement of the weight of the magnetic stick, plastic bottles and

beaker glasses to be used.

� Place a Beaker glass on the weight scale, put inside the glass a mag-

netic stick and tare the scale.

� Fill the glass with purified water until the necessary water mass is

reached.
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(a) Gelatine powder (b) Magnetic stirrer

(c) Containers for phantoms (d) Storage in refrigerator

Figure 6.24: Preparation of gelatine phantoms.

� Turn on magnetic stirrer at low speed, put the Beaker glass onto it

and heat it to 40○C.

� Weigh in a different container the correspondent amount gelatine pow-

der.

� Fill smoothly the gelatine powder into the Beaker glass. It is impor-

tant to avoid the gelatine powder touch the glass walls in order to

prevent undesired adhesion.

� Stir the water-gelatine mixture until the gelatine is completely dis-

solved in water.

� Fill the plastic container while the mixture is still warm
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(a) Liquid plastics (b) Scale and stirrer

(c) Pouring

Figure 6.25: Caption.

� When the mixture reaches the room temperature (≈ 20○C), the mix-

ture has to be weighed.

� Close the container and keep it in the refrigerator at 4○C.

� Before using the phantom for experimental measurement, it is impor-

tant to let the sample warm up until it reaches room temperature.

Fabrication Procedure for Plastic Phantoms

� Cleaning and disinfection of the equipment and laboratory table.

� Calculation of the masses relationship of the desired plastic phantoms.
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� Measurement of the weight of the magnetic stick, plastic bottles and

beaker glasses to be used.

� Place a Beaker glass on the weight scale, put inside the glass a mag-

netic stick and tare the scale.

� Fill up the Beaker glass with approximately 80ml of regular plastic or

super soft liquid plastic.

� Add the desired amount of softener.

� Turn on magnetic stirrer at low speed, put the Beaker glass onto it

and heat it to 180○C.

� Once the temperature is reached the mixing should be poured into a

glass container and let it cooling down for 2 hours.

� The container can be closed and stored at room temperature.

Remarks in the use measurement of the temperature in phan-

toms

Temperature plays an important role in the mechanical properties of

tissues. In particular, gelatine phantoms are strongly influence by thermoe-

lastic effects. Therefore, it is important that all gelatine phantoms should

be measured at the same temperature and that is assured that its temper-

ature is homogeneous in all the body of the sample.

In this thesis, the reported experiments with gelatine phantoms were

measured at room temperature of 20 ○C. The procedure to assure an ho-

mogeneous temperature was the following: 1 after the phantom is taken

out from the refrigerator the sample is placed in the measurement setup

and the temperature sensor is inserted in the phantom; 2 the waiting time

varies depending the concentration and the phantom’s mass, but in average

is about 30 minutes to 45 minutes; 3 a second monitor is performed using

a touchless infrared thermometer to measure different areas of the surface
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and the container’s walls; 4 once the average temperature reaches the room

temperature, the sample is ready to be tested.

Remarks in the use of phantoms

The procedure to prepare phantoms is not complex per se. Nevertheless,

in order to prepare a series of phantoms with minimal step difference in

their concentrations, it is critical to extreme precautions. In the case of the

gelatine phantoms, the concentration gradient is defined by the relationship

of the content of gelatine to the mass of water. Since it is necessary to

heat and stir the mixture, it is possible that some content of water can be

vaporized, leading to changes in the final concentration.

At higher concentrations of gelatine, the gelatine powder requires more

time to be dissolved in water and in practice, it is required to stir at faster

speed which leads to the formation of foam in the surface. Foam should

be removed from the gelatine when is still liquid, otherwise the surface will

have different mechanical characteristics.

For the use of the phantom, the user should keep into account that the

warming and cooling down processes of the gelatine lead to loss of water.

Therefore, the final weight of the phantom should be monitored constantly

to identify drying effects that could modify the real concentration of the

phantom.

In the case of plastic phantoms, two factors are important to observe.

The first one is the heating temperature that should not exceed 180○C
otherwise the properties of the phantom changes radically. The second one

is to assure that the softener is perfectly mixed with the liquid plastic,

otherwise the properties of the phantom will not be homogeneous.
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6.4 Preparation of Ex vivo Animal Brain

Tissue Samples

The use of ex vivo samples is very valuable, since it allows to perform

studies and measurements on real biological tissues without putting in risk

the life of a patient. It is important to understand that once the sample is

outside the original body or organ, room temperature and environmental

factors affect the mechanical properties. Additionally, a right and careful

handle of the sample is necessary in order to avoid physical damage. The

content of water in biological samples is considerable high. Therefore, there

is direct temperature dependence on the water content and water diffusion.

In [Thelwall et al., 2006] the reader can find a thorough study about the

effect of the temperature in ex vivo samples.

Regarding the time span that a ex vivo sample can be used there is not a

common practice in the scientific community. Some studies recommend not

to exceed 48hrs from the time of death as mentioned in [Kaster et al., 2011],

while in others the samples were kept refrigerated for days, but the prepa-

ration of the samples was done within 24 hours post mortem as referred

in [Darvish and Crandall, 2001]. In [Kanade et al., 2004], it is presented

a study on the effects of the environment on the mechanical properties of

tissues, pointing the critical change of the properties of ex vivo samples in

a matter of few hours. Therefore, in this research, all the measurements

performed on ex vivo tissues were done within 4 hours post mortem.

Ex vivo samples

In this work, porcine brain and liver were used for testing the piezoelec-

tric tactile sensor system. The following sections of the brain were tested:

� Cortex: this is the largest section of the human brain and is also

known as Cerebrum. It is divided into four lobes (Fig. 6.26): frontal,

parietal, occipital, and temporal. The tissue of the cortex is also

called grey matter, due to the colour of the nerve cells.
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Frontal lobe Parietal lobe

Occipital lobe

CerebellumBrain stem
Temporal lobe

Figure 6.26: Sections of the Cerebrum.

� White Matter: It is composed by a lipid tissue, glial cell and axons.

It connects the nerve cells of the cortex and coordinate the signals

among all the brain regions. The white matter can be seen when a

coronal section cut is performed (Fig. 6.27).

Cortex
White Matter

Putamen

Cerebellum

Brain stem

(Basal Ganglia)

Figure 6.27: Brain Coronal Section.

� Basal Ganglia: This internal section of the brain can be localized

on a coronal cut as seen in Fig. 6.27. It is composed by four internal

subsections(i.e. caudate nucleus, the putamen, the nucleus accum-

bens and the globus pallidus). The basal ganglia is involved in the

131



6. Materials and Methods

coordination of the movements.

� Brain Stem: The brain stem is located in the inferior part of the

brain (Fig. 6.28) and is directly connected to the spinal cord. The

motor and sensory systems signals pass through the brain stem. In

addition, this section deals with the respiratory and cardiac function.

Cerebrum
Cortex

Cerebellum

Brain stem

Figure 6.28: Brain Sagittal Section.

� Cerebellum: It is located at the back of the brain. Also known as

the little brain, it is responsible for several functions related to the

motor system, for instance, the coordination an accuracy of move-

ments.

Preparation of the samples

The organs for the preparation of the ex vivo samples were obtained

from the Slaughterhouses in Hannover and Brussels. The request was to
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obtain the organs of the last slaughtered animals. Immediately after the

organs were removed, they were transported to the laboratory where the

mechanical setup was placed. All the ex vivo porcine tissue samples, that

were used in this thesis, were prepared with the assistance of the German

neurosurgeon, Dr. Ralf Stroop, who performed the complete selection of

the organs, and assured the quality of the preparations.

For the preparation of the samples, all the surfaces and instruments that

were in contact with the biological tissues were previously disinfected. The

handling of the brains were done using latex gloves to avoid any contami-

nation.

(a) (b)

(c) (d)

Figure 6.29: Ex vivo porcine brain. Cleaning and preparation of the organ

To prepare the samples, first the ex vivo organs are examined to see if

they have any physical damage produced by the slaughter of the animal or

during the transportation (Fig. 6.29a). This inspection is carried out by

a neurosurgeon, who defines the section of the organ that can be used to
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prepare the samples (Fig. 6.29b). Following, the organs have to be cleaned

to remove blood and any other fluids or contamination(Fig. 6.29c). The

cleaning of the brain is done using a sterile saline solution. A second in-

spection is performed and the trajectories of the cuts are planned by the

surgeon (Fig. 6.29d)

(a) (b)

(c) (d)

Figure 6.30: Ex vivo porcine brain. Sectional cuts.

In the case of brain, the adjacent organs(e.g. brain stem, cerebellum) has

to be identified (Fig. 6.30a). The surgeon removes them from the brain to

prepare also the section cuts that will be used for measurements(Fig. 6.30b).

After the organ has been cut, the samples must be cleaned again with the

saline solution (Fig. 6.30c, Fig. 6.30d).
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6.5 Mechanical Indentation Methods
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Figure 6.31: Comparison of elastic and viscoelastic behaviour of a sample
using indentation test. Each column represent the phases of the process.
When the indenter stops the penetration and remains in steady state, the
viscoelastic material relaxes and the exerted force is reduced, while the
elastic one keeps the exerted force constant.

Viscoelastic behaviour of tissue phantoms.

The analysis of the contact between a tactile sensor and a sample under

test, uses the information of the exerted force and the displacement or

deformation caused by the contact. The idea behind is to find a relationship

between the measured parameters and the mechanical characteristics of

the sensor and the sample itself. Common applications of tactile sensors
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employs hard materials as sensor tips (e.g. metals, glass, hard polymers)

to produce this contact. It is assumed that the deformation of the tip is

neglectable and in many cases, resulting in a reduction in the complexity

of the mathematical models.

The mechanical behaviour of the sample under test can be determined

experimentally by the evaluation of the deformation caused in the sample

by the application of an impression force using the tactile sensor tip. For

this purpose, the stress-strain relationships are used. This technique is

commonly known as indentation.

Fig. 6.31 presents a comparison between elastic and viscoelastic be-

haviour of a sample when is indented. In this example, an spherical indenter

is used to exert a force (i.e. load) against the surface of a sample. A plot

Force vs time is shown for the elastic and the viscoelastic samples. During

the load process (i.e. the indenter is pressing the sample) the response of

both elastic and viscoelastic are almost the same. Once the indenter stops,

the exerted force is depending on the characteristics of the sample. For

elastic materials, the force remains the same for a long period of time. In

the case of viscoelastic behaviour, the exerted force will be reduced due to

relaxation effect ([Lakes, 2009]).

In this section, the indentation tests used to obtain the mechanical char-

acteristics of tissue phantoms and ex vivo biological tissues are presented.

Three methods are addressed: normal indentation test, relaxation and creep

response. A thorough explanation of the mathematical models used for

these three indentation tests can be found in [Cheng et al., 2005].

Standard indentation test using Yu’s model (adapted from

[Cheng et al., 2005])

Indenters were first used to evaluate certain physical properties of ma-

terials like softness or hardness. In some cases, the aim was to compare two

materials. Later on, indenters were fabricated using hard metals to measure

the hardness of other materials. Hardness, is related to the ability of a cer-

tain material to resist plastic deformation. For small level of deformation,
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Figure 6.32: Standard Indentation Test. The input is the depth of the
penetration of the indenter into the sample. The output is the exerted
force generated by the contact.

the measurement of hardness can be related to the elastic modulus.

The standard indentation tests consists on the measurement of the load-

depth. The procedure to do the test is very simple. First, the indenter exerts

a force trying to penetrate the sample (i.e. loading process) and when a

certain depth is achieved, the indenter returns (i.e. unloading process) to

its original position. During the whole test, the information of the force

and the displacement is acquired. For the sake of simplification of the

mathematical equations, spherical indenters are used. The Hertz contact

between an spherical indenter and a sample is defined as:

F = 4

3

1(1−v21
E1

+ 1−v22
E2

)R 1
2d

3
2 (6.5)

where F is the applied force (i.e. load), d is the displacement (i.e.

depth of the penetration of the indenter in the sample) and R is the radius

of the spherical indenter. The parameters E1, E2 and v1,v2 are the elastic

moduli and the Poisson’s ratios of the indenter and the sample respectively.

Assuming that the indenter is much harder than the sample, and therefore,

incompressible (i.e. v = 0.5), Eq. (6.5) can be simplified to get a relationship

between the elastic modulus Er = E2 of the sample and acquired parameters,
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load and depth from the indentation:

F = 4

3
( Er

1 − v22
)R 1

2d
3
2 (6.6)

Fig. 6.32 shows the input and output signals during a standard indenta-

tion test. The input is the depth of the penetration of the indenter into the

sample. The output is the exerted force generated by the contact. As it can

be seen from the output plot, the load and unload processes have different

responses. This effect was studied by [Gerberich et al., 1998] who proposes

a method to obtain the elastic modulus based on the measurement of the

load-depth information.

Therefore, the elastic modulus can be calculated as:

Er = 3RF

4 [(2 − α)Rδe − (1 − α
2 )2δ2e] 3

2

(6.7)

α = δmax
e

δt
(6.8)

Remarks on the relationship between stiffness, hardness and

elastic modulus for indentation process

One of the aims of the indentation process is to estimate material prop-

erties. Elastic modulus is an intrinsic property of a certain material which

is commonly defined as the ratio of stress to strain, and from the material

science perspective, is related to atomic bonding.

Stiffness is related to the elastic modulus (i.e. Young’s Modulus), but

the reader should take into account that these both concepts are not the

same. Stiffness is a measure of the resistance of a certain material to elastic

deformation under the presence of a load.

Another property is also related to the elastic modulus: the strength.

This property indicates the maximum stress that a material can resist before
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exhibiting a permanent deformation.Therefore, a material can have be very

strong and elastic or strong and rigid.

Hardness is an engineering property that indicate the resistance to sur-

face’s deformation. This property is often used during indentation processes

to estimate the elastic modulus. For micro and nanoindentation, hardness

is calculated from the load-displacement curve (Fig. 6.32) as the indenta-

tion load divided by the projected contact area of indentation. The elastic

modulus is inferred from the unload curved as describe by [Li and Bhushan,

2002].

A more thoroughly description of methods to estimate the elastic mod-

ulus using hardness measurements can be found in [Oyen, 2006b,a].

Relaxation response test using spherical indenter (adapted from

[Cheng et al., 2005])

Viscoelastic solids exhibit relaxation effect. Relaxation is the decrease

(with the time) in the measured stress of a sample after the application

of an instantaneous strain. In the case of an indentation test, the strain

is generated by the penetration of the indenter’s tip. The stress can be

easily obtained with the geometrical information of the indenter and the

measurement of the exerted force during contact.

Fig. 6.33 presents the input and output signals during a relaxation test.

The input is the depth of the penetration of the indenter and the output the

measurement of the exerted force. As described in [Cheng et al., 2005], the

load (i.e. exerted force) during relaxation is a function of the viscoelastic

parameters as:

F (t) = (16
9

√
δ30R)E1 (( E1

E1 +E2

) e−( (E1+E2)t

3η
) + E2

E1 +E2

) (6.9)

In Eq. (6.9) some assumptions are taken into account. A standard vis-

coelastic solid model(Fig. 6.15) is used and the Poisson’s ratios of both the

sample and the indenter are 0.5. The values of the elastic moduli E1 and
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Figure 6.33: Relaxation Test.

E2 are obtained using the initial and final time, with the assumption that

the test is performed for long period of time (i.e. tf = ∞) :

P (0) = 16

9

√
Rδ30 ⋅E1 (6.10)

P (∞) = 16

9

√
Rδ30 ⋅E1 ⋅ E2

E1 +E2

(6.11)

The value of the viscosity η can be computed using the values of E1 and

E2 into Eq. (6.9).

Creep response test using spherical indenter (adapted from

[Cheng et al., 2005])

If a solid viscoelastic material is subjected to a constant load, creep

deformation occurs. This deformation happens slow and under certain con-

ditions can produce plastic deformations. The creep deformation is used

also to obtain experimentally the viscoleastic parameters of a sample.

Fig. 6.34 shows the input and output signals during a creep response

test. The input is a constant load and the output is the measurement of

the deformation or the depth of the penetration of the indenter which will
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Figure 6.34: Creep Response Test.

be increasing with the time. Following the procedure proposed by [Cheng

et al., 2005], the relationship between the viscoelastic parameters and the

creep deformation is described as:

δ (t) = 3

4
3

$%%& 3F 2
0

4RE2
1

(−(E1

E2

) eE2t
3η + E1 +E2

E2

) 2
3

(6.12)

Similar to the relaxation test, the values of the elastic moduli E1 and

E2 are calculated using the initial and final time, considering that test is

performed for long period of time (i.e. tf = ∞):

δ (0) = 3

4
3

$%%& 3F 2
0

4 ⋅RE2
1

(6.13)

δ (∞) = 3

4
3

$%%& 3F 2
0

4 ⋅RE2
1

(E1 +E2

E2

) 2
3

(6.14)
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6.6 Validation of Plastic Phantoms

Table 6.2 presents the list of the phantoms prepared using liquid plastic

from M-F manufacturing. The preparation consisted on the combination

of a regular base liquid plastic and the softener solution. Four phantoms

were prepared in total to test the feasibility of this material to achieve a

linear relation between the concentration and the real viscoelastic parame-

ters. The phantom p1 is the softest and p4 is the hardest.

First, the elasticity modulus Er of the plastic phantoms was obtained us-

ing standard indentation using a maximum indentation load of 2 cN . Each

phantom was measured in 15 different points. The linear velocity used for

the loading and unloading process was 500nm
s . The results are presented

in Fig. 6.36. As it can be seen, the relationship in the concentration is not

linear. it is observed a saturation effect for hard phantoms.

The measurement of the viscoelastic parameters, E1, E2 and η, of the

four plastic phantoms were carried out using a relaxation test, with a total

measurement time of 600 seconds. Each phantom was measured in 15 dif-

ferent points. The depth of penetration of the indenter into the phantom

for these measurements is of 1 mm.

The results are presented in Fig. 6.36, Fig. 6.37, and Fig. 6.38. The

elastic moduli E1, E2 have the same behaviour as the elastic modulus Er

measured using standard indentation test, where a saturation effect is ob-

served for hard phantoms. The measurement of the viscosity η shows also

a saturation effect when the hardness of the phantom is increasing.

Table 6.2: Plastic Phantoms

Number Type
Plastic Softener

Concentration Concentration
p1 BP*+PS** 50% 50%
p2 BP+PS 67% 33%
p3 BP+PS 75% 25%
p4 BP+PS 80% 20%
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Figure 6.35: Elasticity modulus of plastic phantoms using standard inden-
tation test.

The use of plastic phantoms has some advantages. They can be pre-

served for a long period of time and present a high resistance to plastic

deformation. Additionally, their preparation is relatively simple. Although

these advantages, it is not possible to prepare a series of phantoms with

a linear relationship between the concentration of softener in the plastic

phantom and the viscoelastic parameters. Therefore, they can be used in-

dividually for calibration purposes.

Table 6.3: Viscoelastic parameters of the plastic phantoms. Measurements
reported using a confidence level of 95% for the calculation of the uncer-
tainty according to [des Poids et Mesures et al., 1995].

Parameter
Elastic modulus [kPa] Viscosity [Mpa s]

E1 E2 η
p1 4.1 ±0.15 107.0 ±47.20 43.5 ±9.14
p2 11.8 ±9.14 292.0 ±38.80 105.0 ±56.00
p3 17.8 ±7.16 378.0 ±63.20 168.0 ±62.00
p4 19.4 ±13.70 549.0 ±140.00 201.0 ±67.00
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Figure 6.36: Measurement of the viscoleastic properties of plastic phantoms
using relaxation test response: E1
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Figure 6.37: Measurement of the viscoleastic properties of plastic phantoms
using relaxation test response: E2
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Figure 6.38: Measurement of the viscoleastic properties of plastic phantoms
using relaxation test response: η
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6.7 Validation of Gelatine Phantoms

A series of 9 gelatine phantoms were prepared using pig skin gelatine pow-

der from Sigma-Aldrich type 90 Bloom. Table 6.4 shows the concentration

of gelatine powder into water for each prepared phantom.

The series of gelatine phantoms were carried out at constant room tem-

perature of 20○. The importance of keeping the temperature constant for all

measurements is due to possible thermoelastic effects in the gelatine. Each

phantom was measured in 15 different points. The surface of the gelatine

phantoms was kept dry during all the measurements.

Similar to the measurement of the plastic phantoms, the elastic mod-

ulus Er was measured using standard indentation test using a maximum

indentation load of 2 cN and a linear velocity for the loading and unloading

process of 500nm
s .

Relaxation tests response were done for all the gelatine phantoms to

obtain their viscoelastic parameters. The time for the relaxation test is 600

seconds with an initial penetration depth of the indenter of 1 mm.

The results of the standard indentation test are presented in Fig. 6.39.

The measurement of Er shows almost a linear behaviour. It can be seen

Table 6.4: Gelatine phantoms

Number Type Concentration
g1 90 Bloom 6%
g2 90 Bloom 7%
g3 90 Bloom 8%
g4 90 Bloom 9%
g5 90 Bloom 10%
g6 90 Bloom 11%
g7 90 Bloom 12%
g8 90 Bloom 13%
g9 90 Bloom 14%
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Figure 6.39: Elasticity modulus of gelatine phantoms using standard inden-
tation test.

that there is a direct relationship between the increase of the concentration

of gelatine and the elastic modulus.

The viscoelastic parameters of the measured gelatine phantoms are pre-

sented in Table 6.5. To see the relationship between the concentration of

gelatine powder in water the values were plotted and displayed in Fig. 6.40,

Fig. 6.41 and Fig. 6.42. It is observed a quasi linear relationship between the

elasticity moduli E1, E2, the viscosity η and the concentration of gelatine

into water of the phantoms. It is expected that for higher concentrations,

saturation effects can occur leading to nonlinearities in the material.

The use of gelatine phantoms to substitute (i.e. mimic) real biologi-

cal tissues with slightly variation in their mechanical characteristics can be

achieved by the use of a phantom series with a low gradient of concentra-

tions. This advantage of the gelatine phantoms made possible to do all the

experiments reported in Chapter 7.

147



6. Materials and Methods

g1 g2 g3 g4 g5 g6 g7 g8 g9
2

4

6

8

10

12

14

16

18

20

Gelatine Phantom

E
1
[k
P
a
]

Figure 6.40: Measurement of the viscoleastic properties of gelatine phan-
toms using relaxation test response: E1
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Figure 6.41: Measurement of the viscoleastic properties of gelatine phan-
toms using relaxation test response: E2
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Figure 6.42: Measurement of the viscoleastic properties of plastic phantoms
using relaxation test response: η

Table 6.5: Viscoelastic parameters of a series of nine different concentrations
of gelatine phantoms. Measurements reported using a confidence level of
95% for the calculation of the uncertainty according to [des Poids et Mesures
et al., 1995]

Parameter
Elastic modulus [kPa] Viscosity [Mpa s]

E1 E2 η
g1 3.3 ±0.05 32.1 ±8.30 2.6 ±0.01
g2 4.4 ±0.03 39.1 ±2.88 2.9 ±0.28
g3 5.7 ±0.08 45.1 ±8.42 3.3 ±0.45
g4 6.9 ±0.11 52.0 ±1.47 3.7 ±0.85
g5 8.6 ±0.16 57.7 ±1.13 4.1 ±0.13
g6 11.4 ±0.29 71.8 ±5.58 5.2 ±0.22
g7 14.2 ±1.06 81.5 ±8.72 5.8 ±1.09
g8 16.4 ±0.62 86.7 ±3.60 6.7 ±0.66
g9 18.3 ±0.76 94.2 ±7.54 7.2 ±0.59
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Temperature dependence

Previously was stated that measurements on gelatine phantoms should

be carried out at constant temperature to avoid thermoelastic effects. An

experimental verification was done to understand the influence of the tem-

perature on the mechanical properties.

Two gelatine phantoms were tested. The experiment consists in per-

forming standard evaluation test at different temperatures, in order to com-

pare the values of the elasticity modulus Er.

The procedure to assure that the temperature was homogeneous in all

the samples is similar to the one presented in Section 6.3. The phantom was

placed in the measurement setup and the temperature sensor was inserted

in the sample. A second temperature monitor is performed using an infrared

thermometer to measure the temperature in different points of the sample’s

surface and the container’s walls.

Fig. 6.43 and Fig. 6.44 exhibit clearly the temperature dependence of

the value of the elasticity. These results confirm the importance of keeping

the gelatine phantoms a constant temperature to obtain reliable results that

can be reproduced.

150



6.7. Validation of Gelatine Phantoms

10 11 12 13 14 15 16 17 18 19 20 21 22
10

12

14

16

18

20

22

24

26

28

30

Temperature [◦C]

E
r
[k
P
a
]

Gelatine Phantom 6%

Figure 6.43: Evaluation of the effect of the temperature in the measurement
of the elasticity modulus in gelatine phantoms.
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Figure 6.44: Evaluation of the effect of the temperature in the measurement
of the elasticity modulus in gelatine phantoms.
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6.8 Validation of Ex vivo Animal Samples

Ex vivo porcine samples were prepared to evaluate their mechanical proper-

ties. It was assumed that the tissues will behave linear for small indentation

loads and a solid standard viscoelastic model was proposed to obtain the

main viscoelastic parameters.

The samples were taken from porcine brain and liver. The organs be-

longed to healthy animals. The measurements were performed within the

first two hours post mortem. The maximum load for all the experiments

was set to 1 cN .

In Table 6.6 (Fig. 6.45) the measurement of the elastic modulus using

standard indentation test is presented. Only brain sections were used in

this measurement, since liver has a clear difference in the hardness in com-

parison to the brain. Results show that the elasticity of the brain sections is

quite similar among each other and therefore, differentiation on brain sec-

tions using only the elastic information could be difficult. The calculated

elastic modulus is in the range of 2 to 10 kPa. This range corresponds to

the typical values found by other research groups, for both, in vivo and ex

vivo measurements ([Galford and McElhaney, 1970; Green et al., 2008]).

Relaxation response tests were performed in liver and two brain sections:

cortex and white matter. Table 6.7 (Fig. 6.46) presents the results of the

measurement of the viscoelastic parameters. The measurement time for

each measured point is 180 seconds and the maximum penetration depth

of the indenter in the ex vivo tissue sample is 0.5 mm.

Brain cortex and white matter have similar viscoelastic properties, but

it is possible, to some extend, to cluster each section in order to be able to

establish a criteria for tissue classification and tissue differentiation based

on these mechanical properties. The measurement of the liver shows an

evident separation of this cluster with respect to the brain.
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Figure 6.45: Comparison of the elasticity modulus Er for ex vivo porcine
samples.

Brain Section Er [kPa]
Cortex 5.36 ±0.67
White Matter 4.80 ±0.38
Basal Ganglia 8.21 ±1.62
Brain Stem 3.31 ±0.20
Cerebellum 2.76 ±0.35

Table 6.6: Comparison of the elasticity modulus Er for ex vivo porcine
samples.
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Figure 6.46: Viscoelastic parameters of ex vivo porcine brain and liver.

Brain Section E1 [kPa] E2 [kPa] η [MPa ⋅ s]
Cortex 2.26 ± 0.40 2.02 ± 0.29 0.070 ± 0.008
White Matter 2.02 ± 0.38 1.92 ± 0.43 0.056 ± 0.011
Liver Capsule 3.47 ± 0.30 3.34 ± 0.31 0.098 ± 0.004

Table 6.7: Viscoelastic parameters of ex vivo porcine brain and liver.
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Figure 6.47: Effect of the post-mortem time in the viscoelastic parameters
of ex vivo porcine brain cortex.

Time dependence

An important issue in the measurement of ex vivo samples is to under-

stand the influence of the environment in the sample. Post mortem time

is critical to obtain reliable measurements that can be comparable to the

real living conditions. Literature is not clear about the time window post

mortem but it is commented possible negative effects that can deteriorate

the conditions of the biological tissues.

An experiment was carried out to verify the influence of the post mortem

time on the measurement of the viscoelastic parameters. Brain cortex, white

matter and liver is measured using relaxation test and two hours later the

measurement is repeated.

In the case of the brain sections (Fig. 6.47 and Fig. 6.48) the time interval

has a relevant influence in the mechanical properties. For liver (Fig. 6.49),

it is seen that measurements carried out two hours later have similar results
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to the values measured at the initial time.

Remarks on the measurement of ex vivo tissue samples

Measurement of ex vivo tissue samples is a very difficult task. The

number of variables that can introduce errors in the measurement is con-

siderable. Therefore, it is important to keep into consideration the following

recommendations:

� Perform a thorough planning of the number of measurement points,

type of test and time required per measurement point in order to avoid

undesirable errors due to post mortem degradation of the tissue.

� Organs from different subjects presents slightly changes in their char-

acteristics, therefore, for calibration effects, it is important to perform

all the measurements on tissue samples that come from the same sub-

ject.

� The tissue sample preparation should be carried out or supervised by

a surgeon.

� After indentation test, the indentation point should be optically in-

spected to identify possible plastic deformation or tissue damage to

validate the measurement point.
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Figure 6.48: Effect of the post-mortem time in the viscoelastic parameters
of ex vivo porcine white matter.
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Figure 6.49: Effect of the post-mortem time in the viscoelastic parameters
of ex vivo porcine liver.
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6.9 Analysis in Frequency Domain

The piezoelectric bimorph used in the tactile sensor system was character-

ized using the measurement of the FRF to identify possible influences of

nonlinear behaviour within the operation range. The measurement of the

nonparametric FRF was performed in a frequency range between 10 Hz and

10 kHz. The input signal corresponds to the excitation signal Uact(t) used

to actuate the piezoelectric bimorph (i.e. generate vibrations) using one of

the active layers and the output signal Usens(t) is the voltage generated by

the other active piezoelectric layer. The FRF is calculated as:

H(ω) = Usen(ω)
Uact(ω) (6.15)

where H(ω), Usen(ω) and Uact(ω) are the Fourier transform of the mea-

sured discrete signals.

6.9.1 Remarks on the Excitation Design

The selected excitation signal is a random phase multisine. As mentioned in

Section 4.2, multisine is a broadband periodic excitation signal with excel-

lent properties to measure and identify linear and non-linear systems. Since

piezoelectric actuators and biological tissues exhibit nonlinear behaviour, it

is necessary to understand the influence of the level of the nonlinearities.

For this purpose, an odd random phase multisine with random harmonic

grid Ngrid=4 is selected. A detailed explanation of how this signal is de-

signed is addressed in Section 4.2.2.

In this thesis, all excitation signals have a flat amplitude spectrum,

where the total power is equally distributed among all the frequency com-

ponents. The selected frequency range was decided on experimental obser-

vations carried out in previous investigations to identify the most relevant

vibration modes. The motivation to investigate more than one vibration

mode using multisine is the capability of this excitation signal to be able to

perform a nonparametric identification using a fast measurement where the
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behaviour of all vibration modes could be described without the influence

of viscoelastic relaxation or plastic deformation due to a long indentation.

In addition, the ability of multisines to identify, quantify and qualify non-

linear distortions can bring a better understanding. The aim here, it is to

understand if the nonlinear distortions present under the measurement con-

ditions can affect the system identification task using linear models and/or

if the nonlinearities can be related to changes in the mechanical properties

of tissues.

Although all the measurements conducted in this thesis used this broad-

band frequency range, it is important to remark that for a final implementa-

tion, the multisine excitation signal can be tailored to use only the frequency

components in the region of interest (e.g one vibration mode). In this case,

the number of total frequency components is reduced and the total power

input to the vibration mode is higher, having a direct impact on the SNR.

Although a higher overall amplitude can improve the SNR, a better solution

to this would be to use a multisine with optimised crest factor ([Pintelon

and Schoukens, 2012]).

6.9.2 Influence of nonlinear distortions

A series of measurements of the input and output signals were performed

at different input amplitudes in a range from 0.5 to 4.0 volts and step of

0.5 volts. As excitation signal was selected an odd random phase multisine

with random harmonic grid Ngrid = 4. As previously presented in Fig. 4.4,

this multisine is divided in a block of four frequency odd lines where one is

selected randomly as a detection line with amplitude equal to zero. There-

fore, the output signal is composed by the measurement odd lines plus the

contribution of the nonlinearities observed in the even and odd detection

lines.

Fig. 6.50 shows the results of the measurements. It can be seen in the

output plots that for low level of amplitudes, the even and odd nonlineari-

ties have almost no influence, and their amplitude is -50dB lower than the

amplitude of the measurement lines. As the input’s amplitude increases,
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the level of the odd nonlinear distortion increases in both input and output

measurements. For the higher amplitudes, the level of the odd nonlinear

distortions in the output signal is evident, in particular around the neigh-

bour frequencies that define the vibration modes. Nevertheless, the level

of these nonlinear contributions are -30dB lower than the amplitude in

the measurement lines. Therefore, it is reasonable to assume that for this

operation range, the bimorph can be considered to have a quasi-linear be-

haviour. In the plots, the four vibration modes can be seen. Where, the

first vibration mode posses the maximum amplitude and the lowest level

of nonlinear contributions. Therefore, this is the vibration mode that is

selected to perform the tactile evaluation in the measurement system. The

input signal also presents an increase in the level of the nonlinearities. It is

seen that only the level of the odd detection lines increases with the input’s

amplitude. This occurs possible to the nonlinear behaviour of the DAC’s

and the amplifier used to condition the input signal.

These measurements were processed to calculate the FRF using the

fast algorithm of the Local Polynomial Method (LPM). The aim of using

LPM is to reduce the time to process the measurements. Fig. 6.51 presents

the broadband FRF and the zoom into the resonance peaks. From the

broadband measurement, it can be seen that the amplitude of the excitation

voltage has no influence. From the zooms, the first resonance peak is the

one that presents almost a linear behaviour. The zooms of the second and

the third resonance peaks show a moderate nonlinear behaviour (i.e. the

amplitude and frequency value of the resonance peak depend on the input

amplitude).

The use of the piezoelectric bimorph for tactile evaluation presents the

advantage of a quasi-linear behaviour for the proposed operation range.

Therefore, a tissue discrimination or tissue differentiation system can consist

on the evaluation of the changes in the FRF of the bimorph sensor, since

the detected changes will correspond only to variations in the mechanical

properties of the load predominately, and not due to nonlinear behaviour

of the bimorph sensor.

160



6.9. Analysis in Frequency Domain

2000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(a) Uact = 0.5

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(b) Uact = 1.0

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(c) Uact = 1.5

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(d) Uact = 2.0

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(e) Uact = 2.5

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(f) Uact = 3.0

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

In
p
u
t
[d
B
]

Odd Excited Lines
Odd Detection Lines
Even Detection Lines

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(g) Uact = 3.5

2 000 4 000 6 000 8 000
−150

−100

−50

0

Frequency [Hz]

O
u
tp
u
t
[d
B
]

(h) Uact = 4.0

Figure 6.50: FFT of the input (top) and output (bottom) signals of the
piezoelectric bimorph at 8 different levels of amplitude.
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Figure 6.51: Comparison of the measurement of the FRF of the piezoelectric
bimorph at 8 different levels of amplitude.
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6.9.3 Frequency resolution

Multisine excitation allows the measurement of the FRF of the bimorph sen-

sor (see Fig. 6.51) with a minimum measurement time. The measurements

presented previously showed that is possible to differentiate the response

from different input amplitudes. However, from the presented figures, it

cannot be seen clearly if a good frequency resolution is achieved, in order

to obtain the maximum information in the vicinity of a resonance frequency.

The period of the signal Tmin is related to the frequency resolution fmin as:

Tmin = 1

fmin

(6.16)

Therefore, if more resolution is needed, the measurement time is in-

creased. In this thesis, the frequency resolution was selected to be 2.5 Hz.

Consequently, the measurement time per period is 400 ms. The selection

of this frequency resolution was done based on the evaluation of the second

mode of vibration, which for the measurement of phantoms and ex vivo

tissues is within the frequency band from 200 to 300 Hz.

Fig. 6.52 shows a close-up of the measurement presented in Fig. 6.51.

It can be seen that the selection of the frequency resolution is appropriate

to obtain enough information around the resonance peak. Moreover, the

contact with the tissue will increase the damping, resulting in a widening

of the resonance peak (see Fig. 7.2). Hence, a frequency resolution of 2.5

Hz is a safe choice. The total evaluation time to measure one point on a

sample is composed by two periods of 400 ms, plus the processing time to

calculate the FRF and the parametric model. The total measurement time

is, in average, less than one second.

163



6. Materials and Methods

195 200 205 210 215 220 225 230 235 240 245 250 255
−15

−12

−9

−6

−3

0

3

6

Frequency [Hz]

A
m
p
li
tu
d
e
[d
B
]

Vrms= 0.500
Vrms= 1.000
Vrms= 1.500
Vrms= 2.000
Vrms= 2.500
Vrms= 3.000
Vrms= 3.500

Figure 6.52: Zoom: comparison of the measurement of the FRF of the
piezoelectric bimorph at 8 different levels of amplitude.
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Parametric Identification

6.10 Measurement Procedure for Tissue

Differentiation using Linear

Parametric Identification

The aim of this research work is to propose a tactile measurement system

using a piezoelectric bimorph as main sensing element. The piezoelectric

bimorph is driven using a self-sensing configuration. One active layer is

used to generate mechanical vibrations using a multisine excitation. The

second active layer is used as a sensing element. The information of the

relationship between the actuator and the sensor layers are used to detect

changes in the mechanical conditions when the tactile sensor is in touch

with a tissue phantom or a soft biological tissue.

The mechanical characterization of ex vivo samples discussed in Sec-

tion 6.8, showed that the evaluation of elasticity as a stand-alone criteria

for tissue differentiation is not suitable for materials with slightly differences

in their consistency. In the case of brain tissue, the several structures that

compose the brain behave viscoelastic. Relaxation response tests carried

out in brain samples revealed that is feasible to cluster the brain sections

according to their viscoelastic parameters and used them a differentiation

criteria. Nevertheless, methods as relaxation response requires a long period

of time to test.

Therefore, the use of the piezoelectric bimorph using a multisine exci-

tation to obtain the non parametric FRF can provide an estimation of the

changes in the viscoelastic parameters in a short measurement time (i.e.

less than one second per point).

The measurement procedure used in the experiments described in Sec-

tion 6.11 is described in this section. The results of these measurements

can be found in Chapter 7 for gelatine phantoms and in Chapter 8 for ex

vivo tissue samples.

The measurement consists in performing an indentation using the auto-

mated measurement setup. The piezoelectric bimorph is used as mechanical

indenter. In order to avoid surface damage, a spherical tip is placed for sam-

165



6. Materials and Methods

ple contact. The indenter should stop when the desired force is reached.

This force is in the range of 1 to 10 cN . For ex vivo samples the aim is to

perform the measurements at minimal contact force in order to avoid tissue

damage.

After the indentation reaches the desired load, the measurement setup

generates an odd random phase multisine with random harmonic gridNgrid =
4. This means that one of four frequency odd lines is selected randomly

as a detection line. The amplitude of the excitation signal is set to the

maximum level of 4 volts in order to achieve the generation of mechanical

vibrations at the highest amplitude. For the sake of research purposes, each

measurement has a duration of 8 periods. Where the period of the multisine

is defined by the lowest frequency line. The frequency resolution is 2.5 Hz

(Section 6.9.3). Although these measurements are performed using 8 peri-

ods, in practice it is only necessary to use two. The fast algorithm of the

LPM is used to process the information. The measurement setup acquires

the following information: the input and output signals of the piezoelectric

bimorph, the temperature of the sample, the exerted force during indenta-

tion and the depth of the penetration into the surface’s sample.

After the measurement is finished, the piezoelectric bimorph moves back

to release the contact with the sample and the acquired information is

processed. The nonparametric FRF is calculated using LPM. The vicinity of

the first vibration mode is used to calculate the linear parametric estimation

using the algorithm ELiS (Section 4.4).

The selected model structure is a linear second order model transfer

function. The position of the poles is utilised to cluster the different mea-

sured points evaluated in a sample in order to have a differentiation criteria

using a graphical representation.

This graphical visualisation allows the user to understand if a selected

sample presents changes in their mechanical properties in one or more mea-

sured regions. Therefore, for differentiation purposes, a reference section

has to be defined and the shifts in the poles’ position of the new evaluated

areas are related to changes in the viscoelastic properties.
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6.11 Experiment Design

A series of experimental measurements were carried out to test the ability

of the tactile sensor system to differentiate tissue phantoms and biological

tissues. In this section an overview of these experiments is presented.

Gelatine phantoms

Three separate preparations of a series of gelatine phantoms at four dif-

ferent concentrations were prepared. Each preparation was used to carry

out one type of measurement on the same day of its fabrication to avoid

measurement errors caused by lost of water in the phantom due to conden-

sation at the moment of being refrigerated. The fabricated concentrations

for each preparation were the following:

� P1 = 10%

� P2 = 12%

� P3 = 14%

� P4 = 16%

The first preparation was measured using the measurement procedure

for tissue differentiation described in Section 6.10. Each phantom was mea-

sured on six different points at three different values of indentation load: 1

cN , 5 cN and 10 cN . The amplitude of the input signal is 4 volts, and the

time length is 8 periods for all the measurements. The frequency band of

the excitation signal was from 10 Hz to 10 kHz using a frequency resolution

of 2.5 Hz (Section 6.9.3). The parametric linear identification is calculated

for the first vibration mode and the position of the poles is plotted. The

second preparation was used to repeat the first experiment to validate the

results.

The third preparation was used to verify the influence of the amplitude

of the excitation signal in the measurement procedure. If the contact of the
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gelatine phantom and the bimorph’s spherical tip behaves nonlinear, mea-

surements performed at different levels of amplitude lead to inconsistent

results. Each phantom was measured on six different points at five different

input amplitudes during 8 periods. The measurement was performed for

three values of indentation load: 1 cN , 5 cN , and 10 cN . The frequency

band is the same as the previous experiment. The parametric linear iden-

tification is calculated for the first vibration mode and the position of the

poles is plotted.

Ex vivo porcine brain tissue samples

Ex vivo samples from porcine brain were prepared and measured using

the measurement procedure described Section 6.10. Two brains from differ-

ent porcine were measured. The brain sections selected for the preparation

of the samples are:

� Cortex (Cerebrum)

� Globus Pallidus (region of the Basal Ganglia)

� Putamen (region of the Basal Ganglia)

� Thalamus (region of the Basal Ganglia)

� White Matter

The preparation of the samples were conducted by a neurosurgeon, who

defined also the possible number of points that were measured. In addition,

after each measurement point, the indentation left by the tip of the bi-

morph was verified by the surgeon to identify possible errors due to plastic

deformation of damage in the tissue.

Each measurement point were tested using an indentation load of 1

cN . The amplitude of the input signal is 4 volts and the time length is

8 periods for all the measurements. The frequency band of the excitation

signal was from 10 Hz to 10 kHz using a frequency resolution of 2.5 Hz. The
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parametric linear identification is calculated for the first vibration mode and

the position of the poles is plotted.

6.12 Conclusion

This chapter presents the core of the work done in this research. The bi-

morph and the measurement was presented. An analysis of the presence

of nonlinear distortions in the piezoelectric bimorph was conducted. It was

shown that the bimorph can be modelled using a linear model in the neigh-

bour frequencies of the first vibration mode. A procedure for the prepara-

tion of gelatine phantoms and ex vivo tissue phantoms was introduced and

a series of recommendations were given. Temperature plays an important

role in the mechanical properties of phantoms, and therefore, it is impor-

tant to perform all measurements following the proposed procedure. The

viscoelastic properties of phantoms and ex vivo tissue samples were mea-

sured using the setup. The experiments and the measurement procedure to

test the ability of the tactile sensor system was introduced. In Chapter 7

and Chapter 8 the results of the measurements for gelatine phantoms and

ex vivo tissue samples are given, respectively.
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Chapter 7

Measurements Results: Gelatine

Phantoms

This chapter presents the results obtained during the experimental mea-

surements carried out with gelatine phantoms to test the capability of the

proposed piezoelectric tactile automated system and its measurement pro-

cedure based on the use of multisine excitations. In this chapter is reported

the experiments conducted on a series of gelatine phantoms prepared at

four different concentrations: 10%, 12%, 14% and 16%. The samples were

tested using the measurement procedure presented in Section 6.10.

7.1 Preparatory Measurements

A. Frequency resolution and selection of the frequency band

To illustrate the advantages of the use of a multisine excitation, Fig. 7.1

shows a comparison of the FRF measurement of the transfer function Usen

Uact

for a series of four gelatine phantoms. The measurement is done using

frequency band from 10 Hz to 10 kHz where four resonance peaks can be

seen. From this measurement, apparently, it is not possible to see a clear

difference in the behaviour of the four gelatine phantoms; however, the

first resonance peak, corresponding to the second mode of vibration of the
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Figure 7.1: FRF measurement of the transfer function Usen

Uact
for four gelatine

phantoms. Δf = 2.5 Hz

bimorph, shows a small evidence that they are not exactly the same.

(Fig. 7.2) demonstrates that the four concentrations can be differenti-

ated since there is a clear shift in the value of the resonance frequency and

a decrease in the maximum amplitude. In addition, this figure also shows

that the selection of the frequency resolution Δf = 2.5 Hz is a right decision.

The results of this measurement are in correspondence to the validation

of the gelatine phantoms presented in Section 6.7. The changes in the reso-
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Figure 7.2: Close-up in the vicinity of the first resonance peak. FRF mea-
surement of the transfer function Usen

Uact
for four gelatine phantoms. Δf = 2.5

Hz
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7.1. Preparatory Measurements

nance frequency are related to the increase in the stiffness of the phantom,

which is associated to the elastic properties. The reduction of the maxi-

mum amplitude is due to the increase of the damping, which correspond,

but not exclusively, to the change in viscosity. As mentioned previously,

the aim is to estimate a second order model using ELiS. Even though the

piezoelectric bimorph was excited using multisine excitation in frequency

range of 10 to 10 kHz, the reported results in the following sections use only

the information in the narrow frequency band around the second mode of

vibration of the bimorph to estimate the model.

B. Variance analysis

To demonstrate the quality of the measurements and to determine the

reliability of the presented piezoelectric tactile sensor, a variance analysis

was performed. A gelatine phantom was measured using an indentation

force of 1 cN on six different points distributed over the surface of the

sample. Six repetitions were performed on each point and every single

measurement was conducted using a total length of eight periods.

The mean and variance of the FRF of the bimorph in contact with

a gelatine phantom was calculated to evaluate the variability of: 1 from

one period to the other (over the total of eight periods); 2 over the six

repetitions; 3 from one measurement point (position) to the other (over the

total of six positions). In order to verify, additionally, the quality of the

sample preparation, a second phantom with the same concentration was

prepared on a different day to obtain the FRF mean and variances above

described. Finally, the difference of the FRF mean of the two samples was

calculated. For the variance analysis, the methods described in [Schoukens

et al., 2012] were used.

The results are presented in Fig. 7.3. It can be seen that the variability

from one period to the other is very small. This information reveals that un-

der the selected measurement conditions, viscoelastic relaxation effect has

a minimal influence. The variance over repetition is also on a low level, but

higher than over the periods. Here, since several indentations are performed
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on the same point, a possible plastic deformation could occur. Neverthe-

less, this is not the case for the selected contact force. It is important to

remark that for each repetition, a new realization of the excitation signal

is performed to be able to identify the presence of nonlinear distortions

[Schoukens et al., 2016]. The variance over different positions can confirm

that the phantom is homogeneous and its preparation was performed with

high quality. Finally, the difference of the FRF means of the two prepara-

tions exhibits the highest level. Nevertheless, this is -30 dB below than the

mean of the FRF. This result validates the preparation procedure of the

phantoms, which is highly controlled to perform measurements with high

repeatability. The three calculated variances (i.e. over periods, repetitions

and positions) confirm that the bimorph sensor can perform measurement

with high precision and reliability. In addition, it can be concluded that

the level of nonlinear distortions for the proposed measurement conditions

has a minimal influence and a linear approach can be used.
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Figure 7.3: Variance analysis. Black: FRF mean of the sample 1. Green:
variance of the sample 1 over 8 periods. Magenta: variance of the sample 1
over 6 repetitions on the same position. Blue: variance of the sample over
6 different positions. Red: difference of the FRF mean of sample 1 and
sample 2.
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C. Uncertainty bounds

The differentiation criterion for tissues is based on the position of the

poles of the estimated model using ELiS. The variance analysis already

provided us a good insight that the expected variability of the poles should

be very small. To verify this, the variability of the poles was calculated by

means of the evaluation of the uncertainty bounds on the estimates obtained

from the frequency domain identification toolbox. Fig. 7.4 presents the pole-

zero maps of two measurement points performed on a gelatine phantom.

On the left side it can be seen the position of the poles and zeros. The

uncertainty bounds provided by the toolbox are very small and cannot be

appreciated in the plots. The right side presents the correspondent zoom to

one of the poles. The uncertainty bounds are represented by the red ellipse,

and it can be seen that the values are very small. This results are coherent

with the variance analysis, demonstrating the quality of the measurements,

and therefore, the uncertainty bounds nor the variance is reported further.
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Figure 7.4: Pole-Zero Map of 2 measurement points. Left: complete map.
Right: zoom to one of the poles. The uncertainty bounds are shown in the
red ellipse.
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D Influence of the measurement length

The intended used of this tactile sensor is for intraoperative assistance

of the neurosurgeon to differentiate healthy from tumour tissue. An impor-

tant requirement is to provide a real-time solution. This requires that the

measurement and the processing should be done as fast as possible. In order

to identify the second order model, the fast method of the LPM is used to

estimate the nonparametric FRF. The method requires at least two periods

of the multisine. In this thesis, the reported results were obtained taking

into account a total length of eight periods for every single measurement.

For practical implementation, only two periods can be measured.

To demonstrate that the quality of the measurements are similar using

eight or two periods, a comparison is presented in Fig. 7.5. A series of four

gelatine phantoms is measured at a contact force of 1 cN. A second order

model is estimated and the position of the poles is plotted for both mea-

surement lengths. The results indicate that similar values can be obtained

using two periods or eight periods.

7.2 Remarks on the phantom

concentrations

The gelatine phantoms concentrations were chosen by a neurosurgeon with

the aim to cover the range of the most common brain sections that are

manipulated during a brain tumour resection. This selection, of course, is

based merely on the experience of the surgeon.

The concentration step was chosen to go beyond the tactile perception

capability of the surgeon. In other words, the surgeon could not differentiate

two phantoms with almost similar concentration by direct palpation, neither

by manipulation with a surgical instrument.
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Figure 7.5: Comparison of the position of the poles of a second order model
identified using ELiS for a series of four gelatine phantoms measured at 1
cN contact force, using different measurement length. Circle: estimated
poles using 8 periods. Triangle: estimated poles using 2 periods.
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7.3 First and second preparation of a series

of four concentrations
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Figure 7.6: First preparation: position of the poles of a second order model
identified using ELiS for a series of four gelatine phantoms. Each pole
represents the measurement of 1 point on the phantom using only 2 periods.
Δf = 2.5 Hz.

A series of gelatine phantoms at four different concentrations was mea-

sured. The measurement was performed at three different levels of inden-

tation force as described in Section 6.11. Table 7.1 shows a summary of the

measurement parameters for each preparation.

The measurements were performed using the whole frequency band, but

the calculation of the linear parametric model uses only the information of

the FRF of the neighbour frequencies around the second mode of vibration

of the bimorph.

The results of the measurements at three different levels of indentation

forces are presented in Fig. 7.6, for the first preparation; and Fig. 7.7 for the

second preparation. It can be seen that both preparations present similar
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Figure 7.7: Second preparation: position of the poles of a second order
model identified using ELiS for a series of four gelatine phantoms. Each
pole represents the measurement of 1 point on the phantom using 2 periods.
Δf = 2.5 Hz.

outcomes. For the six realizations, and the three indentation forces on each

concentration, the clustering of the measurements is clear. The reader can

appreciate the reliability of the measurement due to the physical change in

the position of the measurement point per realization.

Using the position of the poles of the parametric linear second order

model, the four concentrations can be recognised. The relationship between

the position of the poles and the level of gelatine concentration is consistent

with the results of the mechanical characterization presented in Section 6.7.

For each concentration, the six measurement points present similar results

and the variability observed is related to the fact that the surface of the

phantom has not necessarily identical characteristics, in particular for those

points that are located close to the walls of the container.

The indentation force plays an important role in the sensitivity. At

higher level of indentation, phantoms can be differentiated better. Nev-
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ertheless, the reader should take into account this has an impact in the

penetration depth of the indenter into the sample.

The measurement performed at 1 cN shows that for minimal contact,

the bimorph can detect slight changes in the properties of a sample with

high accuracy.

The measurement at 5 cN presents best results in terms of sensitiv-

ity. Nevertheless, in the case of some biological tissues this load is already

capable to produce plastic deformations.

The measurement at 10 cN shows that the sensitivity is increased again,

but at the cost of eminent harm to the surface of the samples. The damage

of the internal structures of the phantom due to high indentatino loads

can be appreciated here in the plot of 10 cN where the dispersion of the

meaurement point is bigger.

7.4 Third preparation of a series of four

concentrations

This experiment using the third preparation aimed to investigate the in-

fluence of the input amplitude in the measurement of gelatine phantoms.

For each concentration, the FRF of the transfer function Usen

Uact
is measured

on different points of the surface. Then, the input amplitude is varied and

the measurement procedure is repeated. The outcome of this experiment

is relevant to conclude that use of a linear model is valid even when the

sample is measured at different input amplitudes under the condition that

the bimorph is in contact with a sample. For linear systems the FRF is

independent from the input amplitude. Table 7.1 shows a summary of the

measurement parameters for each preparation.

First, the bimorph was measured under no-load conditions. Fig. 7.8.

Here, the behaviour of the FRF at four different input amplitudes is com-

pared. The piezoelectric bimorph shows a good linearity, similar to the

result obtained and presented in Section 6.9.

The third preparation was measured at three different levels of inden-

180



7.4. Third preparation of a series of four concentrations

1 550 1 600 1 650

−18

−16

−14

−12

−10

−8

−6

−4

−2

0

Frequency [Hz]

A
m
p
li
tu
d
e
[d
B
]

V= 0.5
V= 1.0
V= 1.5
V= 2.0

Figure 7.8: Measurement of the FRF of the piezoelectric bimorph at four
level of input amplitudes, under a no load condition.

tation load. Each phantom was measured in 30 points, where for every 6

points the amplitude of the excitation signal was increased. The poles of

the linear second order models was plotted. Fig. 7.9a presents the overall

results for the four gelatine concentrations measured at three levels of in-

dentation load, varying the level of the excitation signal at the five different

amplitudes. A close-up for each indentation load are presented in Fig. 7.9b,

Fig. 7.10a and Fig. 7.10b.

The contact between the bimorph and the gelatine phantoms does not

introduce a significant level of nonlinearities at these levels of indentation

load. Therefore, the use of linear models is a valid choice.

The results obtained with the gelatine phantoms shows the ability of

the piezoelectric tactile system to differentiate the phantoms with good

accuracy, even at minimal level of contact.
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Figure 7.9: Measurement of four different concentrations of gelatine phan-
toms. The measurements are performed at three levels of indentation load,
using five different amplitudes for the excitation signal.
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Figure 7.10: Zoom for 5 cN and 10 cN
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7.5 Conclusion

This chapter presented the results of the measurements carried out on gela-

tine phantoms (Fig. 7.11). The tactile sensor system is able to differentiate

gelatine phantoms with slightly changes in their mechanical properties. The

position of the poles of an identified parametric linear second order model

is used to detect changes in the consistency of the phantom. Three levels

of indentation force were tested. Even for minimal contact at 1 cN , the

bimorph sensor performs with good results. An indentation force of 1 cN

is the recommended force for measuring brain tissue in order to avoid any

physical damage. In Chapter 8 the results of the measurements performed

on ex vivo porcine brain samples are presented.

Figure 7.11: Gelatine phantoms
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7.5. Conclusion

Table 7.1: Measurement parameters for the experiments using gelatine
phantoms

Measurement
Parameters

Preparation
1 2 3

Multisine period 400 ms 400 ms 400ms

Multisine type

Special odd
random phase
multisine with
random grid

1 out 4

Special odd
random phase
multisine with
random grid

1 out 4

odd random
phase multisine

Frequency band 100 Hz-10 kHz 100 Hz-10 kHz 100 Hz-10 kHz
Frequency resolution 2.5 Hz 2.5 Hz 2.5 Hz
Number of samples 65536 65536 65536
Number of periods 8 8 8
Number of realizations 6 6 6
Number of amplitudes 1 1 5

Value of amplitudes 4 V 4 V
250, 500, 1000,
2000, 4000 mV

Number of concentrations 4 4 4
Value of concentrations 10,12,14,16% 10,12,14,16% 10,12,14,16%
Measured points per
concentration

6 6 30

Number of indentation
forces

3 3 3

Value of indentation
forces

1, 5, 10 cN 1, 5, 10 cN 1, 5, 10 cN
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Chapter 8

Measurements Results: Ex Vivo

Porcine Brain

This chapter presents the results of the experimental measurements per-

formed on ex vivo porcine brain samples (Fig. 8.4). The ability of the pro-

posed piezoelectric tactile automated system was previously verified using

gelatine phantoms.

Biological tissues have a more complex structure than gelatine phantom,

and therefore, it could be possible that measurement errors are introduced

due to nonlinear behaviour. Therefore, the importance of preparing the

samples according to the sample preparation procedure presented in Sec-

tion 6.4 and conducting the experiments following the measurement proce-

dure described in Section 6.11.

8.1 Brain’s sections comparison

Five brain sections of ex vivo porcine were measured to compare the position

of the poles of the parametric linear second order model. All the measure-

ments were conducted using an indentation load of 1 cN. This indentation

load assures the integrity of the brain tissue.

During preparative experiments, it was found that a load of 5 cN pro-

duces plastic deformation in all the brain regions and the use of an excessive
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8. Measurements Results: Ex Vivo Porcine Brain

Table 8.1: Measurement parameters for the experiments using ex vivo tissue
samples

Measurement
Parameters

Value

Multisine period 400 ms

Multisine type

Special odd
random phase
multisine with
random grid

1 out 4
Frequency band 100 Hz-10 kHz
Frequency resolution 2.5 Hz
Number of samples 65536
Number of periods 8
Number of realizations 8
Amplitude 4V
Value of indentation
forces

1 cN

load (e.g.10 cN ) produces a penetration of several millimetres and in some

cases, this extreme penetration causes a break up of the tissue sample.

Table 8.1 shows a summary of the measurement parameters for the experi-

ments carried out in this chapter.

For illustration purposes, two plots of the FRF measured in brain tissue

are introduced. Fig. 8.1 shows the FRF measurement of the transfer func-

tion Usen

Uact
for the second mode of vibration. Four brain sections are plotted

and compared. The standard deviation of the noise, as well as the standard

deviation of the multisine excitation is shown. The noise level is -40 dB

below the signal, which assures the quality of the measurements. Fig. 8.2

shows a close-up. The four brain sections can be differentiated since there

is a clear shift in the value of the resonance frequency and a decrease in the

maximum amplitude.

Next, the results of the measurements described in Section 6.11 are

shown in Fig. 8.3. It is observed that the proposed tactile measurement

system can differentiate different regions of the brain. Clustering the mea-
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Figure 8.1: Close-up of the second mode of vibration. FFT of four brain
sections. Δf = 2.5 Hz.
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Figure 8.2: FRF measurement of the transfer function Usen

Uact
for four brain

sections. Δf = 2.5 Hz.

sured brain regions could be achievable by the use of this measurement

technique to indicate areas with similar consistency or deviations due to

inhomogeneity of a brain section.

As shown in Fig. 6.27, White Matter and Brain Cortex have different

structures and mechanical properties. This can be seen clearly in the posi-
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Figure 8.3: Measurement of ex vivo porcine brain samples.

tion of the poles for each section. Although their differences, these sections

share a border area, and therefore, it is expected that regions close to the

border have similar characteristics.

Putamen, Thalamus and Globus Pallidus are different components of

the Basal Ganglia. Results show that these three samples have similar

mechanical characteristics, but with slight differences that can be differen-

tiated by the tactile measurement system. In practice, for the neurosurgeon,

the tactile evaluation to differentiate them is extremely difficult. However,

anatomically the surgeon can identify them using visual inspection.

A clustering of these measurements results can help to visualise that

the Basal Ganglia and the White Matter have similar consistency. The

dispersion of the poles in the measurement of the brain cortex is explained

as a consequence of the variability in the morphology. The Brain Cortex

surface posses several fissures (i.e. sulci) and grooves (i.e. gyri) that lead

to changes in the mechanical properties.
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(a) Cortex Brain 1 (b) Cortex Brain 2

(c) White Matter (d) Basal Ganglia point 1

(e) Basal Ganglia point 2 (f) Basal Ganglia point 3

Figure 8.4: Measurements on ex vivo porcine brain samples.
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8. Measurements Results: Ex Vivo Porcine Brain

8.2 Comparison of measurements on

different brains

A second measurement was performed on a second porcine brain. The aim

was to compare the variability in the position of the poles due to the change

of subject. This measurement is essential to test the capability of the tactile

sensor to measure brain structures on different subjects.

Fig. 8.5 and Fig. 8.6 show the results of the measurement for two dif-

ferent brains. It is seen that both brains’ measurements are consistent and

they can be clustered.

For brain cortex measurements (Fig. 8.5a), the poles’ dispersion in the

second brain is less than for the first brain. This is because the measure-

ment points on the second brain were selected where the morphology of the

surface was more homogeneous.

White matter (Fig. 8.5a) and Globus Pallidus (Fig. 8.5c) have similar

results. Both measured brains present the same pole distribution. Thala-

mus (Fig. 8.6a) also present similar results for both brains. Here also the

dispersion of the measurements follows almost the same pattern. For Puta-

men (Fig. 8.6b), it is appreciated that the distribution of the poles in the

second brain have a bigger dispersion than for brain 1; however, these re-

sults are only related to the fact that the brains belong to different subjects.

The proposed tactile sensor system shows the ability to provide a pro-

cedure to perform tissue scanning with high resolution to detect changes

in the consistency by the evaluation of its mechanical properties. Since

the measurement time is reduced significantly using multisine excitation

(less than second per point), the results are not influenced by the effect of

viscoelastic relaxation.
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Figure 8.5: Comparison of brain sections using different subjects. 193
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Figure 8.6: Comparison of brain sections using different subjects.

8.3 Conclusion

This chapter presented the results of the measurements carried out on ex

vivo porcine brain. The tactile sensor is able to differentiate brain sections

using the position of the poles. A clear defined clustering is achieved for

brain sections with evident internal structure and morphology (e.g. Cortex

and White matter). A post-measurement inspection was performed by the

neurosurgeon for validation. Final conclusions are given in Chapter 9.
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Chapter 9

Conclusions and Further Work

9.1 Conclusions

This thesis presented a tactile sensor measurement system to improve the

quality of neurosurgical procedures. The sensing element is a piezoelectric

bimorph driven in self-sensing configuration. Using multisines as excita-

tion signal, the bimorph vibrates and the properties of contact between the

sensor’s tip and a certain load is evaluated. The transfer function of the

bimorph’s signals Usen

Uact
is calculated using the measurement of the FRF ap-

plying the Fast Algorithm of the LPM. A linear parametric second order

model is identified using ELiS, an iterative weighted least square estima-

tor in the frequency domain. The distribution of the poles during tissue

scanning is used as a criterion to identify changes in the consistency of the

sample under test. This measurement procedure takes into account the

viscoelastic behaviour of the measured sample.

The capability of the tactile sensor system to identify minimal differences

in the consistency of soft materials was tested using gelatine phantoms and

ex vivo porcine brain samples.

Chapter 7 reported the results of the experimental tests on gelatine

phantoms. Measurements showed that samples under test with minimal

differences in their mechanical properties can be differentiated at minimal

contact using the tactile sensor system. The same task cannot be performed
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by the neurosurgeon, since it is beyond the tactile sensitivity of the human

hand.

Chapter 8 presents the results of the measurements of ex vivo sam-

ples. It was shown that brain sections can be clustered in regions, and

therefore, it is possible to differentiate brain sections or to identify their

similarity in tissue consistency. Although this thesis does not cover exper-

imental measurements using real tumours, the evaluation of the samples

using the cortical section of the brain (e.g. evaluating a path from Cortex

to White Matter), allows to perform a task with the same tactile evalua-

tion challenges. Next, the four research questions presented in Chapter 5

are discussed.

Question 1: How can a tactile sensor improve the quality of the re-

section of brain tumours and the delineation of tumour borders, during

surgical procedures, without increasing the complexity of the setup of the

operating theatre or without adding the use of high complex surgical tools?

The complexity of the surgical procedure to resect a brain tumour is

presented in Section 3.2. The main challenge faced by the neurosurgeons is

the loss of the exact position of the brain tumour due to brain shift effects

at the moment of cranial opening. The specialised research community is

focusing currently into two trends to solve this problem. On the one hand

there are ongoing investigations to improve the functioning of intraopera-

tive imaging devices like MRI. This solution increases the complexity of the

configuration and workflow in the operating theatre. On the other hand,

there are currently several efforts to develop tactile sensors that can be

placed on the conventional surgical tools used by neurosurgeons for tumour

resection. The development of these intelligent tools is thoroughly discussed

in Section 5.1. For some kind of tumours, for instance, breast or prostate

cancer, the tumour is considered a mass with a higher stiffness than the

healthy tissue, and in consequence, only evaluation of the elastic properties

is aimed. In addition, this assumption also considers clearly defined tumour

boundaries, neglecting possible areas with a mix of tumourous and healthy
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cells in the border. The investigations presented in Section 6.8 to evaluate

the mechanical properties of brain tissues, verified that for brain tissue,

the evaluation of the elasticity as a unique criterion it is not sufficient,

since brain tissues are highly viscoelastic and exhibits nonlinear behaviour.

Moreover, the aim is to be able to deal with tumours in an early stage,

where tumour and healthy brain tissue differ, but slightly in colour and

mechanical properties. The tactile sensor system proposed in this thesis

tackles the need of a viscoelastic evaluation of the tissue. It introduces an

enhanced solution with capabilities, that in the current approaches are not

covered.

Question 2: What are the key elements and the ideal measurement

conditions to take into account for a correct tactile evaluation of brain tis-

sue or mimicking tissue phantoms?

This question is addressed in Section 6.3 and Section 6.4 The key el-

ements to prepare gelatine phantoms are clearly defined in the referred

section. Important to remark is the need to use professional equipment to

prepare the phantoms in a temperature controlled room. The vaporisation

of water content due to changes in the room temperature or condensation

effects by refrigeration of the samples can lead to uncontrolled changes in

the real concentration of the phantom. Plastic phantoms should be used

only to test repeatability, and for calibration purposes, since it is not easy

to achieve a linear relationship between the mechanical properties and the

concentration of the components in the mixture. For ex vivo samples, time

post mortem is a critical factor to observe. Organs should belong to recently

slaughtered animal subjects, preferably, within 4 hours of the time of death.

In addition, the sample should be prepared by a neurosurgeons, who should

inspect carefully possible physical damage due to transportation or during

the slaughtering. For calibration purposes on a certain section, the surgeon

should pre-select the measurement points or predefine trajectories for tissue

screening where the section has the most similar morphology. With regard

to measurement conditions, the installation of a setup like the one devel-
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oped in this thesis, can provide a precise way to handle measurements on

soft biological tissues and phantoms. The setup should be able to provide

the user with an automated capability to measured continuously a sample

in order to avoid unwanted measurement errors. The control system of the

driving motors is a critical element. the indentation on the sample should

be carried out at the maximum velocity, in order to avoid relaxation of the

tissue, and at the same time, it should have a real-time acquisition of the

exerted force and displacement in order to avoid tissue damage. Tempera-

ture of the sample is an important variable to acquire, in order to discard

possible errors due to unnoticed temperature changes.

Question 3: How does the information acquired by a tactile sensor lead

to the establishment of a tissue differentiation criterion to detect changes in

tissue consistency, and further, lead to a parametric estimation of a model

that takes into account the viscosity in tissues?

A comprehensive approach to understand the sensing principle is ad-

dressed in Section 6.1. The self-sensing configuration using one layer to

drive and the other to sense, allows to increase the sensitivity of the tac-

tile sensor (Fig. 6.4). The proposed lumped parameter model (Fig. 6.10)

allows the user to understand that relationship between the input and out-

put signal as a function of the mechanical properties of the contact between

the bimorphs tip and a sample. Here, it is assumed that the mechanical

parameters of the piezoelectric bimorph do not change while the system

is vibrating and in touch with a sample. The stiffness and the damping

of the load will affect directly the shape of the FRF of the transfer func-

tion Usen

Uact
, leading to changes in the resonance frequency and the maximum

amplitude. The analysis of the changes in damping and stiffness can be

related to changes in the viscoelastic properties. One important condition

to obtain reliable results is that measurements should be carried out at the

same level of indentation force. Otherwise, the information of the damping,

in particular is strongly affected. This experimental model-based approach

showed good results as shown in Chapter 7 and Chapter 8.
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Question 4: How can the use of multisine excitations and frequency

domain techniques be used for tactile sensors applications to reduce the

measurement and data processing time, aiming to achieve a real-time sys-

tem?

As mentioned in Section 6.2, this research work is the result of the

accumulated experience gained through an extensive experimental investi-

gation. In total, almost 25000 measurement points1 were examined where

7000 points where used to evaluate the FRF.

First experiments showed the capability of the sensing principle pre-

sented in (Section 6.1). The measurements performed in this phase were

carried out using stepped sine sweep as excitation signal and reported in

[Stroop et al., 2008; Uribe et al., 2009]. The main disadvantage of stepped

sine sweep was the measurement time. The time per measurement point

took over one minute, which is unrealistic to be used in a real surgical envi-

ronment. In addition, the long time required to perform the measurement

of the FRF, introduced measurement errors due to relaxation effects of the

samples, resulting in a low accuracy.

The introduction of multisines as excitation signal, results in an evi-

dent improvement of the measurement procedure. The measurement time

was reduced to less than 1 second. Moroever, the implementation of fre-

quency domain techniques for system identification developed by Pintelon

and Schoukens [2013], allowed the author of this thesis to conduct inves-

tigations on the behaviour of the piezoelectric bimorph under the desired

operational conditions for tactile sensing. As presented in Section 6.9, non-

linear contributions are present when the bimorph is driven, but the level

of these are not significant, and therefore, it is possible to work with linear

models. As discussed in Section 6.10, measurement errors due to the pres-

ence of transients in the measurement of the FRF were tackled by using the

1A measurement point is defined as one single position on the surface of the phantom
or tissue sample, where a measurement (mechanical indentation or FRF) is performed.
This means, that on that particular single position, a complete measurement was carried
out.
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Fast Algorithm of the LPM, permitting to measure only two periods. In

Chapter 7, the results of the experiment conducted to test the influence of

the amplitude of the excitation signal when the bimorph is in contact with

a sample, validate the conclusion that nonlinear contributions do not af-

fect the measurement repeatability for the low level contact force and input

voltage required to perform this kind of measurements. Results presented

in Chapter 8 demonstrate the usefulness of using a linear parametric identi-

fication to estimate a second order model to use the position of the poles to

cluster ex vivo samples in order to identify changes in mechanical properties

that can help to identify tissue alterations for surgical procedures.

9.2 Contributions

In summary, the contributions of this research work are:

� Study of a piezoelectric bimorph using frequency domain system iden-

tification techniques to develop a tactile sensor application to detect

minimal changes in the mechanical properties of soft tissues and phan-

toms using a self-sensing configuration.

� Design, construction and testing of the mechanical structures to build

two measurements setups. Selection of the electrical motors and driv-

ing components, as well as the selection of the data acquisition equip-

ment and sensors required for the automation of the measurement

setup. Design and construction of mechanical accessories to enhance

the functionality of the measurement setup to perform on the same

machine, indentation tests and measurements of the FRF.

� Design and implementation of a measurement software programmed

in Labview(National Instruments). The design of a user-friendly in-

terface with a complete set of functionalities, and the capability to

perform automated measurements in several phantoms, with the pos-

sibility to select the number of points, repetitions and measurement

conditions.
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� Implementation of algorithms in Matlab to process measurement data

to obtain mechanical properties of tissues using indentation tests to

evaluate elastic and viscoelastic properties.

� Realization of an experimental investigation to improve the fabrica-

tion procedure of gelatine phantoms and the preparation of ex vivo

samples. This investigation allows to understand the mechanical be-

haviour of ex vivo samples and phantoms and determine the main

factors that can introduce undesired variability due to measurement

or environmental conditions.

� Experimental verification of the influence of the nonlinearities for the

piezoelectric bimorph using special odd random phase multisines with

random grid for the selection of detection lines.

� Proposal of a measurement procedure for tissue differentiation by

means of the measurement of the FRF using the Fast Method of the

LPM, in order to estimate a parametric linear second order model.

The evaluation of the position of the poles of the estimated model is

used to detect changes in consistency of phantoms and ex vivo sam-

ples.

� Experimental verification of the functionality of the proposed auto-

mated tactile measurement system, using a series of gelatine phantoms

at different concentrations; and with ex vivo porcine brain samples.

9.3 Further Work

This thesis concludes with the presentation of an automated measurement

setup and a series of experiments to validate the use of a piezoelectric bi-

morph for tactile sensing in tissue differentiation for surgical procedures.

However, there is room for possible improvements and further investiga-

tions. In this section some of them are presented:
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� The position of the poles is a graphical representation that can help

to visualise in a simple form variations in the identified model. These

changes are related to variations in the mechanical properties of pal-

pated samples. However, it is necessary for medical purposes to get

a proper estimation of the load parameters of stiffness and damping.

This is particularly relevant in the classification of tumours’ mechan-

ical properties.

� The measurements were performed always using an orthogonal po-

sition of the sensor with respect to the surface of the sample under

test. Although the potential application of this tactile sensor is on

assisted robotic surgery, where the robot can try to reach an orthog-

onal position, it is important to perform experiments to understand

the influence of the inclination angle in measurements of phantoms

and ex vivo samples.

� The measurement procedure assumes a soft contact between the sen-

sor’s tip and the sample under test, meaning that nonlinearities like

the ones described in Section A.4 are present. Under real surgical

conditions, fluids constantly surround the tissues under test. There-

fore, it is relevant to study the effect of the presence of fluids between

the sensor’s tip and the sample, in order to identify possible nonlinear

behaviour.

� Real measurement conditions in surgery imply that the brain of the

patient has dynamic movements. At least three factors provoke that

the brain is moving: breathing, blood circulation and swelling. These

brain movements can have an impact in the indentation force of the

sensor in the brain. Therefore, it is recommended to perform experi-

mental in vivo investigations to detect possible influences or measure-

ment errors due to dynamic movements of the brain. For instance, the

presence of skirts in the measurement of the FRF, will show the need

to look for models that take into account time varying characteristics.
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Appendix

A.1 Introduction to System Identification

System Identification aims to build models based on a series of collected

data obtained from measurements. To obtain the model of a determined

system from acquired data, system identification follows the following steps:

� Experiment design and measurement strategy

� Selection and definition of a model structure

� Model estimation

� Validation of the model

Below, a brief discussion of the system identification steps is presented.

Experiment design and measurement strategy

Realization of experimental measurements is an activity that requires a

considerable amount of resources. Here, several decisions have to be made

based on the available amount of a priori knowledge and understanding of

the operational conditions of the system under test. The whole identifica-

tion process relies on the correct collection of the necessary data. Some

important issues arise in this step. Regarding the physical limitations to
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perform measurements on the system, it is important to define the possible

input(s) and output(s) that can be measured, the amplitude and frequency

range of interest, and the instrumentation equipment required to performed

such measurements. Regarding the information that is necessary to design

the experiment, preliminary experiments can be carried out to define the

level or influence of the noise in the measurement setup and the nature of

the nonlinearities present in the whole system. In addition, preliminary

measurements can be useful to define the duration of the experiment, the

frequency band, the optimal excitation signal and other important param-

eters.

Selection and definition of a model structure

At this point, a collection of useful information is done. Experimental

data was acquired and the measurements were pre-processed (e.g. filter-

ing, noise quantification, etc.) to be gathered with the available a priori

knowledge to provide the necessary raw material to construct a good model.

The next step in the system identification process is to select a good model

structure that will represent the system fairly enough to be used within

a certain environment or conditions for a specific application. In the spe-

cialised literature, it is possible to find a wide selection of model structures

and their associated methodology to obtain a final model from experimen-

tal measurements. To narrow the selection of a model structure down, the

user needs some insights about the system, as well as defining the concrete

aim of the model and make use of previous experience at modelling. Some

relevant questions become apparent here regarding the type of model re-

quired (e.g. linear, nonlinear, distribute, lumped), the size of the model

(i.e. model order), among others ([Petrick and Wigdorowitz, 1997]). Be-

low, some models categories are presented.

White box models contain the most detailed description of a physical

system and are often used when the mathematical descriptions associated

to the system under test are available (e.g. differential or algebraic equa-

tions, logical relations, etc.). The resulting model can provide the closest
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match to the real-world behaviour of the system. A good knowledge of

physics is a requisite to construct a reliable white box model and often,

a multi-disciplinary approach is necessary for complex systems. One big

disadvantage of this strategy is that model complexity is very high since

no simplifications are done. Therefore, their implementation on computer

systems demands a large amount of resources and the calculation time is

high. In cases where the knowledge of the system is advanced or for small

and/or simple physical systems, white box modelling is a good alternative,

for instance, the modelling of electrical networks using Kirchhoff’s laws.

Black box models assumes that the system under test is completely

unknown. Therefore, it is observed as a black box with a series of inputs

and outputs. The mathematical descriptions that can be obtained by using

black box modelling are a set of input-output relations that describe a set

of transfer parameters without taking into account the underlying physics.

Black box modelling is a trial-and-error method. Data from both input and

output are acquired to build a set of rules or equations. These mathematical

formulations have to be validated and optimized in an iterative way until

the desire level of precision is achieved. Since the model complexity is lower

than in the case of white box modelling, the required computational power

is much less and the calculation time can be considerably shortened. A

great variety of applications of black box modelling can be found in control

process engineering and economics.

Grey box models is often used as an intermediate case between white

box and black box models. It is considered in grey box modelling that a

partial knowledge of the underlying physics that governs the system under

test is known and the unknown part is an approximation obtained by black

box modelling. In some cases, grey box modelling is useful when a multi

system is modelled and some sub parts are considered to work under ideal

conditions or in the case of nonlinearities, these are considered non-relevant

and a linear parametrization is used instead.
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Parametric and nonparametric modelling

In black box modelling, the available data is used to estimate some

quantities to create the model. These are known as model parameters.

Models are often used to simulate the behaviour of a system or to predict

the output value from a determined value at the input. Two strategies to

create models can be considered: parametric and nonparametric.

Parametric models are able to capture all the information of a system

within a finite set of parameters. If the model’s parameters are know, it

can predict the output of a system without the necessity of using previ-

ously collected data. For example, let us assume that a certain number of

measurements have been done in a system with an input X and an output

Y ; the observed data seems to fit in a linear relationship and the obtained

model obey to the equation Y = mX + b, where m and b are the parameters

of the model. This parametric model has the characteristic that the data

used to obtained m and b is not longer required to calculate any value of

Y , since only the new value of the input X and the model parameters are

sufficient elements for this calculation. Building models using parametric

approaches, demands from the user a good knowledge of the system.

Nonparametric models, on the other hand, offer the possibility to the

user to build models in a simpler way than using parametric approach.

There is no assumption of a known distribution and the collected data it-

self determine the model parameters by the use of algebraic relations of the

input-output information [Louarroudi, 20014]. Therefore, it is considered

that the number of parameters in this case is very large. Nonparametric

models can be calculated in a fast way and they can provide a good im-

pression of the complexity of the system. In addition, they can be used

in different steps of the identification process. For instance, to identify

the presence of nonlinear distortions in order to define the best strategy

for parametric identification, and even during the model validation stage

[Schoukens et al., 2009]. In frequency domain, typical nonparametric strate-

gies are the Frequency Response Function (FRF) and the Impulse Response

Function(IFR).
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Model estimation

Once the model structure has been selected and its number of parame-

ters is defined, the task is to solve the related mathematical problem in such

a way that the solution is a perfect match between the real system and the

identified model. To verify this, a measurement of the distance between the

data coming from the system and the one coming from the model has to

be done. This is known as the calculation of the cost function. This opti-

mization problem aims to find the set of parameters that result in the best

solution to find the minimization of the chosen cost function (also known

in literature as loss function). In [Pintelon and Schoukens, 2012] several es-

timation techniques with their associated corresponding cost functions are

presented and the selection criteria that can be applied on specific cases are

introduced.

Validation of the model

To find if the obtained model is good enough, according to the applica-

tion requirements defined at the beginning of the identification process, a

validation procedure is necessary to test if the model reproduces the sys-

tem behaviour properly. The validation procedure assesses the ability of a

selected model to represent the acquired data taking into account the opera-

tion range and boundaries. Before applying validation tools, it is important

to remark that a model is only a simplified representation of the system un-

der test and it is expected to be more abstract, since certain assumptions

were done. Moreover, the presence of inaccuracies is unavoidable and in

many cases were intentionally decided in order to avoid an unnecessary

increase of the model complexity.

A common way to validate a selected model is to perform a series of

experiments where the model is tested using as input(s), the acquired sys-

tem measurements. The main idea is to operate the model under the same

operational conditions than in the real-world. Here, two options are avail-

able: the first one is to use the same data set than the one used for the

model estimation; the second one is to separate the acquired data set and
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use a part to estimate the model and the other part to validate it. In the

frequency domain approach, the use of nonparametric representations (e.g.

Frequency Response Function FRF) can be used to validate parametric

models and detect undermodelled dynamics and nonlinearities ([Pintelon

and Schoukens, 2013]). In addition, the validation process can provide an

idea about the robustness of the model if it is tested outside the range de-

fined by the measured data, in particular, when it is possible to perform

new measurements on the real system using different input conditions. If

the model does not meet the necessary specifications, then a new iteration

has to be done until the expected results are obtained.

System Identification is an iterative data-driven modelling method. It

is compound by a series of stages mutually related. Each one has to be

conducted carefully and with a good understanding of the applied methods

in order to assure good results. In addition, it is highly recommended

that the user has a good understanding of the intended application and to

provide as much as available a priori knowledge. During the realization

of the identification process, three important issues should be taken into

account to estimate a model:

� The data collected during experiments is noisy due to errors of the

measurement instruments.

� A model is a simplify mathematical representation valid under a cer-

tain operational region and initial conditions, and therefore, it is im-

perfect.

� There are physical systems that show stochastic behaviour, next to

their deterministic one, making them highly complex to predict their

output.
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A.2 Practical considerations in the design

of multisine signals

Multisines are periodic signals with a user-defined frequency grid and ampli-

tude spectrum. This implies that the user has to make a series of decisions

based on the type of application, the requirements of the experiment design

and the available a priori knowledge of the system or Device Under Test

(DUT). There are three properties that define the behaviour of a multisine:

the frequency grid (i.e. block of excited frequency lines), the amplitude

spectrum and the phase distribution. Multisines are used in system iden-

tification as excitation signal to obtain the nonparametric FRF and/or the

parametric model (transfer function) of linear and nonlinear systems. The

selection of the multisine properties depend on the identification strategy

and the information that the user wants to collect from the system.

In general, the use of multisine excitations results in a considerable re-

duced measurement time, in comparison with conventional stepped sine

measurements. The main idea is to excite, at the same time, all the fre-

quency lines within the band of interest. Since the total effective power is

distributed in all excited frequency lines, there may often be a trade-off in

the SNR.

Phase selection plays a fundamental role in the behaviour of the time

domain signal. Fig. A.1 shows three multisines with the same amplitude

spectrum. The shape of the time domain signal depends only in the phase

distribution. For the top case ( A.1a), an impulse multisine is obtained by

selecting a linear relation of the phase. The peak is centred at the value of τ .

In the middle case ( A.1b) , a Schroeder phase multisine is illustrated. This

case presents a sweeping behaviour with a considerable reduction of the peak

value and a low crest factor ([Schroeder, 1970]). A disadvantage of using

swept sine like signals is that they are sensitive to nonlinear distortions,

resulting in non accurate FRF measurements [Schoukens et al., 2001, 2004].

The last case ( A.1c) presents a random phase multisine. The phases φn

are a realization of an independent uniformly distributed random process

on [0,2π] , satisfying E{ejφn} = 0 [Pintelon and Schoukens, 2012].
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(a) Impulse multisine, phase φn = −τ2πfn
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(b) Schroeder multisine, phase φn = −n(n − 1)π/N
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(c) Random phase multisine, phase φn = rand(0,2π)

Figure A.1: Three multisine signals with different phases. The rms value is
the same for all signals as well as the amplitude spectrum.
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The random behaviour of this multisine and the possibility to select

the amplitude spectrum are very useful in the identification of nonlinear

systems.

Another question to consider, is how to select an optimal frequency

grid. An intuitive first option is to use a full linearly spaced frequency

lines distribution, where all lines can be excited. In this case, the user

has to take into account that the power is distributed equally over the N

lines. For nonparametric measurements the quality of the signal has to be

kept constant, meaning that the SNR should be the same in all frequency

bands. A full linearly spaced frequency grid is a limited solution, since it

is assumed that the DUT, and the instruments to measure it, presents a

linear behaviour, which is not the general case in real-world applications.

The use of random phase multisines allow the collection of information of

the linear and nonlinear properties of a DUT if a different type of frequency

grid is chosen. In this case, the grid is compound by a series of frequency

lines used to excite (measurement lines) and some deliberately non-excited

lines (detection lines) used to detect nonlinear distortions. Detection lines

can provide information about the type and level (i.e. qualification and

quantification) of the nonlinearities [Vanhoenacker et al., 2004].

The principle behind this idea is the fact that linear systems generate

output only on the excitation lines while nonlinear systems generates also

the non-excited lines. To illustrate this, in Fig. A.2 is presented an example

of a static nonlinear system y = x + x2 + x3. The system is excited using a

sine wave with fundamental frequency of f0. The output spectrum of this

system is a combination of the linear and nonlinear (i.e. the quadratic and

cubic terms) parts. Therefore, it is expected to see additional harmonics

in the even and odd frequency lines multiples of f0. On the one hand,

the quadratic term generates one harmonic at 2f0, meaning that the linear

contribution of the output is not affected by even nonlinearities. On the

other, the cubic term generate harmonics at f0 and 3f0, meaning that it

is not possible to differentiate the linear from the nonlinear contributions

from a single measurement. Therefore, the use of periodic multiharmonic

signals (e.g. random phase multisines) with frequency grid using only odd
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excitation lines, can provide information about the nonlinear contributions.

Some common used frequency grids are discussed in the next section.

y = x+ x2 + x3

−f0 f0 −3f0 −f0 f0 3f0−2f0 2f0

Input Output

Figure A.2: Input-output spectrum of a nonlinear system when is excited
with a sine. The nonlinear system generates additional harmonics corre-
sponding to the quadratic (blue) and cubic (red) terms.

In certain applications, it is necessary to measure the FRF over a fre-

quency band that covers several decades. In this case, multisines with a

linearly spaced frequency grid are not an optimal excitation signal since

the power at high frequencies is wasted at the cost of an increased vari-

ance in the lower side of the band. [Geerardyn et al., 2013] has proposed a

quasi-logarithmic frequency grid to measure Linear Time Invarying (LTI)

systems. This optimized signal can deposit the power at an almost loga-

rithmic frequency grid.

Multisines can be tailored by the user to perform measurements with

the minimum measurement time and the maximum quality by determining

a specific frequency grid and the amplitude of the harmonic components.

Moreover, the uses of a periodic signal lead to avoid problems of leakage.

Regarding the compactness of the signal, it is desirable to have the lowest

values of crest factor (from 1.4 to 2) . In literature, several methods for crest

factor minimization can be found [Guillaume et al., 1991; Schoukens et al.,

1991; Friese, 1997]. One option to get low crest values is to select a correct

phase distribution, since this defines the shape of the time-domain signal.

Below, three different approaches of multisines with a low crest factor are

discussed.

212



A.2. Practical considerations in the design of multisine signals

The previously mentioned Schroeder phase multisine is optimized to get

a low crest factor. It is assumed that the number of excited frequencies

in the amplitude power spectrum is large and they are concentrated in a

bandwidth that is small compared to its centre frequency Sanchez et al.

[2012]. Typical crest values of Schroeder multisines are between 1.6 and

1.8 for a flat amplitude spectrum. Fig. A.3 presents a simulation with 100

excited frequency lines. It can be seen from the histogram that most of the

amplitudes are concentrated on the peak value. It is not recommended to

use Schroeder multisines for a frequency grid with sparse spectrum, where

the frequency lines are few and far apart, and instead, it is better to use a

random phase multisine [Schoukens et al., 1991].
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Figure A.3: Schroeder phase multisine. Crest factor = 1.7

Optimization of multisines often lead to a loss of the random behaviour

of the excitation signal, causing problems to detect nonlinear distortions.

Minimization of the crest factor of random phase multisines can be done

by performing a large number of realizations and select the smallest pick.

Nevertheless, this method does not perform well because the probability

to find a very low crest factor is not increased significantly with a higher

number of trials. Moreover, for multisines with a large number of excitation

lines, this probability drops more, even with a huge number of realizations.

Fig. A.4 shows a random phase multisine with 100 excited frequencies. The

crest factor after 1000 realizations is still high with a minimum value of 2.39.

The histogram shows that amplitude distribution is Gaussian distributed.
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Figure A.4: Best random phase multisine (1000 realizations). Crest factor
= 2.39

Nonlinear numerical methods can generate multisines with a low crest

factor. Fig. A.5 presents a multisine with 100 excited lines and a flat spec-

trum. The multisine is optimized using the method developed by [Guil-

laume et al., 1991]. The obtained crest factor (value of 1.38) is considerable

much lower than the one with the Schroeder multisine (Fig. A.3). This

crest factor algorithm is based on approximation of the nondifferentiable

Chebyshev l2p norm with increasing values of p.
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Figure A.5: Optimized multisine using the method proposed by [Guillaume
et al., 1991]. Crest factor = 1.38

For a periodic multisine with band-limited spectrum and F harmonics

u(t, φ) = F∑
k=1

Ak cos (2πfkt + φk) (A.1)
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The l2p norm of u(t, φ) is defined as

l2p(φ) = ∥u(t, φ)∥2p = ( 1
T0 ∫ T0

0 u2p (t, φ)dt) 1
2p

when taken over the interval [0, T0] and p = 2,4,8,16, .. is equal to

l2p(φ) = ( 1
N ∑N−1

t=0 u2p (tTs, φ)) 1
2p if N ≥ 2pfmaxT0 + 1

(A.2)

where fmax is the frequency of the highest harmonic of the multisine and

N the number of samples over one period. The Marquardt algorithm is used

to minimize the l2p norm with respect to the phases in p who are increased

during the iteration process (e.g. p = 2,4,8, ...) [Schoukens et al., 1991]. This

algorithm is suitable for the optimization of multiple multisines linked by

a linear system. Another characteristic is that the optimization method

can achieve low values in the order of 1.4 and the resultant amplitude

distribution is close to a sine distribution (e.g. histogram in Fig. A.3),

making ideal its use to perform parametric measurements, where the correct

estimation of the transfer function, depends on the minimization of the

disturbing noise, which is inversely proportional to the SNR.
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A.3 Measurement of The Frequency

Response Function FRF

Nonparametric identification methods are often used as the fist step in the

whole identification procedure to gain insight about the dynamic behaviour

of a system. In addition, there are several engineering applications that

do not require a full parametric approach. For instance, to model a piezo-

electric transducer, nonparametric measurements of the FRF are enough to

find the number of vibrations modes (i.e. associate to resonance frequen-

cies) and their peak value.

Nonparametric means infinite-dimensional. In practice, this means that

the complexity of the identified model is related to the size of the sam-

ple (i.e. measurement sample points). The larger the number of acquired

points, the greater the complexity order of the model. Since (nonpara-

metric) models are approximations, it is expected estimation bias, which

can be reduced by increasing the complexity of the fitted model, with the

cost of an increase in the estimation variance. In system identification the-

ory, there are several methods in the time and the frequency domain to

obtain nonparametric models (Table A.1). A comprehensive review of non-

parametric methods can be found in [Söderström and Stoica, 1989; Ljung,

1999]. In the recent years, new nonparametric methods involving some

kind of approximation or smoothing method have been developed. These

are based on kernels, series, and splines [Csurcsia et al., 2015]. Moreover,

linear time-varying systems can be accurately modelled using nonparamet-

ric identification [Lataire et al., 2012].

In this thesis, the nonparametric methods to measure the Frequency Re-

sponse Function proposed by [Pintelon and Schoukens, 2012] are extensively

used and other approaches are not covered. It is assumed in the subsequent

sections that the system is excited using periodic excitations and the case

of random excitation is not discussed.

To illustrate the convenience of using nonparametric methods, a practi-

cal example is presented. Let us consider the mechanical system presented

in Fig. A.6. The system is compound by a mass m, a spring with coefficient

216



A.3. Measurement of The Frequency Response Function FRF

Method Input signal Outcome
Transient Anal-
ysis

Impulse or step
signal

The measurement output
provides a model of an im-
pulse response function or
step response directly. This
method is very sensitive to
noise.

Frequency Anal-
ysis

Sinusoidal The obtained model is a fre-
quency response, represent-
ing the changes between in-
put and output in phase and
amplitude for a given fre-
quency. Sensitivity to noise
can be reduced by the use of
correlation.

Correlation
Analysis

White noise The obtained model is a
weighting function using a
normalized cross-covariance
function between output
and input.

Spectral Analy-
sis

arbitrary input The frequency response is
obtained by dividing the
cross-spectrum between
output and input spectrum.

Table A.1: Summary of the typical nonparametric methods [Söderström
and Stoica, 1989]

k and the damper with coefficient d. A typical application of this system is

to model vibrations in structures when an external force Fx is present. In

this case, it is necessary to estimate the natural resonance frequency of the

system and its amplitude with respect to a given input. The solution to this

example is well known and it can be modelled using differential equations

as

mẍ(t) + dẋ + kx(t) = Fx(t) (A.3)

From this equation, three scalars can be derived to describe the be-

haviour of the system: the un-damped resonance frequency at steady state

217



A. Appendix

m1

k

d

Fx

Figure A.6: Mechanical system

ωn, the damping factor ζ and the quality factor Q. These values are a

function of the mechanical parameters m, k, and d as follow:

ωn = √
k
m

ζ = d

2
√
km

Q = 1
2ζ = √

km

d

(A.4)

Now, let us assume that the above mentioned system is a black box,

but it is feasible to perform experimental measurements and input and

output data can be acquired to identify a model. If the model structure

is unknown, a parametric identification can result difficult. Therefore, it

is recommended to first measure the nonparametric FRF and from the

result of it, an appropriate model structure can be proposed to identify

a parametric model. Fig. A.7 shows a simulation of the measurement of

the mechanical system. White Gaussian noise has been added to the input

and the output to generate disturbances. The first plot ( A.7a) shows

a comparison between the exact FRF obtained using the mathematical

model (A.3), the measured nonparametric FRF, an identified first-order

and a second-order parametric transfer function model using the FDIDENT

toolbox. It is clearly seen that a first-order model is not close to the real

behaviour of the system. The estimated FRF provides a good intuition

that the system has one resonance peak in the frequency band of interest,

and therefore, a second-order model could perform better. The second plot

( A.7b) presents a comparison between the true FRF, an identified second-
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order and third-order parametric transfer function. Here, it is seen that the

increase in the complexity of the model, does not lead to a better result.

0 30 60
−80
−60
−40
−20

Frequency (Hz)

A
m
p
li
tu
d
e
(d
B
)

(a) Black dots: exact FRF. Grey dashed line: nonparametric FRF. Magenta: first-order parametric
transfer function model. Blue dots: second-order parametric transfer function model.
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(b) Black dots: exact FRF. Blue dots: second-order parametric transfer function model. Yellow
crosses: third-order parametric transfer function model.

Figure A.7: Comparison of a nonparametric model and several parametric
transfer function models of a mechanical system

219



A. Appendix

Measurement of the Frequency Response Function FRF

The frequency domain approach is widely used today. Measurement

instruments process the acquired information using the fast Fourier trans-

form (FFT), resulting in a higher SNR. Even though it is a common task

in system identification to obtain a parametric model, nonparametric mod-

elling using the frequency response function FRF is very useful. The FRF

is defined as the ratio of the complex spectrum of the response to the com-

plex spectrum of the excitation at a discrete set of frequencies k = 1, ...F .

For a linear time-invariant system (Fig. A.8), the transfer function can be

obtained using the impulse response.

DUT

h(t)

H(ω)

x(t)

X(ω)

y(t)

Y (ω)

Figure A.8: Block diagram of a linear time-invariant system excited by an
input x(t) and output y(t). The impulse response is defined by h(t). The
complex functions in frequency domain are also illustrated.

In practice, the input x(t) and the output y(t) are acquired and the

measured discrete signals are transformed to the frequency domain. The

FRF H(ω) is calculated as the ratio of the output spectrum Y (ω) to the

input spectrum X(ω):
H(ω) = Y (ω)

X(ω) (A.5)

where H(ω), Y (ω), and X(ω) are the Fourier transform of the time

domain signals. It is important to observe that (A.5) is valid for FRF mea-

surements without disturbing noise. In real-world applications, this is not

the case. Therefore, some practical considerations have to be taken into

account. As mentioned before, it is expected to have bias, influencing the

efficiency of the measurements. Thus, the experimental conditions play a

fundamental role. In general, the quality of a FRF measurement can be
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assured by selecting a good excitation signal and using proper algorithms

to process the measurement data. Another factor to consider, is that all

dynamic systems generate transients, introducing errors in the calculation

of the FRF.

Effect of transients on FRF

Periodic signals are often used instead of an impulse to measure the

FRF since a significant gain in SNR is obtained. To avoid leakage errors, at

least one complete period should be measured, and in the case of multiple

periods measurements, the signal should be constructed by repeating 1 full

period N times to avoid that additional frequencies are excited. In addition,

the user has to consider the presence of transients in the system. Thus,

measurements should be done using an excitation with an integer number

of periods where the first ones are influenced by a transients effect and the

rest generate the steady-state response. The number of periods required

to have a steady-state depends on the system itself and the user should do
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Figure A.9: FRF measurement of a mass-spring-damper system using full
random phase multisine. Three periods are used to perform the measure-
ment. Left and middle: time domain signals of the input and output. Right:
Transient effect.
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some trial measurements to determine this.

To illustrate the influence of the transient effect on FRF measurements,

it is presented a simulation example using the formerly mentioned mechan-

ical system showed in Fig. A.6. The mass-spring-damper system is excited

using a 3 periods of a full random phase multisine within a frequency band

between 1 and 100 Hz. Fig. A.9 shows the time domain signals of the input

and output. The transient is calculated using the third period, taking the

assumption that the steady-stated is reached, and subtracting this from the

first and the second period. It is seen that the transients are quite big in the

first period, reducing to a minimum level already from the second period.

The input and output time domain signals are segmented in 3 sections,

each one correspondent to a full period. For every section, the FRF is

estimated using (A.5) and the results are presented in Fig. A.10. It is

assumed in this case, that no disturbance noise is present, and therefore,

the error between the real model G0 and the estimated FRF G is due to

leakage exclusively. The first period ( A.10a) contains the transient effect.

It can be seen that the error ∣G −G0∣ is much higher than for the last two

periods, causing that the nonparametric model is not fitting perfectly to

the real value G0. The second ( A.10b) and third ( A.10c) period shows

that the error drops very fast, showing the convenience of using multiple

periods to estimate the FRF .

FRF in the presence of disturbing noise

If the measurements are disturbed by noise, the calculation of the non-

parametric model will present errors. The estimation of the FRF can no

longer by calculated using (A.5), since the error terms have to be taken

into account. Consider the measurement setup presented in Fig. A.11. An

arbitrary waveform generator is used to create a reference signal r(t) to

excite the DUT. In some cases, the reference signal can be amplified or

transduced into an adequate type of energy, depending on the characteris-

tics of the input of the DUT. Assuming that disturbing noise is present at

the input nx(t) and at the output ny(t), these extra components are added
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Figure A.10: FRF estimation of a mechanical system excited using random
phase multisine during three successive periods. Solid line: G0. Dots:
Estimated FRF. Grey: Error ∣G −G0∣.
to the measured signals xm(t) and ym(t). Thus, (A.5) can be modified to

include the noise components as follow:

Hm(k) = Ym(k)
Xm(k) = Y (k) +Ny(k)

X(k) +Nx(k) = H(k)1 + Ny(k)
Y (k)

1 + Nx(k)
X(k)

(A.6)

where Hm(k) is the FRF in the presence of noise, H(k) is the FRF of
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DUT h(t)

y(t)

++

ny(t)nx(t)

r(t)

xm(t)

Generator

ym(t)

Figure A.11: Block diagram of a measurement setup. The DUT is excited
using an arbitrary waveform generator r(t). The measured input xm(t)
and output ym(t) are disturbed by the presence of additive input nx(t) and
output ny(t) noise.

the true system, Xm and Ym are the Fourier transform of both measured

input and output, and their associated noise are represented by Nx(k) and

Ny(k). From (A.6) is observed that measurements with low SNR can affect

the stability of the nonparametric estimation, in particular at the input.

Considering that the input and output noise disturbances nx(t) ny(t) are

mutually independent (i.e. the knowledge of one does not provide infor-

mation on the other), the presence of input noise leads to bias (systematic

error) and variability (variance) of the estimated FRF, while output noise

does not generate systematic errors, but increases the uncertainty of the

FRF.

In order to perform an error analysis of the measured FRF, some as-

sumptions are taken. The noise Nx(k) and Ny(k) is independent from the

undisturbed input and output signals. The noise mean value over a long

record l = 1,2,3... is zero

E {N l
x(k)} = 0,E {N l

y(k)} = 0 (A.7)

with (co-)variances

E {∣Nx(k)∣2} = σ2
x(k),E {∣Ny(k)∣2} = σ2

y(k),
E {Nx(k)Ny(k)} = 0,

E {Nx(k)Ny(k)} = σ2
xy(k) = σ2

yx(k) (A.8)

To obtain the variance from the measured FRF, a Taylor series expan-

sion of Hm(k), defined in equation (A.6) is used to simplify the analysis
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Hm(k) = H(k) (1 + Ny(k)
Y (k) )(1 − Nx(k)

X(k) + (Nx(k)
X(k) )2) + higher order terms

(∣Nx(k)/X(k)∣ < 1)
(A.9)

For input signals with good SNR, the Taylor expansion in (A.9) can be

restricted to the first-order terms, simplifying the calculation of the mean

value of Hm(k) as

E {Hm(k)} = E {H(k) (1 + Ny(k)
Y (k) )(1 − Nx(k)

X(k) + (Nx(k)
X(k) )2)} = H(k)

Hm(k) ≈ H(k) (1 + Ny(k)
Y (k) − Nx(k)

X(k) ) = H(k) +NH

where NH = H(k) (Ny(k)
Y (k) + Nx(k)

X(k) − 2R(Nx(k)Ny(k)
X(k)Y (k) ))

(A.10)

Since E {NH(k)} = 0 the variance is given by

σ2
Hm

(k) ≈ σ2
H(k) = E {∣NH(k)∣2}

= ∣H(k)∣2 ( σ2
Y (k)
∣Y (k)∣2 + σ2

X(k)
∣X(k)∣2 − 2R( σ2

Y X(k)
Y (k)X̄(k))) (A.11)

To improve the quality of the estimated FRF, the variance should be

reduced as much as possible. One possible way is to maximize the SNR since

the variance is inversely proportional to the square of the SNR. The use of

well-designed broadband excitations in combination with good averaging

methods is an optimal solution to this issue [Pintelon and Schoukens, 2012]

over other conventional techniques that includes the increase of the input

power, that could lead to an undesired operation of the system in a nonlinear

region, or the use of stepped sine measurements, that lead to an unnecessary

increase in measurement time.

With regard to averaging techniques, the type of excitation signal plays

a fundamental role in the complexity and quality of the solution. In the

case of periodic excitations, the averaging calculation is quite simple and
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leads to better results than for random excitations. For periodic excita-

tions, averaging implies that during the experiments is possible to collect

M successive periods, each one with a length of Np. Another constraint,

is that the periods should be an integer multiple of the sampling period

Ts. Assuming an input signal x(nTs) = x((n +Np)Ts), the averaging of the

output measurement in time domain is:

ŷ(n) = 1

M

M−1∑
l=0

y(n + lNp) = 1

M

M∑
l=1

y[l](n) (A.12)

and the improved FRF is given by Ĥ(k) = Ŷ (k)/X̂(k). For Gaussian

disturbances with repeated measurements u[l], y[l], each one independent

over l, Ĥ(k) represents the maximum likelihood solution. The total mea-

surement time increases with M and the noise is reduced as 1/√M . The

more repetitions are performed, the closer Ĥ(k) is to the real FRF H(k),
resulting in:

lim
M→∞ Ĥ(k) = H(k) (A.13)

In frequency domain, it is possible to perform the complete averaging

procedure, without previously averaging the measurements in time domain.

The advantage is that it is possible to calculate the noise (co-)variance. The

improved FRF estimate is given by

ĤM(k) = Ŷ (k)
X̂(k) = 1

M ∑M
l=1 Y [l](k)

1
M ∑M

l=1X[l](k) (A.14)

where X̂(k), Ŷ (k) are the input and output sample mean. The sample

(co-)variances are

226



A.3. Measurement of The Frequency Response Function FRF

σ̂2
X(k) = 1

M−1 ∑M
l=1 ∣X[l](k) − X̂(k)∣2 ,

σ̂2
Y (k) = 1

M−1 ∑M
l=1 ∣Y [l](k) − Ŷ (k)∣2 ,

σ̂2
Y U(k) = 1

M−1 ∑M
l=1 (Y [l](k) − Ŷ (k))(X[l](k) − X̂(k)) ,

The asymptotic variance of Ĥ(k), which is an estimate of the uncertainty

of the FRF is given by

σ̂2
H(k) = ∣H(k)∣M ( σ̂2

Y (k)
∣Ŷ (k)∣2 + σ̂2

X(k)
∣X̂(k)∣2 −R( σ̂2

Y U (k)
Ŷ (k)X̄(k)))

(A.15)

To illustrate the advantages of using averaging methods and periodic

excitations to estimate the FRF, an example is presented. A first-order

mechanical system (Fig. A.6) is excited using random phase multisines.

The measurement setup (Fig. A.11) shows that the measured input and

output signals are disturbed with noise (white random Gaussian). It is

assumed that transients are dominant only during the first period. A total

number of M + 1 periods are measured, where the first period is removed

to avoid transients effect and the rest M periods are averaged. The exact

FRF H0 is known and the complex error H(k) − H0(k) is calculated for

several values of M . The results are presented in Fig. A.12.

It is seen that for a small number of measured periods M , the error

is very high and the estimation of the FRF is poor, due to the low SNR.

Increasing the number of realizations improved the quality of the FRF,

but lead to an increase in the measurement time. The use of periodic

excitations allows to average the input and output spectrum before making

the calculation of the FRF, offering not only the possibility to reduce the

variance due to output noise, but additionally reducing the bias generated

by input noise.

Understanding the presence of the nonlinear distortions in FRF

measurements
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Figure A.12: FRF estimation of a mechanical system in the presence of in-
put and output noise. The system is excited using random phase multisines.
Black: exact FRF H0. Grey: Error ∣H(k) −H0(k)∣.

In real-world applications systems behave nonlinearly, measurement de-

vices are not exact and they are often subject to noise disturbances. The

environment itself can add extra noise components that can be considered

as process noise. These conditions are often omitted by the users, resulting

in a common practice to assume that the system of interest can exhibit

a sufficient linear behaviour, or the operation range is limited to a linear

region. Nonparametric FRF models using random phase multisines can pro-

vide extra useful information about the behaviour of a system. Next to the

calculation of linear contributions of the FRF, the use of special random

phase multisines can detect the presence of nonlinear distortions, qualify

them in even or odd distortions, and to quantify their level to provide the

user a decision criterion to continue working using linear techniques or to

implement a nonlinear modelling solution. The main idea here, is to per-

form in one single experiment the collection of the information of the linear

and the nonlinear contributions with the maximum quality of the FRF. In

this section, some techniques to detect and quantify nonlinear distortions

in nonparametric FRF measurements are discussed. In addition, the cal-
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Actuator

r(t) x0(t)

+

nx(t)

xm(t)

DUT h(t) +

np(t)

+

ny(t)

ym(t)

Generator

Figure A.13: Block diagram of a measurement setup to quantify and qualify
nonlinear distortions. The DUT is a black box excited by an actuator that
amplify the reference signal r(t). The measured input xm(t) and output
ym(t) are disturbed by the presence of additive input nx(t) and output
ny(t) noise, as well as process noise np(t).
culation of the Best Linear Aproximation (BLA) of a nonlinear system is

presented.

In practice, a measurement setup (Fig. A.13) to characterize FRF mea-

surements is composed by a generator, an actuator that amplifies or trans-

forms the excitation signal into the correct type of energy, the system or

DUT and a series of instruments to acquire the input and output signals.

Noise is expected to be present at both the input and the output, and ad-

ditionally process noise contributes to the output nonlinear disturbances.

The aim is to characterize the DUT, assuming that nonlinear behaviour is

present and the result of the nonparametric FRF estimation provides the

BLA HBLA and the variance of the stochastic nonlinear contributions.

In [Pintelon and Schoukens, 2012] two methods to measure the BLA of

a nonlinear system are thoroughly covered. They are called the robust and

the fast method. In order to calculate the FRF, periodic random phase

multisines are used. It is possible to use nonperiodic excitation signals,

nevertheless, this is out of the scope of this thesis. In this section, the

focus is on providing an overview of the case for Single Input Single Output

(SISO) Systems, however, these methods can be extended for Multiple Input

Multiple Output (MIMO) Systems.

The robust method is based on the averaging of the FRF over multiple

experiments to measure the stochastic nonlinear contributions using full or

odd multisines (Fig. A.14). The use of multiple experiments also represents
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Figure A.14: Measurement procedure of the robust method. The experi-
ment has to be repeated forM > 7 different realizations of the random phase
multisine. For each realization, only the steady state response is considered
and the number of periods to acquire is P > 2.

that this method is slower in comparison with the second one.

The fast method, estimates the nonlinear contributions and quantifies

them using the detection lines (i.e. non-excited output harmonics) via the

realization of one single experiment with random phase multisine with ran-

dom harmonic grid (full or odd multisine).

Robust Method

In order to calculate the BLA HBLA, the DUT has to be measured M differ-

ent realizations with full or odd random phase multisines. Each experiment

(i.e. realization) will consist of the measurement of P periods of the steady

state response. Since at the beginning of the measurement, the response of

the DUT is disturbed by transient errors, the user should determine when

the system is in steady state in order to avoid introducing a bias error.

For m = 1,2...M realizations and p = 1,2...P periods, the FRF estimate

Ĥ[m](k) of the pth period of the mth realization is calculated as

Ĥ[m](k) = Y [m,p](k)
X
[m,p]
0 (k) = ĤBLA(k) +H

[m]
S (k) +N

[m,p]
H

with H
[m]
S (k) = Y

[m]
S (k)

X
[m]
0 (k) ,and N

[m,p]
H = N

[m,p]
Y

X
[m,p]
0 (k)

(A.16)
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where H
[m]
S (k) are the stochastic nonlinear distortions and N

[m,p]
H is the

noise. Now, two calculation steps have to be done. The first one over the

P periods is to calculate the sample mean Ĥ[m](k) and the sample noise

variance σ̂
2[m]
n (k)

Ĥ[m](k) = 1
P ∑P

p=1 Ĥ[m,p](k)
σ̂
2[m]
n (k) = 1

P (P−1) ∑P
p=1 ∣Ĥ[m,p](k) − Ĥ[m](k)∣2 (A.17)

The second step calculates the BLA estimate ĤBLA, the sample total

variance σ̂2
HBLA

and the sample noise variance σ̂2
HBLA,n over the M realiza-

tions, giving

ĤBLA(k) = 1
M ∑M

m=1 Ĥ[m](k)
σ̂2
HBLA,n(k) = 1

M2 ∑M
m=1 σ̂2[m](k)

σ̂2
HBLA

(k) = 1
M(M−1) ∑M

m=1 ∣Ĥ[m](k) − ĤBLA(k)∣2
(A.18)

The combined effect of the stochastic nonlinear behaviour and the mea-

surement noise is denoted by σ2
HBLA

(k) = σ2
NL(k)+σ2

HBLA,n(k), where σ2
NL(k)

is the variance of the stochastic nonlinear contributions. Therefore, it is pos-

sible to get an impression of the variance of σ2
NL(k) by the evaluation of

the difference between σ̂2
HBLA

(k) and σ2
HBLA,n(k).

To implement this method in practice, the user should analyse the con-

ditions of the measurement setup, in order to decide the most appropriate

way to process the acquired data. The decision factors are:

� Open or close loop

� Is the reference signal (i.e. the excitation signal stored in the genera-

tor) available?

� Is there noise present at the input, output or both?

The combination of these factors will result in several cases. A compre-

hensive explanation of the most common cases to estimate the mean value
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of the FRF, the total standard deviation of the mean FRF (i.e. nonlin-

ear distortion plus measurement noise), the noise standard deviation and

the standard deviation of the nonlinear contributions with respect to one

multisine experiment can be found in [Pintelon and Schoukens, 2012].

In addition, the user should be aware that the selection of the number

of realizations and the number of periods depends on the main objective

of the identification procedure. In the presence of nonlinearities due to the

use of nonlinear actuators to excite the DUT, increasing the number of re-

alizations reduces the bias of the estimated BLA. The robust method have

no constraints regarding the frequency resolution, nor the input signal-to-

distortion ratio. Moreover, it is possible to use any type of multisine and

it has a small uncertainty estimates. The main disadvantages of this me-

thod are the larger measurement time, the impossibility to qualify nonlin-

ear distortions in even and odd contributions, and the inability to estimate

out-band contributions. In addition, it is highly recommended to use the

reference signal to verify the spectral purity of the input signal by the com-

parison of the total input variance with the noise input variance.
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A.4 Introduction to Nonlinear Mechanical

Systems

The use of linear models in mechanical engineering applications have been

a common practice to reduce the complexity of certain problems. In some

cases the linear solution is limited to a determined operation range (includ-

ing the range level of the input and output signals) where the influence of

the nonlinearities does not play an important role in the expected behaviour

of such a system.

In the real-world, all mechanical systems exhibit nonlinear behaviour.

Looseness and friction are a common source of nonlinearities in multicompo-

nent mechanical systems. In addition, elements, such as vibration isolators,

shock absorbers and bearings are amplitude dependent and their dynamics

are influenced by the level of the input. Boundary conditions in mechanical

structures can also impose variable stiffness constraints leading to nonlinear

conditions.

Mathematically speaking, a linear system is defined if the principle of

superposition can be applied under static or dynamic conditions. Let us

consider that a system responds to inputs x1(t) and x2(t) with outputs

y1(t) and y2(t). If the system under test is linear, the response to the

combinations of the inputs is x(t) = a1x1(t) + a2x2(t) is y(t) = a1y1(t) +
a2y2(t). This is not the case for nonlinear systems, where, in addition, the

dynamic response can also depend on the initial states and the amplitude

of the inputs.

Common types of nonlinearities in mechanical systems are: polynomial

damping and stiffness, friction, saturation effects and clearance. These

sources of nonlinearities have a strong dependency on amplitude, frequency

and/or velocity.

Typical sources of nonlinearities in mechanical systems

The sources of nonlinear behaviour in mechanical systems can be found

in different ways. Sometimes, the structure itself can give the user an insight
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about the expected nonlinear behaviour. For simple mechanical systems,

nonlinearities are found by analytical studies. For more complex mechani-

cal systems, experimental measurements provide better information about

the nature of the nonlinearities and the correct way to model them. In

general, the user is interested in finding the type of the nonlinearities and

their characteristics, in order to understand their influence in the whole be-

haviour, or find the best way to deal with them. Commonly, the evaluation

of the FRF is enough to determine the presence of common nonlinearities

and identify their type.

The user also has to be aware that in many cases the sources of nonlin-

earities in mechanical systems, are due to an inappropriate inspection on

the setup and the measurement instruments used during the realization of

experiments. Therefore, it is highly recommended to do a full check-up of

the setup, including a sound inspection to look for unwanted sources of dis-

turbances (e.g. rattles or peculiarly unexpected sounds) that can be related

to a possible source of undesired nonlinearities. In [Worden and Tomlinson,

2001] a list of the main sources of nonlinearities is presented:

� poor or inadequate transducer mounting

� exciter problems

� misalignment

� looseness

� pre-loads

� temperature variation effects

� cable rattle

� overloads/offset loads

� impedance mismatching
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As it can be seen in the list, many of these problems can be detected

relatively easy by doing a proper inspection. It is important to remark

that the previously mentioned sources of nonlinearities are related to those

effects that are not part of the inherent work of principle of the system or

the desired operation conditions

.

Short overview on the typical types of nonlinearities

The identification of nonlinearities in mechanical systems cannot always

be predicted by analytical models. Performing experimental measurements

is a common technique to identify and qualify the presence of nonlinear-

ities. Since nonlinear systems do not follow the superposition principle,

the measurement of the excitation dependance can provide, in most of the

cases, an insight of the presence of nonlinear behaviour. Frequency domain

measurements techniques are widely used to study the shape of the FRF,

which can provide information about the nonlinearity regarding ([Kerschen

et al., 2006]):

� source: stiffness, damping or a combination of both

� characteristic: hardening or softening

� restoring force symmetry: symetric or asymmetric

� restoring force type: smooth or non-smooth

� intensity: weak or strong

It is important to consider that the evaluation of the FRF cannot be

an unique evaluation criterion, since in some cases, the behaviour of the

nonlinearities depend on the level of the excitation. Meaning this, that in

some cases, for a certain input range, the nonlinearities can behave in one

way and outside this range can behave completely different.
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Next, a brief summary of the most common types of nonlinearities is

presented to provide the user with an insight about the behaviour of me-

chanical nonlinearities. In this section only nonlinearities associated to the

mechanical stiffness and damping are discussed.

Nonlinearities associated to stiffness

Stiffness is a property of a mechanical structure. It is defined as the

ratio between the load applied to certain structure and the resultant de-

formation. Commonly, it is confused with the elastic modulus, which is

a material property. For structures with dominant elastic behaviour, the

stiffness is a time independent value and it is not influenced by the strain

rate or frequency ([Baumgart, 2000]). The most used representation of the

stiffness is an elastic spring, where the force F and the deformation x can

be described as:

F (x) = kx (A.19)

where k represents the spring constant or the total equivalent stiffness

of the structure. This equation is valid for a linear regime, where inde-

pendently of the level of the input force or its frequency, the value of the

stiffness k will be always a constant determined by:

k = F (x)
x

(A.20)

The common types of nonlinearities associated to stiffness are:

� Cubic stiffness with hardening effect

� Cubic stiffness with softening effect

� Bilinear stiffness

� Saturation

� Backlash (clearance)

236



A.4. Introduction to Nonlinear Mechanical Systems

A) Polynomial stiffness nonlinearities

Let us assumed a single degree of freedom structure with dominant

stiffness behaviour subject to an applied load F . Fig. A.15 shows Force F

versus displacement x plot for three cases of polynomial stiffness. The first

plot (Fig. A.15a) corresponds to the linear case. The second and third plots

to nonlinear cubic stiffness. The cubic stiffness law is defined as:

F (x) = kx + kNLx
3 (A.21)

where k is the linear stiffness and kNL is the nonlinear coefficient. For

the case kNL > 0 (Fig. A.15b), it can be seen that for low levels of excitation,

the structure behaves linear while for high levels of excitation the deforma-

tion achieved is less, giving the impression that the structure become hard.

Therefore, for positive values of kNL, the cubic stiffness exhibit hardening

effect. On the other hand, for the case kNL < 0 (Fig. A.15c), at high lev-

els of excitation, the resulting deformation is higher than for low levels of

excitation, giving the sensation that the structure became soft. Therefore,

for negative values of kNL, the cubic stiffness exhibit softening effect.

Cubic stiffness nonlinearities enlarge the degree of nonlinearity directly

proportional to the level of excitation force. In consequence, many ex-

perimental tests to identify and quantify this nonlinearity are associated

to measurements performed at high levels of excitation. Nevertheless, the

user should take into account that many actuators are not linear either, and

therefore, they can present additional nonlinearities that could influence the

results.

In frequency domain, the measurement of the nonparametric FRF can

provide valuable information to identify the type of nonlinearity. Fig. A.16

presents the FRF of the three above mentioned polynomial stiffness. For the

linear case (Fig. A.16a), the shape of the FRF is the same, independently

of the level of excitation.

For the nonlinear cases, the FRF measurement present a distortion from

the linear case, leading to changes in the resonance frequency. Cubic stiff-

ness with hardening effect (Fig. A.16b) shifts up the value of the resonance
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Figure A.15: Force displacement plot for a single degree of freedom struc-
ture with dominant stiffness behaviour. For the nonlinear case, hardening
effect (a) is present when kNL > 0 and softening effect (b) corresponds to
kNL < 0.
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Figure A.16: FRF measurements of three cases of polynomial stiffness. For
nonlinear systems it is expected a distortion from the linear case (a) due
to changes in the level of excitation. While for hardening effect (b) the
resonance frequency is shifted up, when the level of excitation is increased,
for softening effect (c) the resonance frequency is shifted down

frequency when the level of excitation is increased. For cubic stiffness with

softening effect, the result is the opposite and the resonance frequency is

shifted down for higher levels of excitation. An important remark here is

that frequency shift phenomena is associated to weak nonlinearities only,

for strong nonlinearities the user should expect frequency jump phenomena.
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B) Piecewise linear stiffness nonlinearities

Next, the bilinear stiffness case is presented. This type of asymmetric

nonlinearity can be found in different structures and applications. An illus-

trative example of this nonlinearity can be found in [Namdeo and Manohar,

2007] where a mechanical structure is suspended from a cable. Due to the

fact that cables can only carry tension forces, the total equivalent structure

stiffness differs according to direction of the displacements (i.e. upward

or downward). The behaviour of this nonlinearity can be mathematically

described in the following way:

F (x) = ⎧⎪⎪⎪⎨⎪⎪⎪⎩
k1x if x > 0

k2x if x < 0
(A.22)

Fig. A.17 shows the force displacement plot of an structure with bilinear

stiffness. It can be seen that for positive displacements the stiffness has a

different constant than for negative displacements.

x

F

Figure A.17: Force displacement plot of a nonlinear structure with bilinear
stiffness
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Another types of piecewise linear stiffness nonlinearities are saturation

and backlash. Fig. A.18 shows the force displacement plot for these two

cases. Saturation (Fig. A.18a)is one of the most common nonlinearities in

physical systems. When a system is excited at high levels of excitation,

it can reach their physical limit or capability of its internal components,

leading to a maximum constant output, regardless increases in the input.

Backlash (Fig. A.18b), also known as clearance or dead zone, is a nonlin-

earity with the characteristic that for small level of excitations the physical

system has not response (i.e. output is zero). The behaviour of these non-

linearities can be describe as ([Worden and Tomlinson, 2001]):

F (x) =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
k2x + (k1 − k2)d if x > d

k1x if ∣y∣ < 0

k2x − (k1 − k2)d if x < −d (A.23)

where for saturation nonlinearities k2 = 0 and d represents the operation

band of the linear region. For backlash k1 = 0 and d define the dead zone

or the band where the system has output zero.

x

F

(a) Saturation

x

F

(b) Backlash

Figure A.18: Force displacement plot for Saturation and Backlash nonlin-
earties
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Nonlinearities associated to damping

Damping in mechanical systems is defined as the capacity to reduce

the intensity of an oscillatory force by means of dissipation. The energy

generated by the oscillations (i.e. vibrations) that is stored in the sys-

tem is transformed, or dissipated, into other types of energy, for instance,

heat ([Rivin, 1999]). This energy dissipation is a function of the first time

derivative of the oscillatory displacements:

F (ẋ) = c1ẋ(t) (A.24)

where c1 is the damping coefficient. The effect of damping in mechanical

structures is mainly associated to the reduction of vibrations, in particular,

to reduce the amplitude at different resonance frequencies. Therefore, the

impact of damping can be seen in FRF measurements as a variation of

the amplitude of the resonance modes. Two nonlinearities are of particular

interest: the quadratic nonlinear damping and the Coulomb friction (i.e.

dry friction). In Fig. A.19 the force velocity plot is presented for these two

cases.

Quadratic damping (Fig. A.19a) is one of the most common type found

in mechanical structures. Some examples of conventional mechanical com-

ponents with quadratic damping are shock absorbers and oil dampers. Al-

though for many applications in mechanics, stiffness is the main source of

nonlinearities, for highly damped systems, applications working at high flow

velocities or with turbulent flow, nonlinear damping behaviour is unavoid-

able present. The equation of motion for a system with quadratic damping

is:

F (ẋ, t) = c1ẋ + cNLẋ ∣ẋ∣ (A.25)

where c1 is the linear damping coefficient and cNL is the nonlinear

quadratic damping coefficient.

Coulomb friction (Fig. A.19b) is related to the interfacial motion con-

sequence of the sliding of two bodies that are held in contact by a normal
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ẋ

F

(a) Quadratic Damping

ẋ

F

(b) Coulomb Friction

Figure A.19: Force velocity plot of two types of nonlinearities associated to
damping

force N . For low levels of excitations, the motion between these two bodies

cannot occur until is reached certain level of force that defeat the friction,

allowing the system to behave linearly [Worden and Tomlinson, 2001]. The

Coulomb friction is given by:

F (ẋ, t) = Cf
ẋ∣ẋ∣ = Cfsgn(ẋ), where Cf is the friction force. (A.26)

The nonparametric FRF measurements of these two nonlinearities show

that they have opposite behaviour. While for quadratic damping (Fig. A.20a)

the increase in the level of excitation lower the maximum amplitude of the

resonance frequency, for Coulomb friction (Fig. A.20b) it is the opposite

case. For nonlinearities associated with damping, there is no frequency

shift distortion in the resonance modes.

Remarks on nonlinear mechanical systems

In this section, a short overview on nonlinear mechanical systems is pre-

sented. The most common nonlinearities associated to stiffness and damp-
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Frequency (Hz)

H(ω)

(a) Quadratic Damping

Frequency (Hz)

H(ω)

(b) Coulomb Friction

Figure A.20: FRF measurements of two types of nonlinearities associated
to damping. For quadractic damping (a) at high levels of excitation the
amplitude of the resonance frequency decreases, while for Coulomb friction
(b) the effect is the opposite.

ing are discussed and the correspondent effect on the nonparametric FRF is

shown. In addition, several sources of nonlinearities that can be introduced

during experimental measurements are discussed and recommendations to

avoid them are given. Nevertheless, the user can identify nonlinearities

by analytical methods, experimental measurements can provide a better

understanding of the phenomena introduced by nonlinear components.

Most of the nonlinearities introduced in this section can be identified by

observing changes in the shape of the FRF due to changes in the excitation

level. Although this thesis only considers a linear regime for the operation of

the proposed tactile sensor as a tissue differentiation device, in Chapter 9,

it is discussed how this research can be enhanced by the introduction of

nonlinear models to identify and estimate mechanical properties of the soft

biological tissues.
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K. Schmieder, J. Schoukens, and D. O. Uribe. High resolution mapping

of ex-vivo simulated brain shift dynamics - testing a 3d stereo camera

technique. In iSMIT 2013 - 25th Conference of the International Society

for medical innovation and technology, 2013.

269



Bibliography

Ralf Stroop, David Oliva Uribe, Melisa Orta Martinez, Michael
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Differentiation of Soft Biological Tissues and
Phantoms using a Piezoelectric Tactile Sensor for

Applications in Brain Tumor Resection

David Oliva Uribe

The mortality rate of brain cancer is one of the highest next to lung can-

cer. Unfortunately, for brain cancer there are no well-established preventive

procedures to avoid risk factors. The surgical procedure to remove (i.e. re-

section) malignant brain tumours is a critical task that requires from a

surgeon well-trained skills to perform with high precision the evaluation

of the brain tissue during the operation. Additionally, during skull open-

ing, the so-called brain shift effect causes undesirable brain movements that

introduce errors in the neuronavigation system, causing the lost of the ex-

act localisation of the tumour. In practice, a surgeon uses the information

acquired by the visual sense and the tactile perception. While visual in-

formation is magnified by the use of a microscope, tactile perception is

diminished by the used of surgical instruments. In consequence, brain tu-

mour resection depends on the grade of sensibility of surgeons tactile ability

and subjective perception.

This thesis presents a piezoelectric tactile sensor aimed to be utilised as

an intraoperative tool by neurosurgeons to improve the tactile evaluation

of brain tissue, in particular, delineation of tumour boundaries where dis-

tinction between healthy and tumorous tissue is highly challenging because

of their slightly differences in mechanical properties.

The proposed sensor uses random phase multisines to generate mechan-

ical vibrations. The mechanical information is transformed into electrical

signals and the Frequency Response Function (FRF) is used to estimate

mechanical properties such as stiffness and damping. Multisine excitation

allows to perform a fast measurement procedure for intraoperative use.


