Posudek doktorské dizertacni prace pana ing. Petra Henyse
Diagnostic tool for initial fixation of acetabular implant.

Vlastni prace ma 125 stran véetné seznamu literatury. Pfedchazi seznam obrazk(, tabulek,
operatort, oznaceni a zkratek, coZ velmi ocefuji. K praci jsou pak pfipojeny dopliky ( celkem
8) v rozsahu 61 stran.

V uvodu je predevsim formulovan cil prace:

1. Vyvinout metodiku a hardware pro hodnoceni kvality podatecni fixace acetabuldrniho
implantatu
2. Podpofit tuto metodu pocitacovymi simulacemi.

Nasleduje stru¢ny ale naprosto dostateény popis anatomie kycelniho kloubu a pfedeviim
vycet soucasnych metod méreni pocatecni fixace. Autor konstatuje, Ze vétsina vyzkumu je
zamérena na femoralni komponentu, zatim co acetabularnimu implantatu je vénovana
mensi pozornost vzhledem i k vétsi obtiZnosti tohoto problému.

Druha kapitola je vénovana vytvoreni pocitaéového modelu panevni kost a acetabula.
Dizertant se pfitom zaméfil na syntetickou panevni kost. Evidentné pfedpoklada, Ze
metodiku vyvinutou na ni bude moZno uplatnit v budoucnu i na redlné kosti. Jedné se o
povrchovou vrstvu tvofenou ortotropnim kompozitem a vnitini vrstvu tvofenou
polyuretanoovou pénou.

Hlavni sméry ortotropie jsou uréeny feSenim difuzni rovnice a materidlové parametry jsou
pak ziskany pomoci rozloZeni denzity. Tyto jsou pak upfesnény v optimalizaénim procesu na
zakladé srovnani experimentalnich a vypoctenych vlastnich frekvenci a tvart kmitu. Zvoleny
algoritmus je podrobné popsan v odst. 2.7.

Kapitola 3. pojednava o vlivu spoleéné kontaktni plochy na dynamickou odezvu. Pfedevsim je
zde definovan pocitacovy model acetabularniho implantatu. Vedle zakladniho tvaru daného
anatomii je zde pfidan méftici nosnik. Analyzovany byly vlastni frekvence a tvary kmitu vlastni
misky, misky s méficim nosnikem i celého systému véetné kycelni kosti. Byla tim uréena mira
ovlivnéni dynamické odezvy pridanim implantatu s nosnikem na modalni vlastnosti kosti.

K tomu tcelu byla provedena analyza citlivosti zakladnich parametrd. Shrnuti vysledk,
uvedené v odstavci 3.4 na mne plsobi velice vagné. Nékteré véty se mné zdaji ne zcela
srozumitelné. MUj celkovy dojem je, Ze vyuZitelna zdvislost mezi kontaktni plochou a
modainimi parametry nebyla zcela jednoznaéné prokazéna.

Ctvrta kapitola popisuje experimentalni verifikaci. Cela soustava byla buzena impaktnim
kladivkem. Nejsem odbornik v oblasti experimentu, a proto jsem se zaméfil pfedevsim na
shrnuti. | zde povaZuji vysledky za velmi vagni. Nap¥. na str. 95 nahofe je pfedchozi zjisténi
zpochybnéno pfipusténim Spatné kvality dat atd.



V paté kapitole je popsano zafizeni uréené pro méfeni poéateéni fixace v klinické praxi.
Hlavnimi prvky jsou piezoelektricky aktudtor a akcelerometr, jeho? vysledky jsou bezdratové
prenaseny ke zpracovani.

Sestd kapitola je rozsahlé shrnuti ziskanych vysledkd. Na str. 102 autor uvadi, Ze pocitatovy
model potvrzuje hypotézu ovlivnéni dynamickych vlastnosti velikosti kontaktni plochy. Na
str. 103 dole je jako vhodny parametr uvadén participa¢ni vektor. lhned je toto zpochybnéno
na str.104 nahofte tim, Ze jeho velikost je v rozsahu pfesnosti po¢itatového modelu. Na téZe
str. uprostfed je konstatovano, Ze vlastni vektory nejsou citlivé na zménu kontaktni plochy

s vyjimkou druhého deformacniho modu. P¥i zpracovani globalniho chovani buzeného
systému byla pouZita raw FRF data. Ty autor povaZuje za nadéjna a jejich pouZiti v dané
aplikaci jako puvodni.

Hodnoceni.

Dizertant odvedl ohromny kus préce jak pfi vytvafeni poéitatového modelu, tak pfi
experimentu a navrhu méficiho zafizeni. Téma dizertalni prace je aktudini a velmi uZiteéné.
Adekvatni je i navriena metodika. BohuZel ziskané vysledky nejsou zcela presvédéujici.
Formulace jsou Casto vagni a odporuji si. Prvni pfi¢inou miiZze byt i pouZiti syntetické kosti a
to zejmena pfi experimentu. Prace tak evokuje fadu dotaz(i, z nichz nékteré jsou uvedeny
nize. Po formalni strance je prace velmi obsdhla, leckdy na Gkor srozumitelnosti. Popisy u
obrazkd a rovnic jsou velmi stru¢né. Jazykovou Uroven si nedovolim hodnotit, aviak jisté by
zaslouZila korekturu (smér je direction a nikoliv direct atp.). Uvadim nékolik formalnich
pfipominek:

1. Vztahuji se oblasti s definovanymi okrajovymi podminkami (omega a, omega b
rovnice (2.39)) k Fig.2.7.?

2. Parametry, jejichZ sensitivita na kontaktni plochu byla po&itana (str.58) by si
zaslouZily struény popis. Napf¥. participaéni faktor je zminén letmo v (2.10

3. Materialové parametry uvedené v odstavci 2.3.2. se tykaji kompozitni vrstvy —
omlouvam se, ale mozna jsem piehlédl parametry pro pénu.

4. Nastr. 59 je v prvni vété pod tabulkou pfepis — misto ,undamped” ma byt ,damped*.

Pro vlastni obhajobu uvadim tyto dotazy (pokud budou zodpovézeny ve vystoupeni
dizertant, neni tfeba se k nim vracet):

1. Jaky je fyzikdini ddvod pro urceni hlavnich sméri ortotropie pomoci Laplaceovy
rovnice?
Byla na umélé panevni kosti néjak upravovana jamka tak, jak se to déla pii operaci?
3. Jak vzdaleny jsou materialové parametry umélé kosti od vlastnosti kosti realné?
ProC experiment i vypocet nebyly provadény pro pfipad vnéjsiho buzeni, pro které je
navrieno zafizeni v kap. 5. ?



5. Co lze oCekavat od navrZeného zafizeni— jak budou zpracovany jeho vystupy?
6. Jak si dizertant predstavuje dalsi postup praci v dané problematice?

Pfes uvedené pfipominky ve své dizertaci autor prokazal schopnost védecké prace i velké
znalosti jak ve vypoctové tak experimentalni problematice. Prace tak splfiuje poZadavky
stanovené zakonem a proto doporucuji, aby pan Ing. Petr Heny$ byl pfipuétén k obhajobé a
v pfipadé jejiho uspésného pribéhu mu byl udélen ptislus y titul PhD.

&/L 111".{' Cins krﬂ#_/
V Plzni 20.11.2015 Prof. Ing. Josef Rosehberg, DrSc
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Véc: Posudek disertacni prace Ing. Petra Henyde na téma

Diagnostic Tool for Initial Fixation of Acetabular Implant

Zhodnoceni vyznamu pro obor: Disertant ve své praci fesi kvantifikaci primarni fixace ace-
tabulédrni komponenty pomoci vibradni analyzy. Tato metoda neni nova a JiZ se pouziva v
klinické praxi pro hodnoceni miry primérni fixace dentdlnich implantata. Jeji pouziti pro
acetabularni komponentu mi dosud nenf zndmo. Vzhledem k tomu, %e dlouhodob4 stabilita
necementovanych implantats je vyrazng ovlivnéna pravé mirou priméarni implantace, pova-
zuji danou préci za aktudlni a p¥inosnou. Pro posouzeni stability acetabuldrni komponenty
v pribéhu operace dosud neexistuje objektivni metoda. Dand prace tak nenf jenom teore-
tickym piispévkem ale ma primé klinické dopady. O aktudlnosti studované problematiky
svédci také nedavné publikace tykajici se hodnoceni uvolnéni acetabul4rni komponenty po-
moci vibra¢ni analyzy (Alshuhri AA a kol., Med Eng Phys. 2015 Aug;37(8):739-45; Michel
et al., J Biomech Eng. 2015;137(3):031011-031011-6.).

Postup feSeni, pouzité metody: PouZité metody odpovidaji zaméfeni price. Vzhledem k
stavu problematiky, ktery disertant jasng, ale nékdy az moc podrobné popisuje, bylo nutno
vyjit z ovéfeni zdkladnich hypotéz vlivu fixace acetabuldrni komponenty na frekvenéni ode-
zvu. Toto posouzeni realizoval disertant teoreticky pomoci metody kone¢nych prvki, kde
nejdiive musel vytvorit model materidli a geometrie. V této Sasti je zajimavé zejména me-
toda pfifazeni materidlovych vlastnosti anizotropnimu modelu kosti na zikladé geometrie.
Navrhovana metoda miize fungovat pro povrch kosti, jeji vyuziti pro hlubsi spongidzni kost
je oviem diskutabilni a bylo by zajimavé zjistit aplikaci dané metody také pro jiné kosti.

Disertant modeluje kostni materidl panve jako anizotropni. Vegkera méfeni oviem pro-
bihaji na umélém modelu kosti (vyrobek firmy Sawbones). Tento materidl nemé podle
mych znalosti anizotropn{ strukturu kosti, jak také sveéded udaje vyrobce, ktery neuvadi
hodnotu modulu Gyy. Uvedena citace Sharma a kol., 2012 se vztahuje ke kosti zvifeci a
nemd pifmou souvislost se studovanym materidlem. Disertant spravné zvolil linedrné elas-
ticky popis, ktery odpovid4 mechanickym vlastnostem modelové kosti. V této oblasti je ale
nutno poznamenat, ze kosti a zejména velké kosti jako je panev maji vizkoelastické vlast-
nosti, které budou vyznamné ovliviiovat jejich frekvenéni odezvu. Jednotlivé mechanické



vlastnosti nakonec disertant optimalizoval na zaklads pozadované shody s experimental-
nim méfenim. V modelu panve (¢8st 2.4.) neni jasné jakym zptsobem a zda-li byl dany
model uchycen a jak bylo toto uchyceni realizovdno pfi nasledném experimentu.

Nasledné piistoupil disertant k hodnoceni vlivu kontaktni plochy na modalni odezvu. V
této Casti se jednd o standardni analjzu. Nicméné bych uvital verifikaci celé metody, o
které vime, Ze funguje u dentalnich implantati. Disertant své zdveéry v Casti 3.4 zalozil
na numerickém modelu, ktery ale neni plné verifikovan pro danou analyzu. Bylo by zaji-
mavé urcit, jak dany model bude reagovat v pipads i zjednoduseného modelu dentalniho
implantatu.

Dalsi ¢ast prace se vénuje experimentélnimu stanoveni odezvy jamky p¥i riizné mife fixace.
V této ¢asti disertant ndvrh a realizoval postup méfeni. Méteni v této &4sti mieme po-
vazovat za pilotni studii z dtivodu malého poétu vzorkd a problematiky opakovatelnosti
celého méreni.

V posledni ¢asti prace se disertant zaméiil na konstrukei zafizeni. I kdyz v tvodu ka-
pitoly uvadi, Ze se jednd o zafizeni pro méfeni stability jak acetabulérni tak femoralni
komponenty, ze samotného navrhu je zjevné, ze zatizeni je primarné uréeno pro femoralni
komponentu, jak je ostatné zndzornéno na obrazku 5.5. Tato Gast tak nenf v souladu se
zbytkem préce a z hlediska metodiky tady chybi alesponi zakladni verifikace zalizeni, jen%
disertant, piipadné resitelsky tym grantu Technologické agentury, urcité provedly. Na roz-
dil od pfedeslych kapitol a vzhledem k tomu, Ze konstrukee zafizeni je stanovena jako jeden
z hlavnich cild, je rozsah této kapitoly netmérns kratky.

Splnéni cili: Cile jsou stanoveny v ¢asti 1.2 , Research Hypothesis, Focus and Organization
of the Thesis“. Cile, tak jak jsou formulovany byly splnény c¢astecné. Hlavnim cilem prace
bylo ovéfit vhodnost pouziti vibraéni metody pro uréovani primérni fixace acetabulérni
komponenty zkonstruovan{ zaiizeni, které by danou metodu vyuzilo v klinické praxi. Jed-
noznacné splnéna byla prvni ¢ast cile, kde disertant ukéizal schopnost modelovani a analyzy
experimentalnich dat. V druhé ¢asti je zafizeni konstruovano spis pro femoralni kompo-
nentu, jenz nebyla objektem ptedklédané prace. Specifické cile vyjmenované v &asti 1.2.
dale hodnoti v zavéru na strané 105 a 106. V tchto zavérech se disertant dopousti vyraz-
ného zobecnéni svych vysledki. Veskeré experimenty a modely byly provedeny na umélé
kosti, kterd neni pfimo naviZena pro vibradni analyzu. Proto tvrzeni, %e systém implan-
tét/uméla kost se chova linedrné jak bylo potvrzeno v dané préci, nemusi platit také pro
rozhrani implantat /Ziva kost.

Zhodnoceni vysledku - pFinos disertanta: Jako hlavni pifnos predkladané prace vidim jeji
komplexnost. Metody pro vytvofeni modelu a zpracovani dat ukazuji na velkou invenci
autora a schopnost vypofiadat se s problematickou tlohou. I kdyz byla pravdépodobna
ocekavani na zacatku préce jina, ne# jsou vysledky, z prace je vidét velké mnozstvi prace
a usili, které bylo vénovéno Feseni daného problému.

Struktura prace: Préce je rozdélena do logickych celkfi. V textu se Jjen piilezitostné objevuji
mirné nesrovnalosti, nap¥. modal assurance criterion je definovano na strané 48, ale pousi-
vano jiz na strané 36. To se tyka celé kapitoly 2.7 Teoreticky zdklad, kterd v textu ptisobi
rusivé a navrhuji ji uvést v ¢asti priloh. Co povazuji za zdsadnéjsi nedostatek je absence
diskuze. Ze seznamu literatury a tivodu k praci je zjevné, Ze autor ma velmi dobry piehled
v dané oblasti. BohuZel v praci chybi srovnéni s dosavadnimi studiemi. Soudasti diskuze
by mélo byt také kritické zhodnoceni metod a analyza jejich moZnych nedostatkt. Césti
diskuze je mo7né najit ve shimuti na konci kapitol, samotné diskuze ale chybi.

Jazykova a grafickd tiroven: Pozitivné hodnotim, Ze price je pséna anglicky. Jedn4 se o
trend, ktery by mél byt nadale podporovan a vzhledem k tomu, Ze autor neni rodilym



mluvéim, je mozné prehlédnout ojedinélé preklepy nebo doslovné preklady. Prace obsahuje
z formélniho hlediska jen drobné nedostatky, nap¥. v nékterjch grafech chybi oznadeni os
(graf 2.19), nicméné 7 popisu grafu je zjevny viznam jednotlivych os.

Publika¢ni aktivita: Publikace autora jsou uvedeny na strang 107 a 108. 7 publika¢ni aktivity
je vidét velky zébér feSenych problémt v pribshu studia. V seznamu je nespravné uveden
patent. Pravdépodobné se jedné o uZitny vzor &. 2012-26448, ktery by mél byt oznaden
jako ,Utility model”, piipadné se mfze jednat o prihlasku vynélezu, kterd neni vidét v
databézi Uradu primyslového vlastnictvi.

Otazky k obhajobé: 1. Mizete vysvétlit pro¢ jste vyuzil pro hodnoceni shody praveé pa-
rametr MAC (modal assurance criterion, vztah 2.35) a pro¢ byl treshold zvolen na
trovni 0,1.

2. Co je hlavnim divodem malé citlivosti frekvencni odezvy acetabuldrni komponenty
na plochu kontaktu?

3. Jakym zptlisobem by se zménila odezva, kdy jste uvazoval viskoelastické vlastnosti
kosti?

4. Popiste jak je mozné zafizeni v konfiguraci uvedené v kapitole 5 vyuZit pro méfeni
acetabularni komponenty.

Zavér a doporuceni Autor ve své disertacni praci prokazal schopnost samostatné tviirdi prace
v daném oboru. Prace kromé potvrzeni a vyvraceni hypotéz obsahuje originalni metody,
které jak doufdm, bude autor nadale rozvijet. Prace svym rozsahem a obsahem spliiuje
pozadavky standardné kladené na disertacni prace v daném oboru.

Mé piipominky nesnizuji jednoznaénou originalitu préce a prace predstavuje pfinos k roz-
voji biomechaniky kloubnich ndhrad. Proto doporuduji praci k obhajobé a doporucuji
udéleni akademického titulu Ph.D.

Prof. RNDr. Matej Daniel, Ph.D.
Ustav mechaniky, mechatroniky a
biomechaniky

FS CVUT v Praze
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Report on the PhD Dissertation entitled
Diagnostic Tool for Initial Fixation of Acetabular Implant

Presented by Mister Petr HENYS

from the Faculty of Mechanical Engineering
of the Technical University of Liberec

The dissertation of Mister Petr HENYS presents a research work on the in-vivo evaluation
of acetabular implant mechanical stability by the use of vibration analysis. This work has
been performed at the Department of Applied Mechanics of the Technical University of
Liberec, under the supervision of doc. Ing. Lukas CAPEK.

The full report of 192 pages is written in English, the main body is a 106 pages document
with 6 chapters including the introduction and the final summary.

The impressive bibliography contains 266 references in various scientific fields, justified
by the multi-disciplinary aspects of the work.

Eight appendices bring additional figures in order to capitalize the full technical infor-
mation without making the main body document too heavy, which is appreciable.

Based on the analysis of the state-of-the-art, the introduction first gives the context and
explains the essential link between the press-fitting control during the Total Hip Re-
placement, the mechanical stability of the implant, the osseointegration process and the
success of the hip replacement. This analysis leads to the definition of the scientific ob-
jective of the work, which is to propose and evaluate a new approach based on vibration
analysis for measuring the initial mechanical stability of the implant during surgery. The
main hypotheses are given, the organization of the work is presented and the original
contributions are highlighted.

The hip joint anatomy is then described and the total hip arthroplasty is explained in de-
tails, revealing the better performances of cementless techniques and the key role of the
initial fixation.

The author finally presents the current concepts for the evaluation of the initial fixation
quality, with an extensive review of the scientific results together with a description of
the commercially available systems. A table summarizes very well these information.

The reviewer really appreciated this first chapter, containing very useful and up to date
information in the field.

The chapter 2 is dedicated to the elaboration of a numerical model of a synthetic pelvis
bone and an acetabular cup. This preliminary step is relevant as the model could be use-
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ful to understand the main trends in the mechanical behavior and to design a performant
diagnostic tool.

Great care is taken to build an appropriate model, from the 3D scan of the pelvis bone to
the CAD and FE models. This kind of retro-engineering approach is known to be complex,
very technical and time consuming, but the author seems to perfectly handle it. The to-
mography measurements are used to evaluate the material density throughout the struc-
ture. The mechanical behavior of the material is modelled by constant orthotropic elastic-
ity. The question of the orthotropy axes is hard and a pragmatic approach is proposed,
based on the local geometry. A mesh convergence analysis is performed with 7 different
element sizes. The author should have given more comments on these results, and write
explicitly which model has been used for the next steps.

An experimental modal analysis is then performed on the synthetic pelvis bone in order
to evaluate the predictability of the model, and if necessary proceed to its calibration.
The experimental and identification procedures are classical and well handled. As an ex-
pert in this field, the reviewer noted some minor imprecisions or lack of information:

- how to perform some reciprocity checks when having only one driving point?

- if there is really only one driving point, the identification process is of MISO type (Multi-
ple Input Single Output) even if the used method is able to handle MIMO measurements

- the author gives the two coefficients associated to a Rayleigh damping model, without
any information on the way they are estimated. By the way, they are not used in the
following steps.

The next step consists in comparing the simulation and experimental results. The correla-
tion is remarkably good, especially for modal frequencies. The mode shapes correlation
could have been explicitly quantified and commented, in order to help the understanding
of the distance between the model and the reality. The author presents then a model
updating process which gives even better results in terms of modal frequencies predic-
tion. The fact that the cost function is only based on the modal frequencies is an im-
portant information that is unfortunately given in the next section only. It would have
been interesting to analyze more deeply the physical interpretation of the updated pa-
rameters and the updated mode shapes correlation. Sometimes a better model is found
for bad reasons! Nevertheless, the results lead to a good confidence in the Finite Element
Model in the frequency band of interest. The end of the chapter is dedicated to the theo-
retical aspects of both the identification and the updating techniques, showing that the
author did not only use existing tools, but went really “inside” to understand and handle
them.

The third chapter intends to use the model previously built and validated to evaluate the
influence of the press-fitting control on the dynamic response. A cylindrical steel beam is
added on the implant without proper explanations, probably by similarity with previous
studies on dental implants. Preliminary simulations are performed and reveal that the
implant and the beam low frequency dynamics do not lie in the same frequency region. A
pragmatic choice is then made to take into account the contact surface. More sophisticat-
ed ways to do it could have been imagined, but the reviewer agrees with the reasons
given by the author, i.e. keep a simple and linear approach to get first trends. A sensitivi-
ty analysis is performed with respect to the contact surface and the dynamic behavior is
examined on the five first modes. The results show that the sensitivity is very low, which
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is a little bit disappointing. It allows nevertheless to conclude that more complex modes
seem to lead to higher sensitivity.

The reviewer appreciated this part of the work, in the modern trend of “model based test
design”. Many more studies could have been performed using the validated Finite Ele-
ment Model in order to explore the problem, understand the physics, improve the setup...
We guess that time constraints have limited the analyses, but future works could be con-
sidered to get benefit of the high quality model.

The chapter 4 presents an experimental analysis of the impact of the press-fit control on
the dynamic behavior of the implant-bone system. The experimental protocol is well de-
scribed, and represents a large amount of tests. The vibration analyses are performed
directly on the cup without any beam, probably because of the conclusions of the previ-
ous chapter (although it is not clearly indicated). The Frequency Response Function
measurements are classical, but then extensive and high level data processing is per-
formed: mode filtering, clustering and tracking, Principal Component Regression... An
interesting result is found through the correlation between the polar gap value and the
cumulated impact force. But the frequency and damping results are found to be useless
for diagnostic: the low frequencies sensitivity is low as expected from the numerical
study, and the high frequency modes identification suffers from a low signal to noise ratio
leading to difficulties for identifying and tracking them. It is nevertheless confirmed that
high order modes are more sensitive than low order ones. Damping ratios show no evi-
dent trend, which is normal as their low values imply a large sensitivity to all kind of un-
certainties (and they differ probably very much from real in vivo conditions). To try to go
further, the mode shape correlations are examined through multivariate analysis. Unfor-
tunately, the results are quite hard to interpret. Finally an analysis is tried directly from
the Frequency Response Functions by using a Partial Least Square Regression approach,
leading to similar results.

This part reveals an important and original research work, performed with high level data
processing techniques. The results are not those expected, as usual in scientific explora-
tions of complex problems. They are nevertheless valuables for the scientific community,
and show that efforts are still to be done.

The fifth chapter gives a brief description of an original experimental device for measur-
ing the dynamic behavior of acebular and femoral components. Very few details are giv-
en, perhaps because of confidentiality issue? Technically, the proposed device looks
promising with integrated piezoactuator, accelerometer and wireless connectivity. It is
furthermore compatible with the medical environment according to ISO 60601, which
required probably numerous efforts on its design. An example of measurement would
have been appreciated to fully convince the reader.

The sixth and last chapter consists of a summary of the whole research work, recalling
the main results which were obtained. It confirms, if it was necessary, that a large
amount of analyses were performed thanks to high level methods and techniques from
various disciplines.
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As a conclusion, the reviewer can state without any doubts that this research work is
important and valuable. The multi-disciplinary aspect of the project has necessitated the
candidate to learn a lot in both biomedical science, mechanical engineering (including
numerical and experimental techniques), data processing... The dissertation shows that
he could reach a high level of expertise and handle complex and modern scientific tools.
The interpretations of the results are generally pertinent and always honest, even when
limitations are encountered. The ambitious objectives are not fully reached, but much
has been done and original knowledge has been produced, as it is confirmed by the re-
lated scientific publications.

The written thesis is of a standard consistent with a PhD, the reviewer fully au-
thorizes the oral defense.

Summary of the questions which could be addressed during the defense:

Chapter 2
- What are the conclusions of the mesh convergence analysis? Which mesh density
has been chosen for the next steps?
- Were the modal tests of MIMO or MISO type?
- How were the Rayleigh coefficients obtained? How representative is the Rayleigh
damping model? Is it used in the next steps?
- After the model calibration, do the updated parameters look physically consistent?
The mode shapes are they slightly or strongly modified?
Chapter 3
- If the validated model was now used to evaluate new strategies or designs, how
would the author proceed? What would he propose?
Chapter 4
- Has the author an idea about a possible way to modify the design such that the
low frequency modes become sensitive to the initial fixation?

Besangon, France, Novembre 3rd 2015,
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