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ABSTRACT
In themammaliarauditory systemspecifically in the cochlea of the inner etdoe Basilar
Membrane (BM) and hair cellsre responsiblér transducingncomingacoustic waves
into electrical signalsThese acoustic signals are carried as traveling waves by the BM and
propagate from the base of the cochlea toward its apex where the helicotrema is located.
An impressive feature of the mammalian auditory systemo igreventthe propagated
wavesfrom reflecting which allowsnammalsto hear sounds without any reflection or
overlap.This extraordinarycharacteristiof the inner ears the main inspiratiomor this
work. In the presenstudy, the dynamic behavioof a beamstructurewith one or more
attachedspringdamper(SD) systens as passive absorbessstudied when excited by a
harmonic force The location of the springamper system divides the beam into two
dynamic regions: one which exhibits noeflecting traeling waves and the other with
standing wavesin this work,the separation of traveling and standing waigestudied
analytically, numerically, and experimentallyo t he best of the author
is the first time in the literature that trdivey and standing wave separation in a beam is
realized experimentally using a singleint excitation and a sprirdamper. Experimental
resultsare used to validate the models of the systé&horeover, a parametric study is
performedo gaina better undatanding othe effect of different parameters on the quality
of the generated waves in the structure. Furtherntbeseffect of attaching the second

springdamper to the system is presented. Adding the secondary SD system results in



increasing the exciten frequency rangso that wave separation can be achievEade
results of this work can be used in various applicatguch as vibration suppression,
energy absorptiorparticle transportation, and in exploring possible explanafionthe

BM andhelicotremafunctionsin the cochlea.



Generating Traveling Waves inFinite M edia Using Single-Point Excitation via
Passive Absorber
Seyedmostafa Motaharibidgoli
GENERAL AUDIENCE ABSTRACT
In the inner ear of the mammaliaauditory systemthe sound wavegavel inside the
cochlea where they are converted to electrical signals sent to the Ar&ascinating
characteristiof the mammalian auditory system is tffa¢ sound wavesaveling n the
cochleadonotreflect when they readts apex where thieelicotremas locatedTherefore,
we are ableo hear sounds without any reflection or overl@his work is inspired by #
biological behavioof the inner eaand studies thdynamic behawr of a simple structure
such asa beam withone (or two) attachedspringdampe(s). In this work, the attached
springdamper syste(s) prevents thevaves traveling from the so
boundaryfrom reflecting Thisis similar to what happens in the inner édre location of
the springdamper divides the beam into two dynamic regi@me which exhibits non
reflecting traveling waves and the other with standing wavhs. wave separatioand
parametes affecting thewave quality and its reflective or nereflective featuresare
studied analytically, numerically, and experimentalfl. o t h e best of t he
knowledge, the experiments carried out to generate the aforementioned wave types
coexisting with each othemahe beam are one of a kirfelirthermore, the results of this
study showed a very good agreement between the experimental and theoretical hesults.
outcomesof this work carnpotentiallybe used in exploring possible explanatiémisthe
function of the cochlea and helicotrema and various applications such as particle

transportation and suppression of unwanted vibrations.



Acknowledgments

| am extremely grateful toy advisor Dr. Pablo Tarazagdor all the help and guidence
over theseyears.This endeaor would not have been possible withgutur invaluable
support | appreciate all your help and support.

My appreciation extend® my committee members, DBerkan Ggercin, Dr. Andrew
Kurdila, and Dr. Robert West for theielp and valuablesuggestionsl truly appreciate
your guidanceand constructive feedbatkroughout myresearch

Many thankdo myamazing friends anikdb matesfor all your support antbr beingthere
for me through challengeSpecial thanks t®r. Sriram Malladifor being a great friend
and mentoto me. | am also thankfub Dr. Corina &ndu,Cathy Hill, Mandy McCoy and
all the wonderful peoplat the Mechanical Engineering Departmfmtall their help.
Words cannot expresow thankful | anfor my parentsHassan and Faridemy brother,
Morteza and mysister,Maryam | want tothank you from the bottom of my heart for all
your love and supporthroughout my lifel love you a ét. | am also verythankful tomy
lovely in-laws Farrokh, Shie, and HeliaThank you for all the love and supporbuare
amazing and | love you!

Finally, a very special thank goes to rogst friend for over fifteen yearsoutmate,wife,
and even myolleague for many yearSheydal am very thankful forll your support,
your love, and for always being there for.rmhe&ould not have undertaken this journey

without you.You arethe best othe best,dve you!



Contents

Chapter LINTrOTUCTION. ...ttt ieee et eeer et e e e e e e e e e e e e e e e s ammmeeeaeeeens 1
1.1. [ a1 oo 18 ox 1 o] o R OO PP OPPRPON 1
1 .. 2 Motivation, applications, and literature reVIieW.............ccuveeeeericmrriireeee e s eesrveee e e e emmm e 1
200 R Y/ T (Y o ] o USSP 2
1.2.2. Bio-inspired applications of traveling Waves.............coovvvvvivieeeeeeeeeeeeeeeeiiiiineens 3
1.2.3. TranSPOITALION. ...cceiiiiiiieeee et eeena e 4
1.2.4. VIDration SUPPIESSION.......uuuuuerunuiieeeeeeeeeeunnnaasseeaeeeeaeeeseeennneaaaaeeeeeeeeeessnnnnnnnns 5
1.3.  Literature review on gesrating traveling waves and wave separation.................c..... 6
1.4, Mechanical Wave geNEeratiQn............couiiiiiiiiieeee ettt emm et reme s 8
1.4.1. Wave envelope and CoSt fUNCLON...........cooiiiiiiiiiieee e 9
1.5, CONIBULIONS. ... .ottt ettt et et eeme e s e e e emnee e e e eneee 11
1.6. Chapter summary and dissertatiartlime..............ccooiiiiiiiicmie e 13
Chapter 2Model development of theeam with an attached spridgmper system......... 15
2.1 1o o 13 o 1o o SRS 15
2.2.  Distributed parameter model of tegstem with a passive absorher...............cccocveeee. 15
2.2.1. Steadystate solution forthe beam with a passive absorber under a harmonic
(23 el =1 1o o PSPPI 23
2.3. Finite element model of the SYStemL.........c.vviiiii it 28
S O o T od U] [ o PR 33
Chapter 3Analytical SOIULION...........ccviuiiiii e e e e e e e eeen 35
3.1. a1 (oo 18 ox 1 o] SRR 35
3.2.  Analytical solution for a clampeftee beam with an attached passive absorber........ 35
3.3.  Analytical solution for a fredree beam with an attached passive absarher.............. 42
3.4.  Analytical solutio for a clampegtlamped beam with an attached passive absorber50

3.5.

(000 ] (o3 (V1[0 o FH R UTT TR 58

Vi



Chapter 4Numerical simulations of a beam with an attached sptamgper..................... 60

T [ 01 (o To (VT {1 o o PSP PSPPSR 60
4.2.  Numerical simulations for a freleee beam with an attached SD................cccveiieeel 61
4.3.  Numerical simulations for a clampetamped beam with an attached SD.................. 65
4.4,  Numerical simulations for a clampdree beam with an attached SD...............cccccu. 68
4.5. Comparison between numerical and analytical reSUlLS..............cccvvvieece e vrcviieeeeenenne 73
G T ©o 1 (o1 U 1o o T OSSP U PP UP R PTRPP 75
Chapter 5ParametriCc STUAY. ........oouuiiiiiiii e 77
5.1, INIrOTUCTION. ... .eiiiiieiiic ittt et smmme e semmmreesnneennneennneennne s dlol)
5.2. Parametric Study approach..........oo i 77
5.2.1. Damping and stiffness coefficient of the absorber.............cccovvvviveeneeeeennn 79
5.2.2. Frequency band SeleCtion.............cooiiiiiiiiccc e 80
5.2.3. Location of springdamper attachment on the beam...............ccccoovveeevvvnnnnns 82
5.3.  Effects of changing the stiffness and damping coefficients..............ccccvveeceeirneene 83
5.3.1. The springdamper fOrCe.......couiiiiiiiieii e 86
5.4. Effects of changing the Excitation freqQUENCY..........ccvvviiv i iiemieeee e 90
5.5. Effects of changing the SD l0CatiQn...........cooooiiiiiiiiecc et a3
LG T ©o 1 (o3 U1 o ] o T OSSO U PP OP P OTRR 97
Chapter 6 Experimental redts and modelvalidation...................cccciiiiccceveniiiicieeee e, Q9
6.1. 1o Yo [ o 1o o SRS R 929
6.2.  EXPerimental SEIUP.....ccuii it emmi e e 99
6.3. EXPEriMEntal FESUILS........coi et ceeereee e rmeer e e e e e e e e e e e s s rmmmrs e e e e e s 102
6.4. MOl ValIdALION.......ceiiiiiiiii it ee e 103
6.5, CONCIUSION... ..ottt et emma et emmnr e s e e nns 105
Chapter 7Wave separation inlzeam with twaattached springlamper......................... 107
7.1 1o o 11 o 1o S PR 107
7.2. Model development of the beam with two attached spdagipers............ccccveeeeennee 107

7.2.1. Distributed parameter model of the system with two spdagper systems..107

7.2.2. Finite element model of the sigm with two springlamper systems............. 113

Vii



7.3. NUumMerical SIMUIAION FESUILS.......cceveie et eeeee ettt et e e e e e e e e e e reena s eon 115

7.3.1. Response of the system with two SPFIBIMPErS..........ccccvvvvviiiiiiiieeeiiiieee 115
7.3.2. System sensitivity to the excitation freqUEeNCY............uuvvveeriieeeiiiiiiiiiieeee. 118
7.3.3.  Tuning sSpringdamper ParamMeterS...........uuieiiiiiiiiieieeeeieeeeeeee e e e e e e e e e smmme s 122
7.4. (@0 1 1113 o o PSPPSRI 124
Chapter 8 Towards wave separation in a beam by attacpiezpelectric patches.......... 125
8.1. 1o Yo 11 o 1o PR 125
8.2,  MOdEel dEVEIOPMENL......cciiiiiiiiieiiie ettt emma e e 125
8.3. Generating traveling waves laytaching piezoelectrics and using a feedback contrbiér
8.4. Generating traveling waves using piezoelectric with an RC shrmiiti..................... 134
8.5. (@0 1 1113 o o 1SRRI 142
(O gF=T o] (=T gt X @Xo ] o Tox 1113 o o 1SRRI 144
9.1. (@0 1o 11 1S3 o =TSP 144
9.2. FUBUIE WOTK ..eiieeie ettt s e e e immne e e e s e e e st e e e s ensas st ae e e e nnteeaeanseeeas 149
REIEIEBINCES . .. et 153

viii



List of Figures

Fig. 1.1.Events in the stimulation of auditory receptors in the right ear [19]. Used with permission of
John Wiley & SonsBo ok, f r om fAd3B. DedricksomRrimciplesofaanatomy and physiology:
volume 1, organization, support and movement, and control systems of the humémobé&dly 13). John

Wil €y & S QS 2.0, Ll 0ttt e e et e e e 2
Fig. 1.2. Cost function definition, (a) pure standing wave (€F), (b) pure traveling wave (CF0),
and (C) hybrid WAVE (B CF < L) cuiiiiiieiiie e ciiiesiee s veeme e st e stee e stae e st e s mmme e be e e staeesnsaeasaaesssmmmneeenneaeans 10
Fig. 2.1. Schematic of a cantilever beam with an attached sgtanmgper and applied harmonic force
............................................................................................................................................................. 16
Fig. 2.2 Schematic of an EuldBernoulli cantilever beam (free vibrations)...............ccccvvvvviceenn. 17
Fig. 2.3. Schematic of an EuldBernoulli cantilever beam with a spricdamper attached (free
1Y 41 0] = LA 0] 1) PO PSRPPS 20

Fig. 2.4.Schematic of the cantilever beam with an attached sggtamgper (forced vibrations).....23
Fig. 2.5.Changing damping and stiffness coefficient in analytical solution, excitation frequency is 1700
Hz, (@) mhQ ¢ fQWa, (b)d ¢ miTahQ ¢ nRia, )b ¢ ™ iTahQ 1 and (d)

0 € TUH TG AQ € TIQUFG oottt eemee ettt ettt s enee st et ee et e s et et eeemmms e e e e eeeaeas 27
Fig. 2.6. Finite element model of a cantilevered beam with an attached gainger.................... 29
Fig. 2.7. Finite element model of a oredement beamdp anddo are translational coordinates aad

andoT are rotationNal COOTTINALES.......cc.uiiiiie e ceee et ee ettt e e et e et e et e e s emmn e e nneeeaneees 29

Fig. 3.1. High-quality traveling waves in a subdomain of the begenerated using optimaland Q
values for different driving frequencigg) 8o Y & ,’'Q x @t QG ,and  p o THOWb) K
CAdiFa, Q p@gQifa, and] px OB p @ ™ ifa, Q Y& pQWG , and]

¢ mridand (d)® p ® W iTa,Q p oROIAPATIA ¢ 0 O .oviveeeeceeeee e 39
Fig. 3.2 Schematic of the freree beam with an attached sprdgmper............cccccooviiiiiviecce s 42
Fig. 3.3.Wave development in a fréeee beam with an attached SD with constaand Ofor different

L 12 Lo 18 TR P OO RURTRTOPPRRRRR” | o1
Fig. 3.4.Optimal wandQto achieve nearly pure traveling waves on a-free beam with an attached

SD for various excitation frequencies and SD l0CAtIONS..........c.uueriie i imreee e emmmeee e 48
Fig. 3.5. Schematic of the clamperlamped beam with the attached SD.............cccccce v, 50
Fig. 3.6. Wave development in a clampetimped beam with an attached SD with constaamd Q

(o] Qe LI =1 X=Ta LNE=1 o [0 1 SRR R RN 55
Fig. 3.7.Optimal cand Qto achieve nearly pure traveling waves on a-free beam with an attached

SD for various excitation frequencies and SD [0CAtIOMNS...........cocviiiiiimmee e 57
Fig. 4.1.Finite element model of a frdeee beam with an attached spridgmper system............. 61

Fig. 4.2.Freefree beam with a harmonic excitation and attached sgtargper at the boundary at
0, (a1) Cost function contour, {2) System schematic, developed wave, and optimal wavelare for
the corresponding optimaband ‘Qfrom CF contour, (i) Cost function contour with highepand Q
resolution, and (2) area swept by the wave and wave envelope for the optimal valGasdiQ........ ! 62
Fig. 4.3. Cost function contours and optimal wave envelope for theffeebeam for three different
SD locations, (aprt 1, (b) Ot T 0, and (C)OTT TR ...ecvveeiiiecie et ememr e ammmee 64
Fig. 4.4.Finite element model of a clampethmped beam with an attached sprdamper systen®5



Fig. 4.5. Clampedclamped beam with a harmonic excitation and attached sgeamper near the right
hand side boundary, (a) Cost function of the simulated waves parameter sweep of damping and
stiffness of the passive absorber, (b) System schematic and wave envelope for the optimal.casgé

Fig.4.6.Cost function contours and optimal wave envelope for the clarolgeoped beam with three
different SD locations, (&)t 18t O, (b) Ot T& 0, and (C)OTT  T@D.....cveevvveieeeciecee e 67

Fig. 4.7.Finite element model of a clampéee beam with an attached spridgmper system......68

Fig. 4.8. Wave generated in the system for p x m@tandOnm m&0, (a) CF contour, wave
envelope and the area swept by the wave forg(b)c W d ¥& andQ p JQW4, (c) ® w T d7Ta
andQ ¢ MQWa g (d)o T WdTa andQ Y QG , and (e) ocld7Ta andQ 1 QWG .....69

Fig. 4.9. Cost functon contours and optimal wave envelope for the system excited ap o O
for, (@Q)Omt T8t 0, (b)OTT  T@O, and (C)OTT  TERID......ooiieeiiee et cmeere et rmee e 70

Fig. 4.10. CF contour and wave envelope correspondingtoc 10 87 andQ p yQira for
Om &0 anddifferent excitation frequencies, (al, a2) p o 10Oy (b1, b2) p X TOn and(cl,
c2)] (o L 1 (€ o TSP 72

Fig. 4.11.Comparison between analytical and simulation results for claffreedcase, (a) analytical
result, (b) cost function using parameter search from simulatia circle shows an estimation of optimal
values of ¢ and k, (c) simulation result using optimal values of ¢ and k from the analytical saluti@d.

Fig. 4.12.Comparison between analytical and simulation resultgéaffee case, (a) analytical result,
(b) cost function using parameter search from simulation, red circle shows an estimation of optimal values
of c and k, (c) simulation result using optimal values of ¢ and k from the analytical salution........ 74

Fig. 4.13. Comparison between analytical and simulation results for clarola@dped case, (a)
analytical result, (b) cost function using paraenesearch from simulation, red circle shows an estimation
of optimal values of ¢ and k, (c) simulation result using optimal values of ¢ and k from the analytical

£ ] U)o o PSSP .
Fig. 5.1.Schematic of a freéree beam with an attached spridgmper and an applied harmonic force

............................................................................................................................................................. 78
Fig. 5.2.An example of cost function contour and generated Waves.........cc.c.ooevvieemeeeeeseennenen 80
Fig. 5.3.The frequency response function of a ffeee with a SD attachment@tt & 0 with tuned

parameters for the excitation frequeNCYPOX TEDW .......cc.oeiiiiiiiiiieeiieee e smee e 81

Fig. 5.4. Cost function contour and generated waves for a constant SD lo6atiom& 0, (al) CF
contour for p o TEOY (a2) response for optimizesand Cfor] p o 1Oy (b1) CF contour far
p X TiOY (b2) response for thamehand Qvalues as in (a2) With P X TOW....coovevvveeieceeece 81
Fig.5.5.Cost function contour and generated waves for a constant excitaguency p o TIOY
(al) CF contour fobt 1@&0, (a2) response for optimizadand Qfor Ot &0, (b1) CF contour for
Om 0, (b2) response for optimizeoand’Qfor DTt TEI. ....cvvevveeieeeeeee e eeeee e 83
Fig. 5.6.Cost function contour fabrt 1@ 0 and P X TEO ..o 83
Fig. 5.7.The relationship between the CF values and SD parameters fgp X mi@oandinm  m&0,
(al) CF vsfor various values of) (a2) CF contour and the selected valueQgal) CF vsQfor various
values of®) and (b2) CF contour andleeted VAlUES Of............c.ooveueerueeeeeereeeeseeeeeeeeeee e eeees s 84
Fig. 5.8.The relationship between the CF values and SD parameters fgp ¢ ri@oandinm  m&0,
(al) CFvs &) (a2) CF contour and the selected valueX)ofal) CF vsQ and (b2) CF contour and the
SEIECLEA VAIUES @D .........eeceveeeceeeeeeme sttt es st s mems s en s e s et s eee st esomemn e essensnsnessensntesasomemnenens 85



Fig. 5.9. Comparison between the input force and the force at the SD locatwgridr, (a) some
arbitrary sets of springamper attached to the beam and (b) optiméeaad’Qfor] p X Tt@oandin

L1« 10 TSRS 87
Fig.5.10.The CF contour far p X mA@0ANAOTT T D...cccveeeiiiiiieeeieeeeemee e 87
Fig. 5.11.The phase difference between the input force and the SD force (dashed yellow curves) for
various®and Qvalues for p x T@BandOm m& O shown on the cost function contour............. 38

Fig. 5.12.The phase difference between the input force and the SD fotoe atm@ 0 for various®
andQvalues for different excitation frequencies,(@) X 1104 (b)] p o 1Oy (c)] p X Oy
and (d) ¢ 1 i@ Dashed yellow curves show phase differences and contours display the cost

L0 T o ) o PRSP 90

Fig. 5.13.The frequency response function (FRF) of a{iree beam without sprirdamper and with
optimal SD attachment &t 1@ 0 under the excitation frequency PfX TOQ...........cccovveevieeeiviieeee. 91

Fig. 5.14. Generated waves for constant valuesdofohA T Rfor (a) p m p@Y (b) p o TH@d (c)
P X TEAY AN (A)D W X DI ettt emme ettt sttt et emmne s e e e st e eseesbeese e beemmme s e seeeneeaseaneenbe e 91

Fig. 5.15. The relationship between excitation frequency and the CF of the generated waves for a
CONSEANDTT, 6 ANATQ .ottt e et et e e et e e eeemee et et e eae e e e et e e e eee e ememteeeeeeeeeeeeeeeeeee e e e emamneeen 92

Fig. 5.16.An example of attaching SD to a nodal point of a particular excitation frequency.....93

Fig. 5.17.The CF contours for different SD attaclnt locations and a constant........................ 94

Fig. 5.18.The cost function values for different locations of the SD system on the.beam....... 95
Fig. 5.19. The wave envelope of the response of the system top x mOthOm 18 OhQ

P Q0 FBNGO)  Thoeeeeeeeeeeeeee ettt eeeme et ee et n e e s s ememe e e e e esesenenen s s eensnenas 96
Fig. 5.20.Developed waves and the wave envelop&iorp JQ0 dand ¢ Bd &1  p x G
and four differendr, ()0t T W, 0 T W, O T O, andOm T TTO......cceeiiiiieenen, 97
Fig. 6.1. Experimental setup of a cantilever beam with an attached dashgahaker, (a) actual
experimental setup, (b) schematic of the SEIUP..........coovviiiiicee e 100
Fig. 6.2. Wave envelope and velocity contour for differexcitation frequencies (al, ap)x 1Oy
(b1, b2)p P A AN (CL, C2X TT TEW....ecuvieiieeciie e cemre ettt et smmme et e s ae e e teebeeaneesssemmnees 102

Fig. 6.3. Wave envelope comparison between the experimental tests (left) and the numerical
simulations (right) for different frequencies, (al, @X 10w (b1, b2)p Y Gy and (c1, c2)k 1 TG

........................................................................................................................................................... 105
Fig. 7.1.Schematic of the cantilevered beam with two attached grounded sfanngers............ 108
Fig. 7.2.Finite element model of the clampé@e beam with two attached SD systems........... 113
Fig. 7.3. An exampleCF definition, the left part is a standing wave & p), the middle part is a

traveling wave# & T1), and the right side of the wave is a hybrid wae (# & pP)......ocecvvvveeeennns 114
Fig. 7.4.Schematic of the beam with two attached grounded s{gi@mgpers............ccccoevuveeeiienn. 115

Fig. 7.5. Wave generated in the system for p o iGuip T&0, 0¢ 1O a) tuned for3 $:p
@ Yodra,"p x XQira,d mand® T b) tunedfoB $:gp TP T p eI,
and@ v QUG , and c) combination of both tuned SPHAGMPETS...........c.cceeveeeeiiemeeeereieee. 117

Fig. 7.6.Cost function values vs Excitation fnegncy for different cases, (8) § is disabled an@ $ p
is tuned for p o O (b)3 P is disabled an8 $ s tuned, and (3 $ and3 $ are tuned separately
for O I & I 1 (G o OSSP 119

Fig. 7.7. Examples of generated waves using o8\ pap WO dTaAp x XQWa , only
3$cg pE@dFaA® v QWG |, and both SDs. Note that all the SD parameters are fixed and tuned
for 0T L 0 ¢ ST 121

Xi



Fig. 7.8.Parameter search contour ®1$ pnd the red point indicates the selec3efi parameters as
e YT R = (o S € S VI s 1 (o ST 123

Fig. 7.9.Cost function contours faonstanB $ garametersg p 874, @ v «FaG and area
swept by the wave for the tuned value, (a) CF contow f®rpetweerndp andi¢, (b) CF contour foB $ p
betweendc and0, and (c) area swept by the wave for the tuBedl,gp wOETa, P v Q4.

........................................................................................................................................................... 123
Fig. 8.1.Schematic of a cantilevered beam with attached piezoelectric patches................... 126
Fig. 8.2. Cost function contour for the excitation frequencyuwnf g and piezo patch between

Lo T 1< 1 TSSOSO 131
Fig. 8.3. Area swept by the wave for w¢ ™G0 p& Q@ , 6 ™ Yad T, and piezo

attached Detween 0 MR D. ...........couiiiieieeitiimeee e sie e e teessammmreesseesneeeneaeseesseesrmmsseesneeaneeeneeensen 132
Fig. 8.4.Area swept by the wave for  w¢ ®J0 v Qaa,6 1 d ¥a, and piezo attached

between 0.3L @NUB 0. .........coviiiiiiiecitie ettt smee st e et e e s be e saeesasemmnresaee e aeeebeeabeeeneeenra 133
Fig. 8.5.Cost function contour for the excitation frequencyxt g and piezo patch betwee

O T 1< 10T USSR 133

Fig. 8.6.Schematic of a beam with an attached piezoelectric connected to an RC shunt cird3i4
Fig. 8.7. Area swept by the wave and the wave envelope forw ¢ g¢’Y o wom, and piezo

attached Detween 0 MR D.............ccveiiiiiiieiieceer et vammr e s e st e s eeeaeesbe e bmmmsseesneeeneeereenrs 136
Fig. 8.8.Cost function versus the resistance of the shunt circuit forp x T@nand the piezoelectric

[oToro =To [ TeTANVEETCT ) ooy T 11 3 S 137
Fig. 8.9.Area swept by the wave and the wave envelope forp x @'Y o q@moén coi

1, and piezo attached betweBB0 and T8 D............ccceeiiiiiiiiiimeee et emmere e 138
Fig. 8.10.Cost function contour for the excitation frequencypok 1At and piezo patch between

L O T 1< 30 T 139

Fig. 8.11.Cost function contour for the excitation frequencypok 1Ot and piezo patch between
™ @ 10, (@)m Y tmnfmand ¢metO6i mb)m Y ¢mEnand pod’O

0 i [ I 1 O SO OSSOSO 140
Fig. 8.12. Area swept by the wave and the wave envelopeg for p X HOG 'Y o ¢, 6 i

p ¢ § '@and piezo attached betweB®0 andT8 0...........ccceeieeiiiiieiceee e e 141

Fig. 9.1.A schematic of a plate with multiple SD systenttaehed to different locations............. 151

Xii



List of Tables

Table 2.1. BEAM PAr@MELEIS.....cciiiiiieeeee e e e ceemree et e e e s s e ttre e e e e e e s s simemrsaeeeaeessssnssaeeeaessssmmmrseeeseaeessnnsens 16
Table 2.2. Natural frequencies of the beam obtained using analytical methad......................... 19
Table 2.3. Natural frequencies ( €) of the beam with an attached SD obtained analytically......22
Table 2.4. Some of the natural frequencies of the beam with and without s@amgper attachme8
Table 3.1. Cost function and optimaband Qfor different and differen{rt (clampedfree beam)41
Table 3.2. Cost function values for various setsiofi hand’Q(free-free beamy.........................45
Table 3.3.Cost function and optimabandQfor differen and differeniirt (free-free beam)......49
Table 3.4.Cost function values for various settingsiofi Fand@(clampedclamped beam)....54
Table 3.5.Cost function and optimaband Ofor different and differenimt (clampedclamped beam)

............................................................................................................................................................. 57
Table 4.1.The natural frequencies of the frélee beam before attaching the sproemper........... 61
Table 4.2. Optimized parameters for the fH@e beam..........ccveerv i iicee e 63
Table 4.3. Optimized parameters for the clampeldmped beam...........ccccco i viiiicem e, 67
Table4.4.CF values for cases are shown in F@............ccoceiieiiiiiiiceme e remee e 69

Table 4.5. Optimized parameters for the system excited at p o Ti@ofor various SD locationg.1
Table 4.6. The CF values for Figt.10 cases fob ¢ t0d7a andQ p ¢Qifa , anddm & 0.

............................................................................................................................................................. 73
Table 5.1 Phase difference and CF for different SDs selected fronbHf................ccccvvveveeiiicenn. 88
Table 6.1. BEAM PAr@MEerS. . ....cciiiuiieiiiee e s s ierereeee e e e s esettraee e e e e s ssmnessreeeaeeesssstsseeeaessammnsssseeeeeeesanns 100
Table 6.2. Cost function values for different excitation freqUeNCIES............cccvveveevicerciviieeeeenn, 103
Table 6.3.Natural frequency comparison between experiment and simulation...................... 104
Table 6.4.CF comparison between experimental and simulation results.............cccvvveeeceeenns 105
Table 7.1.Cost function values for cases are ShOwn iN Fig. e .o 118
Table 7.2. Cost function values for different cases including 1 SD and 2 SD attached.......... 120
Table 8.1.The model parameters of the beam and piezoelectric actuators..............occvveeeneee.. 126

Xiii



Chapter 1

|l ntroducti on

1.1. Introduction

This chapter presents an introduction for thigsertatioron presenting a passive methodology to
generatdraveling wavegTW) with the coexistence of standing way&%V) in finite media such
as beam In this methogaharmonicforce is applied to a beam aadpringdamper (SD) system
is attachedo the beamgchthat traveling wave aregeneratedn a regon of thebeam with the
coexistence of standing wavieshe other regionl he motivation for this resear@hthe biological
function of the inner ear whids presented in the next sectidfext, some of the applicatioref
this workalong with a literatre reviewareprovided.Later inthe chaptermechanical waveand
their characteristics includinggave envelop and cost functiorare introducedFinally, the last
two sectiors providethe contributions of this worlg review of tie chapterandan outlne for this

dissertation
1.2. Motivation, applications, and literature review

Mechanical vave generation and suppression in finite structures haveshedied for many years
[1-10]. The occurrence of mechanical waves, specifically traveling waves, in nature has been the
inspiration for many studies on traveling wawasd theirvarious applicationsThis section
presents some examples of these occurrences and theednspudies in the literature.

Furthermore, thenainmotivation for the current work is described in this section.



1.2.1. Motivation

One ofthe most fascinating phenomenanisture where traveling waves play an important role,
occuss in the mamadian auditory gstem.As acoustic pressure waves enter the tayactuate
the tympanic membrane or treardrum. The wavegrethen transmiedto the inner ear via the
middle eatbonegq 11-15]. The basilar membrari®M) is one of the prominent structunaartsof
the cochlea of thenner ear which transports acoustic signals receatatie oval windowo the
hair cellsasstructural wave$16-18]. Another characteristic of thgM is its ability to absorb the

energy of the structural waves at the apex of the coeltheae the helicotremia located.
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Fig. 1.1. Events in the stimulation of audry receptors in the right eft9]. Used with permission of
John Wiley & SonsB o o k , Gf F Tortorafand B. DerricksoRrinciples of anatomy and
physiology: volume 1, organization, support and movement, and control systems of the hunfan.body

Ed. 13). John Wiley & Sons, 2011.

As a result of this biological mechanism, the acoustic energy does not refileebatindaryof
the cochleaandthereforedoesnot resonate back into the BNhis is a key feature of tHeasilar
membraneandthe helicdrema that enables humans to hear and comprehend a string of continuous

acousic signals without any overlaf.he present work igspired by the biological function of



the BM and helicotremt® develop waves propagatingirechanicastructures with sucanechoic
characteristicsThe work herein studies the dynamics of a uniform beam connected to a spring
damper systemand excited by a harmonic forca order to study some of tta#orementioned
inner eaphenomenological aviors.The location of the sprg-damper system divides the beam
into two dynamiaomains one which exhibits traveling waves and the other with standing waves.
The various structural parameters of thetemcan dfect the frequency bandwidth of the absorber
and the portion of the beawith traveling wavesBesides the potential application of this work in
exploringpossibleexplanatios for the functiors of the helicotrema in the cochlete results of

this study carlead usto new applications ofvave separation, traveling wagenerations, and
linear vibration absorbemhere are many natwdaerived mechanisntiat involve different types

of waves including traveling waves. For example, the propulsiobirds, slithering animals,
aguatic animals, microrganisms, acoustiwaves, ocean wavesandthe mammalian auditory
systemgachhas travelingwavesinvolvedwith their different functions or application$he rext

sections describe some of the applications and incidents of traveling waves.

1.2.2. Bio-inspir ed applications of traveling waves

As mentioned earlier, the mammalian auditory system is one of thendxbanism where
mechanical waves can be seen. In addition to the feature which was destribedorevious
sectionas themainmotivation for this workthe cochlear mechanisnasibeermnarea of research
for many years. In some workgsearchershowedhat the cochlear mechanissreplicable as a
system with multistructuralstiffnessto engage traveling waves with different frequenarethe
cochlear fluid[20-26]. Moreover, researchers have done s@tuelieson bicinspired nonlinear

control of artificial hair cells, which cabe used foan implantable cochlear devioe acoustic



sensor$27-33]. These sensors can be integrated with structures carrying traveling waves, similar
to the BM.

Furthermore,raveling waves can easily be seen in aquatic animals, foigansms, slithering
animals, etc.The oscillatory motion of these bimechanisms provides propulsion, therefore
energy transfers from one location to anotf8+42]. Moreover, multiple studeeshowed that
some microorganisms such as spdgornea use vibrations to swif86-38]. In these bioorganisms,

a translational thrust develops as a wave from the head toward its samime of these organisms,
thewave direction and swimming direction are the same and in,dbmevave and the overall
motion have opposing directiofi39, 40, 43, 44]. Additionally, manystudies have beeatoneon

the swimming pdéerns ofmacraescaleaquatic animal§45-51], the wave identification in aquatic
animalg[52-55], and the prediction of their propulsifB6-63]. In the last fewyears, some studies
have beertonductedon thereplication ofthe propulsive capabilities of these animals in aquatic
robots.Smart materialdiave been usew actuate and mimic the fin and teelatureq64-74]. In
somestudies the undulatory motion of these aquatic robetss achieved bycombining and
syncing the motiorof multiple segmentsith oscillatory motion Chen, et al. designed and
modeled a snake robot in traveling wave locomofit®) 73]. They established the relationship
between the driving forces with the body shape and joint torques. dlbegchieved traveling
wave locomotion in a snake robot and their experiments validated somkatsimuesults.n
additionto the bicinspired applications of the traveling wavdsere areotherareasof research

such agransportation andibration suppressiowhich are discussenh the next section

1.2.3. Transportation

The ability to manipulate the direction, speed, poger of the traveling wave can be utilized to

generate complex motion. This complex motion in a structure can be usledtfansportation of



a partide or an objectMany studies have been done ortribsited manpulation based othein-
plane vibration of plate®istributed manipulation usually involves multiple actuators that waste
a lot of energy75-78]. Some researchers addressed some of the concerns of suptiatianiby
leveraging the host structure and icontinuous nature to develop an inhdgemtistributed
actuation systerfi79]. Furthermorethere are many studies available on attempting to utilize the
standing wave generation on simple finite stutes such as beams to provide propul$is) 80-

83]. This can be used potentially in particle transportation in flJigi4-86]. Without a
comprehensive understanding of the parameteratiiat e ct t he siyisdffeuhos beha
utilize this method. Thefore, tlestudy hereiraimsto give more insighinto the effect of different
parameters owave generatiorOne of the focuses dfi¢ current works gaining more insight into

the behavior of traveling waves for various parametdosvever, thismethodology can be used
for standing waves as wellhere isalsoa similar approach in acoustics, where acoustic waves are
used for object levitatiof87-90]. In some of these workacousticSW areproducedisingseveral
acousticsourcedn different directios in order to levitate anlgect in the air. Hashimoto et al.
used flexural traveling waves to transpobjects without contact. Thedescribed the principle,
structure, and design of the vibratiptate necessary for the stalitansportation of levitated
objects They showed thatnaobject can be levitatieand transported by using traveling waves
This technique cahe usedo transport objects regardless of theirtemal properties or their size

[89, 90].
1.2.4. Vibration suppression
Researchers havdevelopedan extensive theoretical background on the role of structural

impedance plays in wave propagatand vibration absorptiofb, 91-93]. Various analytical and

numerical methods are presented in the literature to solve the basic problem of beams with locally



attached dampef94-99]. Thesestudiesare used inwo majorfields: the generation of tkeeling

waves ad vibration suppressiofn some studies on vibration suppression, researblagesised
piezoelectric actuators smld damping to a structure to prevesatve propagation bytilizing shunt
circuitsto control the vibration of the structuf&00-103. Such studiesliscussthe applications
andlimitations of different theoriesdctive, passiveand hybrid theorigsof vibration[104-106.

In someworks researchers hawessedmultiple piezoelectric actuators to study the spatial damping

of waves[107-109. Furthermoretraveling waves can be generated by partially suppressing the
vibrationsuch that the reflection due to impedance changes is dampened and travelingaraves

be produced110-112. In the present study, a spridig@mper system is attached to the system to
add a discontinuity by adding local damping. Using this method, two separate regions in the beam

structureareobtained, one with staiing waves and the other with traveling waves.
1.3. Literature review on generating traveling waves and wave separation

Considering the importance of traveling waves and various applications mentioned, earlier
multiple works have been done on generating tragelaves in different finite structureach as
strings[113-118], rods[116, 119, beamd 79, 120-124, plates[125129, rings[13(, and also in

a rigid-walled circular acoustic du¢131, 137

In a study on mechanical wave characterization and identification, Biid®@demonstrated that

to be able to propagate waves in a structure, two points should be etdiedsame frequency

with a 90 egreesphase differenceMalladi et al, used the aforementied method, twepoint
excitation,to produce traveling waves in piezoelectric augmented beams with various boundary
conditions[12(. Their works, containing both the theoretical and experimental analysis for TW
geneation, showed that for each frequency a corresponding phase can be found aaving

contribution to the wave formation and it is not necessarilgélfreesAnother study \&s done



on this subject by Che®9], they analyzed the effect of chang the location of piezos along the
beam and also the generating traveling waves on membranes. The study showed that by getting
closer to the excitation point the importance of pdasiference will be increased. Additionally

a study by Blanchardt al, exploreda new mechanism for passive motion region in a fixed

fixed string[113 114]. They studied the dynamics of a wnmih, linear, and undamped string
forced by harmonic excitation, with an attached spdaghpot system or a vibration absorber.
They showed that the mode complexity induced by the local damping of the attachment could lead
to the coexistence of SW and TW ithe string. Therefore, by predicting the parameters of the
attached springlashpot system, it acts as a passive confinement device that causedebergy
transmitted through traveling waves to aioegwith standing waved:urthermore, Xiacet al,,

usal a damped side branch on a rigvdlled circular duct with an acoustic source at one end, and

a rigid end, to separate traveliagd standing waves in the d{it81, 132]. They showed that the
branch acts as an intermediate impedance discontinuity which could be designed to achieve
nearlyideal separation of TW and SW in the duct. This feature allows one to control transferring
of acoustic enengin the duct Moreover, Genget al, analytically and numerically studied the
dynamic behavior of a finite Eulgernoulli beam with an attached spridgshpot sytem under

a harmonidaseexcitation[123. However, studies ithis work were limited to numerical studies

and they did not proof the concept experimentallgding local damping to a structure causes
nonclassical damping which will result in inducing mode complexity. This phenomenon has some
importantapplicationssuch as designing pass energy dissipation devicedesigning artificial

BM or cochleaacoustic wave guidgestc.In this work thegeneration of traveling wavegth the
coexistence of standing wavasabeam with an attached spriiigmpersystem sulgcted to one

point harmonic excitation ignalytically, numerically, andxperimentally investigated.



1.4. Mechanical wavegeneration

Mechanical waves can be generated when patrticles in a medium vibrate. These vibrations result in
wave propagation arttierefore mmentum and energy exchange among the particles and between
the medium and the particles. Mechanisalves can be categorizauto threedifferent types
traveling, standing, and hybridased on their ability to transfer energyaveling wavescan
transmitenergy across a distance mkdium while in standing vaves,the energycannot be
transmitted andemains associated wittcartainlocation.Additionally, if a wave is a combination
of traveling and standing waves, it is calbealybrid wave As an example, hen aharmonic force
is applied tahe free end of a cantilevered bearaves are generated and then reflettechuse
of an impedance changetae clamped endn this case,ltereflected wavesat the clamped end
have the same maguade & the incident waws while they travelin the oppositedirectionof the
incident wave. Thus, a standing wave forms frofmetcombination othe incident and reflected
waves By excitinga structure at two poinf420 130 133 or adding a discontinuity between the
force and the boundaft13 114, 121-124, 131, 132], part of the reflected wave is negatadda
combination of travelingand standingvaves, a hybrid waveis generatedTheordically, pure
traveling waves can be observed in infinite structures without any boundaries. Tecexait
boundaries causes the mechanical impedance change otittarstivhich results in the reflection
of waves.Therefore, producing peatraveling waves in finite structures is not practicahereal
world. However, It wagxperimentally shown in some studies that by using two excitatith

a phase differencelepending on the excitation frequentygh-quality traveling wave can be
producedn a finite mediun{79, 115, 125.

As mentioned earlieg different method is used in this workgenerate traveling waves in finite

structures|In this methoda single harmonic forcis appliedat one point of the structure and a



springdampersystems attachedo another pointo add a discontinuityAdoptingthis method on

a beama nearly pureraiveling wave can be generated between the force location and the SD
location while standing waves exist between the SD location and the other end of tjé2kam

124). Details @ this method are discussed throughout this document.

To evaluate the proportion of standing and traveling waves in hybrid waves and to classify waves
accurately, a reliable quantification method is required. There are different approaches for wave
classifications such aswave envelepa d F o ur i [dX0012 130 &34 .rIApothe method

Is to analytically calculate the ratio thfe reflective wave and incident wave which is discussed in

the next sectionm his studyadoptghe wave envelopand the ratio of reflective and incident waves

to calculae an important parametemamedthe cost function(CF). These terminologies are

discussed in the next section.

1.4.1. Wave envelo and cost function

Different types of waves can be described by their envelope. The wave envelope surrounds the
area swept by the wave over time. In other wptfte envelopeof a waveis acurveoutlining its
extremesln the wave envelopé#ye existence afodal poins,i.e., points with zero displacememnt
represent pure standing wavéloreover, if there isi0 change in thenaximum (or minimum)
displacement of the pointthe wave envelope shovespure traveling wave. In hybrid waves,
neither aclear nodal poinbor a constant maximum (or minimunigplacementf the points along
thestructure existsThe cost function is a tool to quantify the quality of generated traveling waves

based on the envelope. Equat{drl) defines the cost functidi 2q as,

# & , (1.1)


https://en.wikipedia.org/wiki/Smooth_curve

where, MaxAmp ananinAmp stand for the maximum amplitude ame¢himum amplitudeof the

wave envelope over a prescribed period as showinirl.2, respectively.
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Fig. 1.2. Cost function definition, (a) pure standing wa@+E 1), (b) pure travelingvave CF = 0), and

(c) hybrid wave (< CF< 1).
As shown inFig. 1.2 and using the definition in Equatidgh.1), the cost functiotakes ora value
betweenrtandp. It can be observed ifig. 1.2 that based on the formula ftive costfunction, for
a pure TWthecost functionis zero and for a pure SW, G§one. It should be noted that’O 1
is not necessarily possible in finite mediumsteatworld unrealizable example that theoretically
canhave a# & Tuis a freefree stringwith forces at both ends. Thus, by getting ctasea CF
of zero, a hybrid wave looks more like a Ttiéan a SWThe wave envelope approach to calculate
the CFis very useful in numerical studies. However, it is impractical and-tiomsuming for
analytical investigations. Therefore, another equivaliginition of CF is adopted in thisork
for theanalyticalstudiesIn this alternativeapproachCF is defined as the ratio of the coefficient
of the reflective and incident waves. An incident wave is a wave that moves from the generating
source towardghe boundary or discontinuity and a reflective wave is a wave that reflects from the

discontinuity or the boundary.
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where 0 and0 are the coefficients of the incident and reflective waves, respectiMetyefore,

# & —. (1.4)

The CF can be calculated fdifferent wave combinatiornsnd used to quantify the quality of the
generated waved.he CF is the main tool to evaluate the response of the system for different

configurationdn this study.The rext section presents the main contributions of this work.

1.5. Contributions

This section summarizes the significant contributions of this wofélkasvs.

1 In this work,a comprehensivetudyon the concept of coexisting traveling and standing
waves in a beam structure with an attached spitargper system is presentéastead of
using the twepoint excitation method that has been widely used irfighe of traveling
waves, a singhkpoint excitation method with a spring damper is used to produce waves.
The traveling wave generati@md wave separatidn a beam using a single force and an
attached springlamper systemare investigated analytically, numerically, and
experimentally.

1 A first-of-its-kind experimental tegs performed on a cantilevetd beam with an attached
dashpot serving as a passive absotiteeparate traveling and standing wave regidhe
results of the experimentconfirmthat raveling wavesanbe produced using only one
harmonic force applied to the systevhen using a PAThis outcomeés very promising

considering itis the first time thata traveling waves generatedusing a singlgoint
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excitation and an attached SD systgma beam The experimental results are used to
validate the models of the system.

In the current workthe parameters affecting the wave separation and the quality of the
generating waves are introduced anthorough parametric study performedto gain a
better insighinto the concept of traveling wave generation and wave separation in finite
structures utilizing a passive approadine comprehensive parametric study slsabve
possible ways to improve the wave separation in the structure and isdicap®ssible
limitations of this approach~or example, it can aid in determining conditions for which
wave separation cannot occur (particular excitations frequencies or locations of the PA)
Furthermore, this study shows the sensitivity of some op#nameters to variation§he
results of this studyan guide determining the design space and parameter ranges in
possible applications of this work in particle transportation, artificial BM and helicotrema,
etc.It can also aid in studies @he basilamembrane and helicotremiaznction in the ear

In this work, the separation of standing and hybrid waves on a beam with two
discontinuites i.e. two attached sprirdamper systems, is presenteAlthough
remarkable traveling and standing waeas beprodwedusing only one SD systerthe
generated waveare sensitive to the excitation frequgnand springdamper parameters.
This limitation in the operating frequencanlimit the use of aingle springdamper for
different applia@tionssuch as replicatinthe behavior othehuman auditory system where
humans can hear a wider range of frequencies (20 2z kHz).Therefore, the multiple

SD system approach is presented in this work to address some of these limitations.

To move towards creating a more robsigstem with PA, the concept of wave separation

IS examinedon a piezoelectric beanTwo methods are used for this purpose: using a

12



controller to add stiffness and damping to the system and adopting a shunt circuit. The
piezoceramiavith the feedback corttler acts similar to having a torsional sprdgmper.

In the second method, to passively create traveling and standing wathes system
instead of using a sprirdamper, aesigor-capacior (RC)shunt circuitis used to act as a
PA. Preliminary umerical resultsising an ideal resistive circuit (without a capacistyw

that the system is pable of separating traveling and standing wavestthermore,
piezoelectric shunts with negative capacitaacediscussed to improve thveave quality

for RC circuits. The results of this study can beduas a basis for future studies on
piezoelectric shunts for wave separation purposkisough challenging,mplementation

of this systems more practical and does not require the use physicalsprings and
dampersFurthermorethis systencan be mounted in small spaces for applications such

as bieinspired artificial BM

1.6. Chapter summary and dissertation outline

Thiswork is divided into nine main chapters.this chapteran introductiorto this researcthe
motivation for thiswork, some of the applications of this studyd the main contributions of this
researclwere presented. Moreovem antroduction to mechanical wave generation along with a
brief literature review on the generation of traveling wawes presentedln Chapter 2 an
analyticaland a FE model of the beam with an attached sfatargper subjected to a harmonic
excitation aredevdoped. These models are used fioe analytical solution othe system and
numerical simulations which are presented in Chapter 3anespectively. Moreover, id, a
comparison between the analytical and numerical simulation results is presented.
FurthermoreChapter 5s dedicated ta complementary parametric study and discusses the effect

of different parameters on thesponse of the syster@hapter 6presentsthe experimental
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implementation of the system and its resulsiditionally, model validation is presented in
Chapter 6 In Chapter 7a beam structure with two attached spriamper systesis modeled
and usedd investigatavave separatiofor a wide frequency range. ThePhapter &liscusses two
methods for wave separation usipiezoceramis instead of a springamper systenand
demonstratesome preliminaryvork onwaveseparationk-inally, a conclusion of #acurrent work

along withpotential paths fofuture workis presented ihapter 9
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Chapter 2
Mo del deveelfoptimeent beam

attachedamperngystem

2.1. Introduction

In this chapter, the model development of the system examined in this work is presented. The
structure is a clampeflee beam with a sprindamper (SD) attached to a location between the
beam boundaries which acts as a passive absorber (PA). An anahgallof the system will be
presented. After presenting the analytical model, a finite element (FE) model of this structure will
be created for different boundary conditions including claripee, freefree, and clamped
clamped. These models will be ugedanalytical solutions and numerical simulations in chapters

3 and 4, respectively. The model shown in this chapter will later be used in the parametric study
performed in this workSome contexts of this chapter are adapted from the published papers
avalablein [122 and[124].

2.2. Distributed parameter model ofthe systemwith a passive absorber

This section presents the modeling of arbedth an attached sprindamper system servirag a
passive absorber. For this purpdbedynamics of an aluminum beanith dimension®f 158.12
cmx 1.27cmx 0.16 cm, with a sprindamper system attached to it at the lerafth is modeled.

Fig. 2.1 shows a cantilever beam and SD under a harmonic force (F) applisdriee end.

15
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Fig. 2.1. Schematic of a cantilever beam with an attachpgthg-damperand applied harmonic force
The parameters of this structaestabulated inTable2.1.

Table 2.1. Beamparameters

Length () Width (¢)  Thickness (j  Density z Elasticity [
1.5812 m 12.7 mm 15875 mm  2700QTh 71 GPa

Two theories can be utilized for derivitfgeequation of motion of the beam, Eulgernoullibeam
theory or Timoshenko beam theory. Timoshenko model of the beam takes into dlceaffécts
of rotary inertia and shear deformatidtulerBernoulli model is a special casé Timoshenko
model which does not consider shear deformation and rotational beardingmore simplified.
Timoshenko beam assumption is suitable for modeling shorthks. It is a rule of thumb that
if thelength of the beamL{) is greater than 10 timéis thickness 07'Q  p It the beam can be
modeled as an Euldgernoulli beam. In the beastudied in thisvork,

0 P® Yp g
Q p® Yx p T

wwl p B (2.1)

Therefore, the assumption for EulBernoulli beam theory is valid for this beam. First, the

homogeneous solution of the beam is presented and next the forced system i§Xildied
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Fig. 2.2. Schematic of m EulerBernoullicantilever bean(free vibrations)

Free vibration of an EuldBernoulli beam with a constant cressction and constant moment of

inertiashown inFig. 2.2 isgovernedoy Equation(2.2),

6 oD o ofd . 00
T—T 3 r T—T = moor 5=h (2.2)

where,6 ofD is the deflection othebeam incwdirection,” istheb e a md s ddisthesrass vy
sectionalarea of the beamo 0 Q,0is Youngos ‘Gsdhe ardaumement afn d
inertia. For obtaining natural frequencies atie response of the systesmownin Fig. 2.2, the
separatiorof variables solution for thEquation(2.2) is assumeas,

bad Ow'Yos (2.3)

Substitution of Equatio(R.3) into Equation(2.2) yields,

“ﬁff"ea& % A (2.4)
where] is the natural frequency and is constant. From Equé2idl the temporal equation is,
YO 1 YO 18 (2.5)
The solution oEquation(2.5) hasthe following form
YO wOETo AAT O (2.6)
where,&0 and® are constants and are determined by applying iritabitions after the final

form of the solution is obtained. The spatial equation is,
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D — 0w T8 (2.7)
Coefficientf is defined as,

f r_8 (2.8)

The general solution of equati¢a?) is of the following form,

Do Of PEo ooélio of @ o Oofd 8 (2.9
Coefficients®, &, ®, and® are constant of integration and will be determined by applying
boundary conditions. At the clamped end of the beam deflection and slope are zero. At the free
end, where the harmonic force is applied, the shear force is equal to the external force and the
bending moment is zero. Therefore, boundary conditions can be written as,

onm tThomnm e 0 MO O (2.10)
Applying all the boundary conditions leads to the following equation,

Y n Y n

o Tt I T 1 1’12 L

L) | B0 T

1 OETO 1 ANTGD T i® o1 HE@ oy & At m™ (21
ur  ATTo0 1 ohEQ O 1 i@ pUd  m

One of the solutions to the above equatiahis @ @ @ Tbut this is the trivial solution
and sinced @ cannot be zero for eveny this answer is not acceptable. ThereforeJéftehand

side matrix isa singularmatrix and its determinant is zees shown in Equatio(2.12). Setting

the determinant of theoefficient matrixequalto zero yield€Equation(2.13) with one unknown
which isf .

p "y p T
Tt T,E T Té

1,S0BT0 1, CATTQ0 1,51 @0 1,0 0
1OATIQ0 T,° 1.00e@ 0 1,°%1 a0

T (2.12)
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This equation is satisfied for an infinite numberiof. Eigenvaluest  are calculated by
substituting values of constants into Equaii@id2). Numerically solving Equatio(2.12) for?
using MATLAB and then using Equatuf@.8), gives the natural frequencies of the system (beam

without springdamper attached}.able2.2 showssome of these natural frequencies.

Table 2.2. Natural frequencies of the bearhtainedusing analytical method

ﬁ o ﬁ =g ﬁ o T ﬁ o :gta o T :gt) o
8 £2| 8 3 8 28 g8 g8 gz
s = = - = Ut s W s W s W

1 0.5 8 83 | 15 310 | 22 682 | 29 1199| 36 1861
2 3.3 9 107 | 16 355 | 23 747 | 30 1285| 37 1967
3 92 | 10 133 | 17 402 | 24 815 | 31 1374| 38 2077
4 181 | 11 163 | 18 452 | 25 886 | 32 1465| 39 2189
5 299 | 12 195| 19 505 | 26 960 | 33 1560| 40 2304
6 447 | 13 231 | 20 561 | 27 1037| 34 1657| 41 2422
7 624 | 14 269 | 21 620 | 28 1117| 35 1758| 42 2543

The next step is to add a spridgmper to the system whieghshown inFig. 2.3. In this case, the
length of the beamm( @ 0) can be divided into tavregionsftT ® 0 @WE® @ 0)
which is called subdomain. These two subdomains are separated with the attachedbsppeg

one subdomain is from the clamped emd 71 to the SD location®w 0 and the second

subdomain is from the SD locatiodd 0 to the free end@w 0 , where a harmonic force is

applied.
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Fig. 2.3. Schematic of a EulerBernoulli cantilever beamvith a springdamper attached (free vibrations)

The equation of motion (EoM) can be written for each subdomain of the beam separately as,
O afd [ Omee®e th m w O (2.14)
6ad 16 o MW O @ O (2.15)
A similar approach as described for the beam without spring damper will be used on this system
for each subdomain. Equatiofs16) and(2.17) represent boundary conditionscat TTandw
0, and expressions in equatiq@sl8) and(2.19) are continuity and equilibrium conditionscat

0 , respedvely. Therefore,

6 v mh 6 eatd TH (2.16)

6 xebdd mh 6 edfe T8 (2.17)

6 0 6 0 hoad 6ad h (2.18)

6ee 6 0O hOfoo 0 60 Q Ma O 8 (2.19

Assuming a steadgtate solution for each part,as
6 o O wQ hé addv d ®Q h (2.20)
and substituting Equatiof2.20) into Equationg2.14) to (2.19) results in the following boundary

value problem,
G 1 ge mhe o 1 Qo (2.21)
Oomn Tt mh (2.22)

20



O 0 mho®d O mh (2.23)
® 0 ® 0 hoo ® 0 h (2.24)
® 0 ® 0 hofo & © ® 0 KT O RN AYA RN <! (229
Thesteadystate amplitude of the displacement for each subdomain of the beam can be expressed

as,
& | OElw | AltGw | OEf B | ATl O®hm @ O (2.26)
® | OFET0 w | ANTO0 w | OEi B o (2.27)
| AT OE0 w8 0 & 0&im o O O
By substituting Equation@.26) and(2.27) into Equationg2.22) to (2.25), eight equations will be

obtained. These equations can be written in matrix form as,

T o T p
l”| p i P T
1 Tt Tt I I
1 Tt Tt T I
L) OETD ATr & OEf & AT OB
' ATt O OED Al OE OET &
1 OED ATt OETN OE Al OB
u AT OOETD OEI0 AT Al OB OOEf &E OEf & OAI OB
18 T 18 T N .
T s T T Ly 1 “,’TTT”
OETD AT (@b &HED D :,::|: no
AT  OETD  @&a 0 @D ., = 1
OET0 AIIGD OEf & Al OBl o imi (228)
AT OEITD Al OB OEfN &Eah & 111
OETO A  OEf & Al PDBAll 0 U
AT OEID Al OB OEfl g U uV
where,
H S Re, (2.29)
ofo

As mentioned before, One of the solutions to this equation is tfor ' 3Q  phehofr. However,
@ w cannot be zero for every Thus, the lethandside matrix is singular and its determinant is

zero. Setting the determinant of th@efficient matrix equal to zero yields the following equation,
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Infinite number of
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P
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Tt
OEf &,
AT Oy,
OEf &,

Tt Tt

Tt Tt
i @k, 0 RECINY
Oe@ o i @D
OEfi,& AT D,
AT OB, OEf &
OEfl,& AT D,
AT OB, OEf &

>0 >
@)
[sid
=

o3 33D

T
= T
s34
B

)
P

(2.30)

can be numerically calculated and then by substituting them into Equation

(2.8), the natural frequencies of the system can be calculated. It should be consideted that

natural frequencies, in this case, are functions of the sgriagnp er 6 s

| ocati on,

damping coefficient. Some of these natural frequencies for an arbitrary set of-cipmipgr

parametersp

p U iTa4 hQ

LTT Q& handOn

& 0, are tabulated iTable2.3.

Table 2.3. Natural frequencie§ ) of the beanwith an attached SDbtained analytically

H* _ H* H*

g §9¢ F¥ ¢ §E
= LY s LT = v
22 705 | 29 1202| 36 1861
23 764 | 30 1299| 37 1974
24 821 | 31 1374| 38 2081
25 909 | 32 1474| 39 2190
26 961 | 33 1565 40 2311
27 1051| 34 1659| 41 2422
28 1126| 35 1767| 42 2548
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The natural frequencies of the system will be Uagelto determine the excitation frequenés
mentioned in Chaptek, to generate traveling waves in the beam, the excitation frequency should
be between two natural frequencies such that the two nearest modes contribute to obtaining
traveling wavesin Chapter3, this model is used to derive the exact solution of the system.
Moreover, it will be utilized to calculate the stiffness and damping coefficient of the attached
spring-damper system, such that there is no reflective wave from the passive abstaben

This implies that traveling waves will be generated from the excitation point to the passive
absorber location and standing waves exist between the PA andriped end of the beam. The

next section presents a finite element model of the described system. The natural frequencies of
the systentalculatedrom theanalytical model will be compared with the finite element model in

Section2.3.

2.2.1. Steadystate solution forthe beamwith a passive absorber under a harmonic
excitation

In this section, the steadhtate solution for the beam with an attached passive absorber under a

harmonic force is presenteBig. 2.4 shows a schematiof the system. It should be noted that

another coordinate syster ( «) is defined for simplification purposes. The directioncois

opposite ofwand its origin is ato 08

Fig. 2.4. Schematic ofthecantilever beanwith an attached sprindamper (forced vibrations)
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To obtain the steadgtate solution for the illustrated system, the same procedure as described
earlier for the free vibrations of the beanthwspringdamper is done. The only difference is that
the excitation force is not zero anymore and a harmonic force with the excitation frequency of
is applied ato 0. This modification alters Equatioi®.14)-(2.27) presented earlier to describe
the system. Hence, the deflection of the beam is governed by EquatRisand(2.32) as,
O afd [ Omeee th m o O (2.31)

6o 16 v ™ 0O @ OREImM o O O (2.32)
where,"00 is a harmonic force with the excitation frequency ofMoreover, Equationf.33)
and (2.34) represent boundary conditions (BC)at mandw 0 w 711, respectively.
Additionally, Equationg2.35) and(2.36) are expressing continuity and equilibrium conditions at

@ 0, respectively. Therefore,

6 M m 6etd T (233

6O @y 1h ODedde 0Q 8 (2.34)

6 0 6 0 hoad 6ad h (2.35)

Gxete 6 0 hOto6 0 60 0 Qw O 8 (2.36)

Thesteadystate solution for each pastpresumed as,
6 o & ®Q ho o ® wQ 8 (2.37)

Substituting Equatiof2.37) into Equation$2.33) to (2.36) yields the boundary value problem as,

G o T a6 med o [ ae (2.38)
Omn T Tmh (2.39)

® 0 mhOfo® O Oh (2.40)

0 ®O0Ohdd ®O A (2.41)

® 0 ® 0O hofoad 0 & O 0 h & Q0O & (242
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The steadystate amplitude of the displacement for the beam casfiemed as,
® | OFiw| AlfGw| OEi® | AiOEBT o O (2.43)
® | OFEI0 o | AT w | OEfi B (2.44)
| AT OB oh 0 o O0¢im ® O 08
Substituting Equation&.43) and(2.44) into Equationg2.38) to (2.42) results in eight equations

and eight unknowns ( FiQ phc & @ phchoft  which can be presented in matrix form as,

o T p T p
11 P n P n
1 Tt Tt Tt Tt
1 Tt Tt Tt Tt
y OED Aird OETf OE Al DE
' Alrd OED Al DE OEfl OE
1 OED ATt O ET OE Al OE
u AlTO ©OOED OED OAITO AOED WOENIE OEfNE AT DE
s s 11 11 S L T
T T Tt T Ul !
OED ATO i wmo HED D :::: o :F'j'
Aird OED  oe&ad i WD P
OED  AlTO OEfE Al OlE:::|: Lome (2.49)
Alr o OED AT ODE OEfOENN & 110
OED Alr® OENOE AT DEM 1 iy

Alrd OED AT PE OEfEW U u
This system of equationsitée solved by utilizing a combination of substitution and elimination

methods for all eight unknowns. Solving the system of equations results in an expression for each

constant of integration ( AQ phg & @ phghotr as,

Ta 1a .
| — ———nh |
Ea €a
€ [
— —h "O
| al a | | (2.46)
| a | € | i hj |
| a | £ | i h |

where,
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4 G ao Qhda ad aao Qh

. 00 0., 00 oQ
“ Do e Do eo
& EW £ Qhe E® tw Qh
. ou an., oo Go -
wWw Ww ww wWw
i Td 1o ohi o 1o oh
i h i ,
and,
w OED OEfEh®d oho OBED OEfEh
O OO »h
o Aifd AT DERh O oho Alt® AT DiER
© o oh
Q OEKI0 0 OEf& 0 M Qh
Q OBT0 0 OEf&E 0 HQ Qh (2.48)

Equations(2.46), (2.47), and(2.48) indicate that the constants of integration are functions of
excitation frequency (), springdamper parameters includiniamping and stiffness coefficient
(c and B, springdamper location (), and beamparameters including its dimensions

(0FD FY &€ Q and its material propertie® (£ Q). Assuming a beam with constant parameters,
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i.e. constanDf A handO, selecting any value for sprirdpmper parametersi{Cicy ¢ ®) and
appling a harmonic force with the frequency]of results in the steaestate amplitude of the

beambs di spl acemen 1249 and(8.4)nRige2d showstheEatpa savept iy n s

the wave over time in blueandtkenvel ope of the beambs displ ace

sets of beam parameters and excitation frequencies. The location of the SD system is shown by a

dashed red line.
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Fig. 2.5. Changing damping and dtifess coefficient in analyticablution, excitation frequency is 1700

Hz, (@)® mhQ ¢ M4, () ¢ 1 ifTahQ ¢ nRWa, (c)o ¢ ™ ifahQ  m and (d)

®O ¢ mEitahQ ¢ M.
Fig. 2.5 shows various wave qualities generated in the beam. The beam separates into two regions
at the location of the SD system based on the parameters used in the systerax@s@a,in

Fig. 2.5 (¢), thestiffnesscoefficient is zeroK = 0) but a higkguality traveling wave is produced

between the SD and the free end of the bedawever,Fig. 2.5 (a) showsthat by settingthe
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damping coefficienequalto zero ¢ = 0) traveling wave does not exist in the beam and the wave

is a pure standing wave.

As an objective of the current woikgenerating higiyuality traveling waves between the SD and

the force location, this model is used in Chapt¢o optimize® ¢ Qvalues such that a pure
traveling wave is generated in one part of the beam while the other part of the beam is oscillating
as a result of a standing wave. In the next section, a finite element of the described model is created

that will be used for numerical simulations.
2.3. Finite elementmodel of the system

In this sectiona finite element model of the beam with and withagpringdamper is created.
Different boundary conditions such as clamybexk, freefree, and clampedlamped can be
studied for this modeBince theprocedure for all of these boundary conditissthe same, only
one ofthem,theclampedfree beam, is studied in this documdtig. 2.6 shows the fiite element
model of a cantilevered beaifhe rumber of elements uséa this model im. Parametedis the

length of each element, oo f#o.;, (@D, , are linear coordinates, and
L1
o fo fad, ., f@dv ; . are rotational coordinates thefinite element model of a beam, each node
T

has two degrees of freedom and two coordin@tee linear coordinate and one rotational
coordinate) which are used to describe its mofidrerefore, four coordinates are used éach

element.
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Fig. 2.6. Finite element model of a cantilevered beam with an attached spaimger

R

AA
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A finite element model of a orelementbeam is illustrated ikig. 2.7.

-

u(x, t) L)x

Fig. 2.7. Finite element model of a oredement beamd ando6 aretranslational coordinates ardd and

O are rotational coordinates.
For approximating the beam Hyefinite element method, some approximations are maderad

of them is considering the static solution for the beam. Static displacement of anBeteulli

beam is
6 ofp g
"‘.L‘ < (2.49)

where 6 f0 is the nodal displacemer®i s Youngodés el ast iand@ehd ul us f

crosssectional area moment of inertia about dtexis. Also, boundary conditiorzsse
6md o6 oh (2.50)

6 Mo 6 oh (2.52)
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6D o6 oh (2.52)

6 dv 6 oh (2.53)
where,6 o I handé are nodal coordinates illustratéd Fig. 2.7 and &is the length of the
element. Solving Equatiof2.49) for the above boundary conditions yields the approximate
solution for the displacement of the beam as,

ow W , .
0 o P — —0 0 UL

Q" 8,

G w , ., o0 O , |,
—-— — 0 O —-— — 0 O
a a

(2.54)
— — 0 08
a
To use the Lagrange method to obtaihe equation of motion foé 0, kinetic YO and strain

w O energies are written as follow,

YO - " ®Qw -"10 7, (2.55)
w6 - 00— Qw -"10 ", (2.56)

where,
“| 0606060 8 (2.57)

By substitutingd i from Equation(2.54) into Equationg2.55) and(2.56) and writing them as

vector equationd) andu matrices can be obtained as,

\

pPLOCG VT pa PC ®@ PG @

b — S @ pa od o, @ Td o Qdcd g o5y
LT pad pPLO CAQ PG @@ pC @
pa oo CcqQ Ta o0 ¢a e TO

ThelLagrange energy method is used for determitiegequation of motion

IV 1Y G

o6 3 3 Qo h Q phcB hce ¢ (2.59

—a
—a
—a

Where "Qis the external force applied at coordinaies
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In the system shown iRig. 2.6, the springdamper can be replaced by its for&®,

Ay , applied in the opposite direction froit). Therefore, for this systeniQin Equation

(2.59) is equal to zerexcept for the last elementhere the harmonic force is appli€Q@ )
and for the element with the sprhgigumper The guation of motiorfor each element is giveby,

O "1 6 "l U "Iy @ Q0 (2.60)
where,’l-yis the displacement vector of the beam, andv are mass and stiffness matrides
each elementj is the damping coefficient matriXQo istheforce, andb isthe force influence
matrix. Inthe beam, each element attacheddaor coordinates. Combining mass and stiffness
matrices written for each element using guperposition of like coordates yields the global
equation of motion. The global andv matrices can be obtained using the elemental matrices.

The EoM for the beans obtained as,

01 6 a "1 0 @ "1 "'Q (2.61)
where,’l is the displacement vector of the beamandu are global mass and stiffness matrices,
6 is the damping coefficient matrixy and ‘Qare the damping and stiffness coefficieftthe
attached passive absorber, respectivély, is input force applied to the free endtioé beam¢
is the force influence matrix, ar@ is the springdamper influence matrix-urthermore, the
beamcan bemodeled as a proportionally dampggtem.Therefore, matrixd is considered as a
linear combination of the mass and stiffness matiases

o | 0 T Qg (2.62
where, and are experimentally determined valuekwever, it can be assumed thaandt
are negligible compared to the added stiffness and damping by attaching the passive absorber
system.Therefore, in this workh Tt It is important to note that the term@® "I @& 1) in

Equation(2.61) represents the sprirdpmper force applied to the beam at a particular location
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mentioned previously. This term was moved from the figirid side of the EoM to the tdfand

side and was written in the matrix form (from the vector form) to obtain Equ&iet).

Various boundary conditions for the system are examined in this swok,as clampefitee, free

free, and clampedlamped. The effects of boundary conditions on the assembled global matrices
are also applied. For example, for a clamped boundary, rows and columnanof0 matrices
corresponding to the clamped node aretge. Matrix0 is calculated based on the location of
the springdamper system on the beam. Basically, all of the elemeits ohatrix are zero except

for one matrix element, which represents the node that the spaimger is attached to. Thévee,

T[T[888T[I,I
T 88 8T, i

” 8 8 8 8 8 & i A x = p Q Q ¢ P

o ! I O6 "aQ h 2.63
18 8 8 p 8 & T QAN 0V QI Q ( )
'B 8 8 8 8 g
Ut m 8 8 8 iV

where ¢ is the element with an attached spring damper, theref@re, p refers to the
translationatoordinateof the node withthe springdamper ind6  matrix. It should be noted that
the springdamper system adds translational stiffnessdardping to the system. Therefoce,
matrix add ®and Qto the elementge phce p of the globald and0 matricesof the
beam.

The eigenvalue problem of] 0 0 T is solved to determinthe natural frequencies of
the system. Somd the natural frequencies thfe beam areabulated irError! Reference sourcen
ot found.. The damping and stiffness added to the sysietn 1@ 0 arew p U T4 and

Qv QUG , respectively.
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Table 2.4. Some of the atural frequencies of the beam with and without spdagper attachment

Mode #
Freq
(H2)

Mode #
Freq.
(Hz)

Mode #
Freq
(Hz)

23 764 | 30 1299 37 1974
24 821 | 31 1374 38 2081
25 909 | 32 1474 39 2190
26 961 | 33 1565 40 2311
27 1051| 34 1659| 41 2422
28 1126| 35 1767| 42 2548

The natural frequencies of the system obtained using the finite element method match the natural
frequencies obtained analytically Trable2.3. Therefore, the finite element model of the system

can be used for numerical simulations in this work.

In the next step, the EolM solved for a given duration of time and transitional disgtaent of

the beam at variouscations along the beawill be computed. The timeéomain responsaesill

be used tostudy the waves formed in the structurehe dfects of thebeam and SD system

parameters on the response Ww#lstudied in the followingedions.

2.4. Conclusion

In this chapter, a distributed parameter model of the system consisting of aiBErieulli beam

with a passive absorber was presented and then a finite element model of the structure was created.
For both of these models, a spHdgmper system functioning as a passive absorber was attached

to a point between the clamped end and the free end to later investigate the effect of adding stiffness
and damping to the system. As mentioned in the introduction, the goal of adding stiffness and

damping to a certain point of the beam is to generate traveling waves in one part of the beam and
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standing waves in the other part. In the EoM of the system, parameters such as excitation
frequency, damping and stiffness coefficient, and spdiagper locabn on the beam appeared.
These parameters can potentially affect the generation of traveling waves. In the next two chapters,

these models will be used to analyze the effect of each parameter on the result
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Chapter 3

Anal ygalcuwtli on

3.1. Introduction

In the previous chaptean analytical model for the beam with an attached passive absorber was
developed. Furthermore, a finite element model of the system was created. This chapter is
dedicated to the analytical solution for the rabpresented in the previous chapter. The purpose

of presenting an analytical solution ftdris problem is tchave a better understanding of the
response of the system and the parameters affecting the solution. Furthermore, traveling wave
generation and tuning spring damper parameters resulting in traveling waves in a subdomain of
the structure can be explained using the analytical solution gly#tem. This Chapter contains a
method for calculating the optimal spridg@mper damping and stiffness coefficients to obtain
high-quality traveling waves. Moreover, the entire process, including obtaining a -stdey
solution for the system and optimtmon procedure, is performed on a beam with different
boundary conditions, i.e. frfeee, clampedree, and clampedlamped beamThe results
obtainedin this chaptewill be compared withsimulation and experimental results in the next

chaptersSome catexts of this chapter are adapted from the published papers avanlpti?d].
3.2. Analytical solution for a clampedfree beam with an attached passive

absorber

In Chapter?, a schematic of the system with clamyezke boundary condition was shownFig.

2.4 and thesteadystate amplitude of the displacement for the beam was determined as,
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® | OFlw| AltGo|) OEf & | Al DOET & O (3.1)
® | OEI0 o | AIT® o | OEi B (3.2)
| AT OB oh 0 o 0&im & 0 0
Then, all the constants of integration HQ phc @& Q@ phcioft  were calculated as
functions of springdamper parametersd{(o ¢ @), beam parameter$i) A i &€ 'Q), and
excitation frequencyl (). The final value of these coefficients was shown in Equatjards),
(2.47), and(2.48) in Chapter2, Sectior2.2.1 This section is dedicated tdtainingoptimalvalues
of stiffness and damping coefficienfor the SDto generate higlguality traveling waves in a
subdomain of the modeled clampide structure
The next step is toptimize thedamping and stiffness coefficiergsich that a theoretical high
quality traveling wave is generated in one subdomain of the béam @ 0 , while a standing
wave is produced in the other subdomain @ 0 . To address this problem, the coefficient
of the right moving wave in the steadtate solutionEquation(3.2), needs to be set to zetn.the
other wordsthereflection of the original wave provided by harmoekcitationfrom the passive
absorber hato be zero. Byhe cefinition, leftmoving and righimoving waves are described as,
6 oo | Q , A A0T OIAQA (3.3
6 av | Q YR a€ 0 QEAD Q (3.4
where,0 0 @ To obtain the righinoving and lefimoving waves from Equatio(8.2), the

first two expressions of the equation are written in their exponential format as,

QO 0
Q

¢

| OEI0 w | OEh | (3.5)

. . Q Q
| AT o | AT | fs (3.6)

Summation of Equation8.5) and(3.6) yields,
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Q Q Q Q | | | |
I ——— I — —— — 0 — — Q 8 (37
¢Q | C ¢Q ¢ ¢Q ¢ (37)

Using the definition in Equatiorf3.4), the coefficient of the first term in Equatio@3.7),

— — , should be equal to zero. As the result,

= —— T Q T (3.8)

Substituting and|  from Equation2.46) into Equation(3.8) yields,

. € i _£ i
| Q—| — Tt | p O— Q—
o a a a
L, ‘ ‘ (3.9)
o SR O L& o
b —— p Q— Q- ™
Ea ¢ a a

All the parameters in Equatiof8.9) are calculated in Equatior{®.47) and (2.48). After the
substitution of Equadns (2.47) and (2.48) into Equation(3.8) and performing some algebraic
operations and simplifications, Equati(88) takes the formob Q0 1t Setting real partd
and imaginary part){ equal to zero results in two equations with two unknownd® ¢ Q.
Solving this system of equations frd ¢ Qyields,

YO YO

(3.10)
& 010 YO Y "Oﬁ
o 0
where,
O GO0 wdéh'O d6 o h
Y ©0 &6 Oh'Y 0o &é 0Oh
(3.11)
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All of the parameteri Equation(3.11), such aso fio i FQ ¢ werecalculated earlier in Chapter
2, Equations(2.47) and (2.48). It has to be taken intaccountthat, & ¢ Qare functions of

" RO RAOR) hdd & TQ.
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Fig. 3.1 illustratesvariouscaseof the wave developmeim the beam using the optimabndk

calculatedoy Equation(3.10) for different driving frequencies
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Fig. 3.1. High-quality traveling waves in a subdomain of the begmerated usingptimal andQ
values for different driving frequencig@)® (8o Y i7a,’Q x @t o Qifa,and  p o THOWU(b)
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As shown in

(b) %107
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Fig. 3.1, calculating optimafbandQusing the analytical solution, produces a higlality traveling
wave in the 0 i) subdomain of the beariThis allows the design and customized response of

these systems for any excitation frequency and any location of the SD system. Some of the results
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for different cases are tabulatedTiable3.1. Note that only a few of these cases are shown in

(a)
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W

(b) %107
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Fig. 3.1.

Table 3.1. Cost function and optimabandQfor differen and different) (clampedfree beam)
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Table 3.1 showsthat the cost function value for all the tabulated cases is zero. This means, for
various settings of andd , wand Qcan be caldated so that pure traveling waves can be

generated in the beam.

In the next section, arsilar procedures done fora freefree beam with an attached sprdgmper

system.
3.3. Analytical solution for a freefree beam with an attached passive

absorber

In this section,a freefree beamwith an attached passive absorlierstudied using the same
approacthutilized for the clampedree beamFig. 3.2 shows a schematic of a fréee beam with
an attached springlamper systemEquations of motioncan bewritten for two separate
subdomains of the beamhe first subdomain is from the freeceto theSD location T @

0 and the second bdomain isfrom the springdamper location to the othéree end 0

@ 0 where a harmonic forc&)o0 , is applied

Fig. 3.2. Schematic of the frefree beanwith an attached sprindamper

Equations(3.12) and (3.13) are EoMs of subdomains 1 and 2, respectively. The boundary
conditions atbo mand® 0 are shown in Equation®.14) and(3.15). Lastly, expressions in
Equationg3.16) and(3.17) are continuity and equilibrium conditionsat 0 , respectively.

6add 16 add ™ M o O (3.12
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6o 6 o T O o O (3.13)

6 Mo m 6 mo (3.14)

6 O mh O® O TOh (3.15)

6 0 6 0 ho O 6 0 h (3.16)

6 0 6 0 horosa 0 6 0 O dOhK (3.17)

where] 1 7r . A steadystate solution for each pastassumed as,
6 ahd O ®Q ho addo ® ®Q 8 (3.18)

Substituting Equatiorf3.18) into Equationg3.12) to (3.17) results in the boundamalue problem

as,
d o oo mhd o T ae T (3.19)
O nm md m Th (3.20)
@ 0 mhOofo® 0 Oh (3.21)
OO0 OO hOD &0 A (3.22)
® 0 O 0O hoOood 0 & O Y OO 8 (3.23)

Thesteadystate amplitude of the displacement for each subdomain bkEtra can be expressed
as

®w | OFElw| AltGo| OEi® | Al DBAT @ O (3.24)

®w | OFEIb oo | AITG w | OEfE&E w (3.25)
| AT OB oh 0 & 0éim @ O 08

Equations(3.24) and (3.25) have eight unknowns, HQ ph ¢ @ phhofr, thus, eight
equations are required to find the results. By substitdbing & @ @ from Equationg3.24)
and (3.25), into the boundary value problem, EquatidB80) to (3.23), eight equations are

obtained. These eight equations and eight unkndarnsa system of equations that carsblved
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using substitution and elimination methods. Solving the aforementioned system of equations

yields,
i a i a . .
- —h | | h
¢ a ¢ a
£ ' A "Oh
- L (3.26)
| a | € | i h | h
| a | g | i h | h
where,
a 4o ao Qha A ao Qh
»Q wQﬁ, w'Q wQﬁ
DWw Ww ODw Ow
¢ EGO €6 Qhe EGO £ Qh
WwQ wa. wQ (I)'Qﬁ (3.27)
R Y Y Y
i PO 1o ohi IO 1o oh
i anQ wQﬁi w'Q wnﬁ
ODw O DWW WO
and,
» OED OEfEh & oh® OED OETfEhQ
O ® Oh
o AiIT®@ AT ODEh ® &Oh o Ait®@ AT DEh
(3.29)
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Q AIfO 0O AT OB 0 WQ Qh
Q AT 0 Al DB 0 R Qh
"Q "OOEfi&E 0O h™Q OAT OB 0 h™Q Oh'Q "th
i .. QO o
° oo ® o °

As discussed earlier, the calculated constants of integratiof®@ phc & @ phchotr) are
functions of the beam parameters O hi & Q, springdamper parametersd{io & @),

and the excitation frequency ). Therefore, the steaestate amplitude of the displacement,

O ®WEQ o, can be calculated for acp o & 1Q8Depending on the system parameters,

the response wavé ( afd ando o) takes the form of a travelingtanding, or hybrid wave
Moreover, the cost function can be calculated to quantify the produced traveling waves for each

set of parameters. Various cases are tabulat€dble3.2.

Table 3.2. Cost function values for various setsiofi foand((free-free beam).
b6+ TRl TRl
1 Dﬁﬁ gﬂ §JJ §J
T E o |8 -~ B o |B o
TRCIEDINTR LI DINTR LR DINTR LR 2
o T U T X X ¢
8 4 TIBO X ™ P ™ @ ™ T
8 4 T@o P ™™ Y 8 8 X
g0 Y @ q @ P X O
8 4 T8O W ™ p 8 ™ W
8 T80 X 8 8 ™ O
T80 W ™ Y ™ v T T
8 1.00 8 8 8
8 T@o0 T &) U ) o &) p
T80 W ™ @ T q ) g
8 4 T80 U 8 8 8
8 4 T8O C ™® W ™ Y e p
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Table3.2 shows that for the case that T & Q@ v m—, traveling waves can not be generated
for any of the suggested SD locations and excitation frequencies. However, when the damping
coefficient is changed fronm to p v and stiffness coefficient is set equal to ze (1), the

cost function values are mostly belo&#, which means hybrid waves exist in the beam. This result
shows the crucial role of adding damping to the system to genteseling waves. The cost
function values of some of the higjuality traveling waves are boldedTiable3.2. Furthermore,

the plots for a set ofpsing-damper coefficientsof ¢ = RO p y—) and various excitation

frequencies and SD locations atewn inFig. 3.3. Thecost function valug for these cases are

shown in blue inMrable3.2.
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Fig. 3.3. Wave development in a fréfeee beam with an attached SD withnstanitoand Qfor different

and0
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Fig. 3.3illustratesthat if a specific springlamper is attached to different locations and a harmonic

force with different frequencies is appliedttee system, waves with different qualities can be
developed. For this specific case ( ¢ = {0 p y-), anearly pure traveling wave is generated

when isp x 10w and SD is located& 0 away from the free end. The cost function value for

this case is 0 (as showngreen inTable3.2) which is a pure traveling wave.
It should be reminded that for some spritamper coefficients, such @s TQ v ®—in Table

3.2, traveling waves cannot be produced. This indicates the importance of the optimization of
w & Ofor any excitation fequency and SD locatiofihe following procedure is done to obtain
the optimalc and k to generate traveling wavas a freefree beam with an attached passive
absorber.
As explained in SectioB.2 to avoid getting any reflective waves from the spritagmper system,
the coefficient of the reflective wave from the SD locatian (0 should be se¢qual to zero.
To meet this conditiorEquationg3.3) to (3.7) are used to find the relationship betweenand
| in Equation(3.29),
| N m (3.29)
By expanding and| using Equation$3.26) to (3.28), and separating real and imaginary

parts, two equations are obtained. These two equationisecsoived fod ¢ Qas functions of

the other parameters as,

Q 0o Yo ¥4
0 O
(3.30)
& 010 Yo YO
7 0 ©

where,
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(3.31)

0 i¢ 1¢&¢€ho it 1&¢h0O & 108
Other parametersare expressed in Equatio3.27) and (3.28) shown previously. Using the
optimal values forand Qfrom Equation(3.32), for any pecific 0 and] , the steadystate
amplitude of the displacementd(w ®& @Q @), can be calculatedThe plots in Fig. 3.4
demonstrate someses of the wave development on the described system using the optirdal

k and arbitrary0 and| .
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Fig. 3.4. Optimal @andQto achievenearlypure traveling waves on a fréeee beam with an attached SD

for various excitation frequencies and SD locations.
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Fig. 3.4 demonstratethat by usinghe optimalc andk, a puretraveling wave can bgroducedn

one portion of the bearBome of the optimaband™® and their corresponding cost function values

for different cases are talated inTable3.3.

Table 3.3. Cost function and optimaband’Qfor differenf and differend) (free-free beam)

o J 8 8 8 8
-
o® p @ U L@ P p @ T o ¢
CK Y P Ca p &Y p®U T &K w
8 8 8 8 8
o X X® T Yo Y P8 Y pguv
o/ Y @ ¢ X @1 o U @ o T B
8 8 8 8 8
& p P& C@o T &P X o
T@o pa e p@LY X &y CCd
F3 8 8 8 8 8
+ WY | TRY | peT | uvdtu | LT
LY WC&K Y ap G o8& ¢ @v
F3 8 8 8 8 8
T U8t ¢ PRW| PBT | pAY | BT
X8 w P XEp p o8y Y8 ¢ cay
F3 8 8 8 8 8

The results iMMable3.3 show that the cost function value for all the cases is zero, which describes
a pure traveling wave. A comparison between the results dispiayeable 3.1 and Table 3.3

shows that for eacket of0 and , the same values fosand'Qis obtained. It can be hypothesized

that the stiffness and damping coefficients that results in a pure traveling wave is not dependent
on the boundary conditions. In the next sectiorimala methodis usedon a clampedlamped

beam with an attached spg-damper system.
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3.4. Analytical solution for a clampedclamped beam with an attached passive

absorber

This section presents an analytical solution for a clargteEtped beam with an attached spring
damper system. The procedure is similar togrevious sedbns. Fig. 3.5 showsa schematic of

the system. The main difference between this case and the previous two cases is that the equations
of motion shouldoe written for three separate subdomains of the beam instead of two. The first
subdomain is from the clamped endcat Tt to the attached SDn( w 0 ), the second
sumdomain is from SD to the point where a harmonic fo@g)(is applied { w 0),and

the third subdomain is from the force location to the other clampediend (&  0).

Fig. 3.5. Schematic of thelampedclampedbeamwith the attached SD

Equationg3.32), (3.33), and(3.34) are EoMs ofeach described subdomaifhen, equationgor
boundary conditions at= 0 andx = L are expressed in Equatio(&35) and(3.36). Moreover,
expressions in Equatior{8.37) and(3.38) are continuity and equilibrium conditions thie SD
location w 0 . Additionally, in this case, Equatioif8.39) and(3.40) describecontinuity and
equilibrium conditions athe force locationdd 0 . The force bcation is assumed to be close
to the righthand side boundary fig. 3.5, thereforep) @0 B8The equations are,

6ad 16 od ™ m oo O (3.32)
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6 v 6 ad T 0 @ O (3.33

6ad 16 o m O @ O (3.39)

6 Mo t o6 mo (3.35)

6 0 Tt 6 O mh (3.36)

6 0 6 0 ho O 6 0 h (3.37)

6 0 6 O hofos 0 o6 0 QY O h (3.38)
0 0 6 0 hdo O 6 0 h (3.39

6 0 6 O hofos 0 o6 ¥ "08 (3.40)

Assuming a steadgtate solution for each part,as

6 o ® ®Q h 6 add & ®Q h o ad ® ®Q h (341
and substituting Equatio8.41) into Equationg3.32) to (3.40) yields the following boundary
value problem,

® o T Ow mThd o fde Td o I ® w th (342

Omnm thon (343

@0 modd m (3.44)

@ 0 0 hao © 0 h (3.45)

© 0 ® 0O hofoa O & O Qg &0 h (3.46)
@ 0 0 haooi ® 0 h (3.47)

@ 0 ® 0 hoo & 0 @ 0 "08 (3.48)

Thesteadystate amplitude of the displacement for each subdomain of the beam can be expressed
as

~

© | OFiw| Alfw| OEi® | AT OB T ® O (3.49)
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o | OEI0 w | AT o | OEfl B (3.50)

® | OFEI0 w | AlfTd w | OEfi B ® (3.51)
| Al OB ®80 @ O
Equations(3.49), (3.50), and(3.51) have 12constants of integration, HQ pitho®é Q
phchott which are the unknowns in this problefia solve this system of equations for all of the
unknowns, twelve equatig are requiredhich canbe obtairedby substituting Equation8.49)-
(3.51) into Equation$3.43)-(3.48). The aforementioned system of @Quations and 12 unknowns
is solved utilizing substitution and elimination methods. Equat®b2) shows the calculated

values of constants of integration (FQ phcho % é @  phchotr),

in in . .
I B .k
nn nn
| a | el h"Q phghoft (352)
| | "OATTO) O h| | h
| | "OOEITD O h | | h
where,
n & ahnRp & &hi "OQh
n & ahni & ¢&hi OQh
& OED OEITD O AT —& A1t 0 h
(353
& OED ATTO) 0 AT —& OEBEITO 0 h

& OETEOEN B 0 Al DE ?6'3 AT OB 0 h
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& OENEAT OB 0 Al OE ?cb OEf B O h
& ATTd OETO 0 OED ?oo ATtd 0 h
& AlTO ATTd 0 OED ?oo OETO O h

¢ Al DEOGET & 0 OEfE
¢ AT DEAT OB 0 OEfE 26 OEf & 0 K
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et
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m
1L
0¢

(3.54)

As discussed previously, the calculated constants hiQ phloke Q@ phchoft) are
functions of springdamper parametersif{(o ¢ @) and excitation frequency] ). Thus,
® @M o, and® o can be calculated for any valued@i Frd & TQ8Furthermore, the cost

function value of the generated traveling wave on the beam cdetéeninedTable3.4 shows

different cases db h FroandQfor the clampeetlamped beam.
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Table 3.4. Cost function values for various sags of0 i FandQ(clampedclamped beam).

bR TR
g gg gﬁ %J
T o |B 5 |8 &
Fo Ma=3 <4 Fo W=« Fc WA=«
8 X Y T Y T O
8 4 38 8 T T
8 4 ™ X ™ T T O
8 T80 @ T80 O T80 T
8 A ™ ™ @ T T
8 4 8 8 8
8 8 T8 T T T
8 ™8 P 8 8
8 8 38 8
8 8 8 8
8 4 X T ™ T ™ W
8 4 ) G ) G &) X

Table3.4 shows that for the first set of damping and stiffness coefficients, vihera ¢ Q
L 7, cost function values aiose to 1. Based on the definition, when the cost function value

gets close to 1, the wave type is a standing wave. However, when damping is added to the system,
even though the stiffness coefficient is equal to z&o (1), the cost function values angostly
betweenr andmi@. In other words, hybrid waves, a combination of standing and traveling waves,

are generated in the beam. Moreover, when stiffness is added to the system besides damping, most
of the cost function values decrease, which meangjulaéty of generated traveling waves is
increased. The cost function values of some of the-gighlity traveling wavesq "O T@&) are

bolded inTable3.4. Furthermore, the area swept by the wave over time and the wave envelope
plots for a set of sprirgamper coefficients§ RS (o) X p—), various excitation frequencies,

and different SD locations are shownFhig. 3.3. The cost function values for these cases are

highlightedin Table3.4.

4 g 4 4 g 4 4 8 4
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Fig. 3.6. Wave development in a clampethmped beam with an attached SD vagtimstanthand Qfor

differeny and0

Fig. 3.6 illustratesthat for a specific set of damping and stiffness coefficients,c = and'Q

p Y-, a pure traveling wave is generated only wheis p X i@tiand 0 is m& 0. The cost

function value for this setting i (as shown in green ihable3.2) which shows a pure traveling

wave. For other excitation frequencies and SD locatihybrid waves with different cost function
values are generated.

Based on theesults ofTable3.4, for some springlamper coefficients, such as TQ v F[E,

traveling waves cannot be produced. This shows the importance of the optimizaiidr dQfor
various andd . As explained in SectioB.2to obtain the optimadbandQ the coefficient of the

right-moving wave from the SD locatiomy( 0 should be set¢qual to zero which yields the
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relationship between and| (two of the constants of integration from Equati¢B19)-

(3.51)) as,

| N m (3.55)
By expanding and  using Equation£3.52) to (3.54), and setting the real part and imaginary
part equal to zero separately, two equations arer@ataThese two equations can be solved for

o & Was functions of the other parameters as,

Q 0ot10 Yo v C%]
O O
(3.56)
- 010 YO Y "Oﬁ
@ 17 0 O
where,

Y 6°Q 6°QRh'Y 6°Q 6 "Qh
(3.57)

0O QOL QO h O QOO QOO h
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Other requiregparametersire shown in Equation8.53) and(3.54). The plotsin Fig. 3.7 show

the wave developmeffor thedescribed systemsing the optimat andk with givend and| .
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Fig. 3.7. Optimal ®andQto achievenearlypure traveling waves on a fréeee beam with an attached SD

for various excitation frequencies and SD locations.
Fig. 3.7 demonstrateshat by usingthe optimal ¢ and k, a nearly puretraveling wave can be
producedn one portion of the bearome of the optimabandQvalues and their corresponding
cost functions ar@abulated inrable3.5.

Table 3.5. Cost function and optimaband Qfor different and different) (clampedclamped beam)

o 4 g 44 g 4/ 4 g 4/ 4 g 4|4 g 4
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The resultsn Table3.5 showthat the cost function value for all the cases is zero, which describes

pure traveling wave formation.

Comparison between the optimal valuesisind ‘Qfor all boundary conditions prested in this
chapter shows that the optimum stiffness and damping coefficients match for all the cases.
Therefore, it can be hypothesized that the optimal values are independent of the boundary

condition.
3.5. Conclusion

In this chapter, the analytical moddl@hapter2 was solved and used to present an optimization
approach to obtaitband Qvalues of the springamper system in order to achieve pure traveling
wavesin a subdomain of the structure. The optimization process was provided to minimize the
cost function value of the generated traveling waves on a beam with different boundary conditions.
The results showed that adding damping to the system has a sigmiieantgenerating traveling
waves on the beam. Additionally, it was shown that for different values of excitation frequency
and SD location, different sets @and’Qcan be calculated to generate traveling waves coexisting
with standing waves in a baa Another important outcome of this chapter was the hypothesis that

the optimal values abandQcan be calculated regardless of boundary conditions. An explanation
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for the matching results for different boundary conditions can be that these optioed age
functions of springdamper location {{ ), excitation frequency] (), and of course, beam
parameters’(HOMM) hd € Q which were kept constant for the beam presented in this chapter.

In the next chapter, numerical simulation for this elodlill be presented and the results will be

compared with analytical results.
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Chapter 4

Numeri cal SI mul ati ons 0
attachedamperng

4.1. Introduction

In the previous chaptea n anal yti cal solution feomodelviae sy st

presentedThis chapter is dedicated to presenting numerical simulations for the finite element
model of the structure created in ChafeiSection2.3. In this chapter, the EoM is solved in
MATLAB by utilizing the inverse matrix method. T$method is used to obtain a solution for
different boundary conditions (frdeee, clampeelamped, and clampddee). The simulations

are used to investigate the effect of changing spiamper parameterd (vhand Q) and
excitation frequency () on the response. Moreovehe CF value is calculated for each setof
andQto find the minimum CF value which shows a higiality traveling wave on a subdomain

of the beam between the SD system and the forcing location. It should be noted thiathene
most important aspects of utilizing the FE method over the analytical solution to provide the design
space, is that the analytical method is more {tomesuming.The numerical results of the
optimization are then compared to the analytical resutis fChapter3. Some contexts of this

chapter are adapted from the published papers avaiteJd22 and[124.
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4.2. Numerical simulations for a freefree beam with an attached SD

In this section, the numerical simulation dfee-free beam with an attached spridgmper system
is studed. In this case, a harmonforce ("Q0 ) is applied toone end of the beam and a spring

damper system is attached to beam ab) . Fig. 4.1 showsthe finite element model of a fréeee

beam with an attached spridg@mper system.

Fig. 4.1. Finite element model of a frdeee beam with an attached spridgmper system

The natural frequencies of the beam before attaching the spaimger are tabulated Table4.1.

Table 4.1. The natural frequencies of the frilee beam before attaching the sprofmper

H* = ﬁ = H* H* H* ) H*

s oN| 8 9N 8 8N S & & 8 & gXH
o w I L I O L= 9 L= 9 L= 9 L =
S = =2 = = = = =

19 4522 | 23 6825| 27 960.1| 31 1285| 35 1657| 39 2077

20 505.3 | 24 7475| 28 1037| 32 1374| 36 1758| 40 2189
21 561.5| 25 8154| 29 1117| 33 1465| 37 1861| 41 2304
22 6205 | 26 886.3] 30 1199| 34 1560| 38 1967 | 42 2422

Based ora previous work by Malladet al, one of the ways to generatdraveling waves to
provide an excitatiofrequeng midway between two consecutive natural frequer{di2g. Using
Table 4.1, the harmonic excitation frequency &elected betweethe 315t p ¢ (i and the

32" p o X'Qa naturalfrequencies of the structufe  p o TEAY as the starting poinThe next
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step is to optimize the stiffness and dampogfficients such that a higduality TW isgenerated
on the beamThe optimization process is dateeminimizethecost functionvalueof the produced
travelingwaves After setting the excitation frequengy \ equal to 1300 Hz and attach the spring
damper ab T, stiffness and daping coefficients andc) are changed to calculate the cost

function value for each set of parameters. This results in the cost function contour stegn in

42(a1).
50 v r v :
Area swept by the wave over time
= a-1 0.9 a-2 Wave envelope oih
40
7.
Z 30 E
S 20 5
oL
5
. . i 10 0 01 02 03 04 05 06 07 08 09 1
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(=] =]
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=)
Amplitude

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Stiffness Coefficient (N/m) 404

Fig. 4.2. Freefree beam with a harmonic excitation and attached sqtamgper at théoundaryat® 0,
(a-1) Cost functioncontour, (a2) System schematicleveloped wavend optimal wave envelogder the
corresponding optimaband Qfrom CF contour, (b) Cost functioncontour with highetoandQ
resolution, and (2) area swept by the wave and wave enpelfor the optimal values afandQ
The cost function contoutisplayed inFig. 4.2(a-1) visualizes the quality of the wave generated
between the SD system and the excitation location. The dark blue region in the plot corresponds

to highquality traveling waves#{ &M 1@ , while the light yellow area# &n 1@ indicates
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parameterghat produce nearly standing wavgsingFig. 4.2(a-1), the minimum CF valueX "O

T8t § is fourd, then the corresponding optimal damping and stiffness coefficients are obtained as
O 1-2andQ o p—. Fig. 4.2(a-2) illustratesa schematiof the beamas wellas the generated

waves based ahe optimal values abandQ However, in the numerical simulations, if the range
of changingwand Qis narrowed down and the resoulution is improved, higher accuracy values
can be obtainedrig. 4.2(b-1) shows the cost function contour with the minimum CF point in red

with improved resolution of parameter searely. 4.2(b-2) displays thevave envelope for the
optimal case ifFig. 4.2(b-1). In this case O'EHJ—S and’Q o &— which are slightly different

from the values obtained using the logsolution optimization. However, the change has a large
impact on the cost function valué {O T8t m)which is approximately an order of gratude
smaller thard "O 18t g¢hat was obtained before.

To study the effect of th8D location(0 ) on the generated waves the beam, thabsorber is
attached to multiple locations of the bedm, Tt Ohr@& Oh@ORH ¢ . For all the cases,
the excitation frequency is the same ( p o @Y and the optimization procedure is done to
calculate he optimal cand Qvalues. Additionally, the cost function value is calculated for each

ca®. Table4.2 summarizeshe results after the optimization.

Table 4.2. Optimized parameters for tlieeefree beam

Absorber location, Damping coeff.  Stiffness coeff. Cost function
4 O 1 4 swio ) at the TW region

T T8T C TU

8 4 X® T8I T O

8 d W TSI TT C

8 4 pB TSI TT T

8 P& T8I T G
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Fig. 4.3 shows the cost function contoutee schematic of each configuration, atie optimal
wave envelopeorrespondig to the minimum cost functiovalue fon p o TtOvand three

different SD locations.
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Fig. 4.3. Cost function contours and optimal wave envelopelferfreefree beanfor threedifferentSD

locations, (ap m(b)0 m&0,and(c)0  TRO.
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As shown inFig. 4.3, the traveling wave generated for all the cases is yneane. It can be
expected that as the search resolution is increased, higher quality (lower CF) waves can be obtained
as shown previously iRig. 4.2. Therefore, CF plots can be used as a tool to optimize stiffness and
damping coefficients. Furthermore, it shows the sensitivity of the traveling wave quality to changes

in the SD parameters.

In the next section, the simulation results for a clamgachpa&l beam are discussed.
4.3. Numerical simulations for a clampedclamped beam with an attached SD

In this section, the numerical simulation for a clampkinped beam with an attached spring

damper system is present&aly. 4.4 shows a schematic of the finite element model of the system.

Fig. 4.4. Finite element model of a clampethmped beam with an attaed springdamper system
The system is excited by a harmonic forcevat @0 ¥ (close to the right end) with a driving
frequency between the 91285 Hz) and the 30(1374 Hz) natural frequencies of the system.
An absorber system is attached near thy@osite boundary as compared to the force. As shown in

Fig. 4.5, a highquality traveling waved 'O 18t m)@s generated in this case. The optimized

e ¥ ol 38
coefficientsareQ Y —andw o© +—.
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Fig. 4.5. Clampedclamped beam with a harmonic excitation and attached sgeangpemearthe right
hand sidéboundary, (a) Costinction of the simulated waves for a parameter swegawiping and
stiffness of the passive absorber, (b) System schematic andewaelpefor the optimal case.
Furthermore, the effect of the passive absorber locabigrof the produced TW is studidor the

clampedclamped beanilhe springdamper system is attached to multiple locatiointhe beam
0 18t v Ohd OhngpOieo ¢ 1. Fig. 4.6 showsthe costfunctions,the schematic of each

configuration, andhe optimal wave envelope corresponding to ii@imum cost function.
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Fig. 4.6. Cost function contours and optimal wave envelopétferclampeetlamped bearnwith three
differentSDlocations, (a) T8t 0, (b)0 T80, and(c)d  TRO.
Traveling and standing waves cére generated locally in the beam using the presented
configurations.Table 4.3 showsthe optimized parameters for these cases. The cost funstion
tabulated for the optimafaveling wave

Table 4.3. Optimized parameteffsr the clampeetlamped beam.

Absorber location, Damping coeff. Stiffness coeff. Cost function
4 0 1+ d gy ] B at the TW region

8 (o )] 81 T @

8 4 X® Yo T8 1T Y

8 4 w X T TS 1T P

8 4 pB VW T8 TT U

8 4 ) T 0 T8 1T X
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Comparing the optimal values Gfand Qfor the clampectlampedsystem,Table4.3, and free
free systemJable4.2, shows that the optimaband Qare not dependent droundary conditions.
This is in agreement with the results obtained analytically in Chapter 3. However, as expected the

cost function values and the wave envelopes change by considering different boundary conditions.
4.4. Numerical simulations for a clampedfree beam with an attached SD

The last boundary condition studied in this work is clarafped as showin Fig. 4.7. Similarto
the other two boundary conditions, the sprifagnper system is attached to the beam and the goal
is to optimize its parameter&énd ) to obtain a highguality traveling wave i a portion of the

beam.

Fig. 4.7. Finite element model of a clampée beam with an attached spridgmper system.

To study this parameter design space a few cases are considered. First, a harmonithfarce
excitation frequency op x 1O between the 3% (p @ UG and the 38 (p X U@ natural
frequencies ofhe beam, is applied to the systekrplot of the CF a¥andais varied is shown in

Fig. 4.8. Several arbitrargases are illustrated from this response space.
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Fig. 4.8. Wave generated in the systemifor p x @oandd  m&0, (a) CF contour, wave envelope
and the area swept by the wave {o),c0 ¢ WdTa andQ p QW4 ,(c) ® wmdFa andQ
e QWA Qo T WdTd and’Q Y QG , and(e) ocldTa andQ 1 QWG .
The cost function contoudisplayed inFig. 4.8(a) displays the cost function contour aRdy.
4.8(b)-(e) showwave envelopefor different values otoandQselected from different regions in
the CF contour plotThe CF value for each pair @and'Qis tabulated inTable4.4.

Table 4.4. CF values for cases are showrfig. 4.8.
Plot # inFig.4.8 4 d8yO 40 CF of the TW region

1 QT Py T8I 1T T
g o Tn T Y
= TU P T ™ ¢
m WTl QT ™

As shown inFig. 4.8 andTable4.4, the CF value for case (b) is the lowe3t"O 11 and nearly a
pure traeling wave is obtained on the righand side of the beam fos ¢ Wd T4 andQ

p yQUFa when the system is excited@ty TiOw
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Next, the location of the SO , is changed to observe its effert theoverall response and the
optimization oféand Qfor a particular excitation frequency. TB® system is attached toree
differentlocationsof the beam{{ 18t B Ohandr@N) and the excitation frequencydBosen

to bep o i between the 30and 3F natural frequencieheCF contours and wave envelopes
corresponding to theminimum CF value (optimal case), indicated by a red dot, for these three

cases are shown Fig. 4.9.
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Fig. 4.9. Cost functioncontours and optimal wave envelope for system excited at p o TiGufor,

@0 mro,(b)0 m8O0,and(c)d  T&WD.
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Fig. 4.9 shows that the CF contours change for the different SD locations and a constant excitation
frequency. The optimal parameters and their coordimg CF values are tabulatedTiable4.5.

Table 4.5. Optimized parameters for the system excited at p o Ti@nfor various SD locations.

4 o ddswn W CF at the TW region

8 o® ] TBI T T
8 4 w X P TSI T O
84d p@ T X T8 11 o

Table4.5 shows that by moving the sprittamper system along the beam, the optimal values for
wandQchanges drastically. FurthermoFeég. 4.9 displays that itband Qare kept unchanged, the

CF value and thus the quality of the traveling change. Comparing the CFs for different cases, it
can be observed that the dark blue area for the fisst[€m. 4.9(al), is broader than the other two
cases. In other words, the traveling wave generation is less sensitive to small changes in stiffness
and damping coefficients.

Additionally, the excitation frequency is varied to explore if it affects the quality afréiveling

wave. For all these cases, the spritagnper is located @i & 0. The CF plots for three
different excitation frequenciep, o i@t wandg T T8OG are shown irrig. 4.10(al), (bl), and

(c1), respectively. By keeping the damping and stiffness coefficients cowstaqt,t 0 & & and

Q p YQira, the wave envelopes for different excitation frequencies are shdvig.ih10(a2),

(b2), and (c2). The red dot on each CF contour indicates the aforementioned SD parameters.
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Fig. 4.10. CF contour and wave envelope correspondin@ to¢ T0d 7& andQ p yQra for O
& 0 anddifferent excitation frequencies, (al, @a2) p o 10u (b1, b2) p X Ty and(cl, c2)
1 ¢ T Ton
Plots (al), (b1l)and (cl) inFig. 4.10 show that the CF contour changes by varying the excitation
frequency. The dark blue area kig. 4.10(b1), is broader thafig. 4.10(al) and (cl) which

indicates a lower sensitivity t@and Qvalues. Additionally,Fig. 4.10(al) shows a relatively

narrow dark blue region which means that for the excitation frequenzyoofiGothe quality of
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traveling waves is more likely to ahge for different pairs abandQ Table4.6 summarizes the
parameters for the plots Fig. 4.10.

Table 4.6. The CF values foFig.4.10cases foro ¢ t0d ¥4 andQ p YyQita,andd  m&@0.

Plot # from Excitation CF forthe T
Fig. 4.10 frequency (Hz) region
'H AH pOTT ™ Px
"H FH PXTIT T8I T T
"HRH CTTT ] 0T

Fig.4.10(a2), (b2), (c2), an@able4.6 show that for a particular SD location and specific damping
and stiffness coefficients, the excitation frequency has a considerable impact on the quality of
traveling waves. In fact, in sonoases, it is not possible to generate traveling waves, as observed

in the CF plots.

4.5. Comparison betweennumerical and analytical results

This section compares the results from the analytical solution to the simulation feiguisl1
showsthe analytical and simulated wave for a clampeg beam with p X TGuand)

& 0. The simulated results corresponds to the minimum CF value obtainechfaost function

contour and the optimal values@é&ndQfor the analytical casd={g. 4.11(a)) are calculated from
the analytical solution a® ¢ @& P—andQ p @t ¢—. The results show a high agreement

between the numerical and analytical cases.

108 wept by er time(Analytical) 108 Area swept by the wave over time(Simulation)
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Fig. 4.11. Comparison between analytical and simulation results for clarfmeedcase, (a) analytical
result, (b) cost function using parameter search from simulation, red circle shows an estimation of optimal
values of ¢ and k¢ simulation result using optimal values of ¢c and k from the analytical solution.

A comparison is conducted between the numerical and analytical results fefradrbeam with
1 p L TiQnandd T&0 and the results are shown kig. 4.12. Furthermore Fig. 4.13

displays the results for a clampelmped beam with the same parameters.
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Fig. 4.12. Comparison between analytical and simulation resultsrézffee case, (a) analytical result,
(b) cost function using parameter search from simulation, red circle shows an estimation of optimal values
of ¢ and k, (c¢) simulation result using optimal values of ¢ and k from the analytical solution.
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Fig. 4.13. Comparison between analytical and simulation results for claralaedped case, (a) analytical

result, (b) cost function using parameter search from simulation, red circle shows an estimation of optimal
values ofc and k, (c) simulation result using optimal values of ¢ and k from the analytical solution.

Fig. 4.12 andFig. 4.13 show that the simulation and analytical results perfectly match. In both of

these boundary cases, optimal stiffness and danepeffjcient ae 60.90Q(¥a and 12.99 T4 .

This shows the hypothesis that the only parameters affecting the optimal values of ¢ and k are

excitation frequency, location of the spridgmper, and beam parametditseboundary condition
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does not seem wffect the ptimal value, however, theost functiorvaluesfor different boundary
conditions are different.

It should be noted that these optimal values will be matched perfectly with the estimated values
from the cost function plot, red circles shown on the CF eostd the search resolution is high
enough. Considering the agreement between these results and knowing that the parameter search
with high resolution is very timeonsuming, the optimal value for ¢ and k can be calculated from

the analytical solution iheeded. However, if in some cases, different qualities of traveling waves

are acceptable, using the cost function from parameter search is practical. The parameter search
allows finding an area, i.e. a design space, on the cost function plot at whigblenpgirs oft

and'Qsatisfy the cost function value criterion for traveling waves.
4.6. Conclusion

In this chapter the generation of traveling waves usitite singlepoint excitation methodn a
beamwith an attached sprindamper systenundera harmonic force with various boundary
conditions waswumerically simulatedThe simulation resultsdicatel how different parameters
affect the wave propagatioron the beamAccordingly, the effect of damping and stiffness
coefficients of theSD systemthe location of the attache8D, and the excitation frequency were
shown Toinvestigate the effect dheaforementioned parameters dretresponse of the/stem,

the qualityof produced traveling wave was quantified by adopting a cost function which was
ddfinedbased on t he wayv eioGhapter VThad far fhree ddfengnbountdanyd e
conditiors, aparameter search on tB® parametersppand’Q was dme to obtain the bepbssible
traveling waveFurthermore, the numerical results of this chapter were compared to the analytical
results and an excellent agreement between the results was shown. Moreover, the effect of

parameter change resolution on thained optimal values was discussed. In the next chapter, a
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detailed parametric study is performed on the system to further investigated the effect of various

parameters on the generated wave.
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Chapter 5

Parametric study

5.1. Introduction

In this chapter, tk behavior of a fredree beam with a passive absorber is analytically and
numerically studied through a parametric study. The analytical model of the beam created in
Chapter 3 is wused in this chapter 6sintroducedst i gat
in the previous chapters is studied further. Moreover, the sensitivity of the wave generation to these
parameters is examined. A thorough parametric study aids in having a better understanding of the
concept of wave separation in finite struewirutilizing a passive approach. A comprehensive
parametric study can show the possible ways to improve the wave separation in the structure and
indicate the limitations of this wave generation approach.

5.2. Parametric study approach

In this section, system pameters that can affect the generated waves are introduced, and later in

this chapter, the effect of selected parameters on the results is investigated. According to the
previous chapters, three main parameters are considered the most effective parantieters
systembs dynamic behavior; excitation frequel
damping coefficient of the SD), and the location where spilangper is attached. An aluminum

beam withd p® Ppadd 18T p ¢ciQ pd Y xduaH ¢ x m=rand O X POD (s

used as a sample beam throughout this study. This is the same beam adopted in the previous

chaptersTo investigate the effect of each parameter on the system, the cost function is used. The

CF can be defined based on the envelopthe waves as presented in the previous chapters or
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based on the coefficients of the incident and reflective waves. The definition introduced earlier in
this work is very useful in numerical studies. However, it is impractical anddonsuming for
aralytical investigations. Therefore, another equivalent definition of CF is adopted in this chapter.
CF is defined as the ratio of the coefficient of the reflective and incident wavesit€mate from
Chapter 3, the incident wave is a wave that moves flee generating source toward the boundary

or discontinuity and a reflective wave is a wave that reflects from the discontinuity or the boundary.

Fig. 5.1 shows ashematic of the beam used for the parametric study.

Fig. 5.1. Schematiof afree-free beamwith an attached sprindamperand an applied harmonic force
In Fig. 5.1, the two waves are,
6 oo | A ) T AEAROIDA A£G O BEXTAM

6 aho | A 2 A £l ABAGRBELC E © O BT AQ&A

(5.1)

To obtain these waves from Equations for the stesale amplitude of the displacement for each
subdomain of the ravritten from Chapter 3 as,
®w | OFElw| AlfGh| OEi&® | Al pBmnm o O
®w | OB o | AT w | OEfl B o (5.2)
I AT OB oh 0 o 0é&im w O Oh
the first two expressions of the equation are written in their exponential format as,

N A A
| —=——n

YETD 6 o): - 5.3
| OET0 o | OEBED E (5.3)
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Adding Equationg5.2) and(5.3) yields,
| A A | A A
GE G
| | | | (54)
—_— — Q _— — Q 8
CE ¢ CE q
Therefore,
# & : (5.9)

As mentioned before in chapter|3, and| are functions ofi Q 0 , and] . Thus, for a
particular SD location and excitation frequency, the CF can be calculated for anysetdiQ
This essentially shows that different parametef&¥ hand 0 ) affect the# &alues and the
response of the system. The parametersat@used in this parametric study are introduced in

Sections$.2.1t05.2.3

5.2.1. Damping and stiffness coefficient of the absorber

One of the main parameters of the system which has a strong contribution to this work is the

passive absorber's characteristic, i.e. dampimystiffness coefficientsaand’Q of the attached

spring damper. The effect of these parameters was shown briefly in the previous chapters. For
completeness, the effect of these parameters on the CF is shown again in this FSgctian.

shows an example of a CF contour for a range of absorber stiffness and damping values for the
beam subjected ta harmonic force with a constant excitationgirency of p o iU The

cost function is calculated by varying damping and stiffness coefficients and using E¢bi&)ion

The red point irFig. 5.2(a) indicates the minimum CF resulting in the highest quality traveling
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wave in the region between the SD and the force. Correspondingsiéind damping coefficients
are Yoy dja and’Q x @roQga.

(b)

T T T T T T T T
w = 1 3 00 HZ = Area swept by the wave over time
Wave envelope

Awmplitude

Damping Coefficient (N.s/m)

0 2 4 6 8 10

L L L L L L n
" . o N 0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
Stiffness Coefficient (N/m) 10?

Normalized length

Fig. 5.2. An example of cost function contour and generated waves.

Fig. 5.2 (b) shows the generated waves in the beam for the valuaraf'Qin which the CF is

minimum (red point in the CF contour ig. 5.2(a)).

5.2.2. Frequency band selection

The excitation frequency is another parameter that affects the response of the system. In order to
investigate the effect of the excitation frequency on the results, afveigeency bandy 1t 1t

¢ L TiQuis selectedFor each of these excitation frequencies and a certain location of the spring

damper system, the passive absorber parameters can be optimized.
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Fig. 5.3. The frequency response function of a ffeze with a SD attachmentat & 0 with tuned
parameters for the excitation frequencyof O

Fig. 5.3 shows the FRF of the beam with an attached SD system with parameterstidj &
andQ p Yo ¢ attached ta) 1@ 0. The frequency band is shown Fig. 5.3. Excitation

frequency effect on the response of the system is shown for some cagpSih.

o@D (a2)

L ' ‘ V ‘ —Arp;a swepl L':y the wav;a over llm; #0.15
08 ——Wave envelope F
0.6 % HAE HE H | / =
0.4 % HHHHRHEUE R _
0.2 Ty s .

—— Area swepl by the wave over lime| 1.5
——Wave envelope F

Cost Function

0 20 40 60 80 100
k (kN /m)

Cost Function

40 60 80 100 1] ﬂ‘,‘l 0.2 0.3 Dfd 075 O‘E D,‘? D‘E 0‘9 1
k (kN/m) Normalized length

0 20

Fig. 5.4. Costfunction contour and generated waves for a constant SD lodationn@& 0, (al) CF
contour fof p o TEOY (a2) response for optimizeoand Qfor p o 10y (b1) CF contour for
1 p X TGy (b2) response for the samvand Qvalues as in (a2) wif p X TiOu
Fig. 5.4 shows the CF contour and area swept by the generated waves for two systems with
constanthCird ¢ ® and two different excitation frequencies, p o TfOvand p X TOU
The plots inFig. 5.4 show that for each excitation frequency, the cost function contbigs4
(al) and (b1)) anthe generated waves for the same SD parameters (for exipet(a2) and
(b2)), are completely different. For example, the red détign5.4(al) and the black dot iRig.

5.4(b1) show the sam@and Qvalues on the CF plot. However, their corresponding CF valees ar
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different.Fig.5.4(a2) andrig. 5.4(b2) show the wave corresponding to these two points on the CF
plots. Moreover, the optimal values @and’Q(red points inFig. 5.4(al) and (b1)) to generate a
nearly pure traveling wave on the beam are different forieadtherefore, the effect of excitation

frequency on t hneeds pesirivestgatexbtfulfid hepparanseter study.

5.2.3. Location of spring-damper attachment on the beam

The location of the attach&D 0 plays an important role in changing the quality of generated
traveling and standing waves on the beam. For each locatibesgringdanper, a certain set of
damping and stiffness coefficierdanbe used for thattached SD system to the beemorder to
obtain a highguality traveling waveOtherwise, by changing the location of the SD system on the
beam while keepingoand ‘Qconstant, the generated waves are not necessarily traveling waves.
Fig. 5.5 shows the cost function contour and the generated waves for two diffpremgdamper

locations and the same excitation frequencies.
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Fig. 5.5. Cost function contour and generated waves for a constant excitation freguenpyc 1tGn
(al) CF contour fob ~ 1&0, (a2) response for optimizesandQfor & 1@ 0, (b1) CF contour for
0 @0, (b2) response for optimizedand Qfor 0 T@D.

Fig. 5.5(al) and (bl) show the difference between the CF contours for each SD location.
Therefore, to obtain the nearly pure traveling wavesvaha Fig. 5.5(a2)and (b2), two different

sets of springlampers are required. In these examples, the optimized values of SD coefficients
ford0 T80, arew yYBoysdj ¢ andQ x @t oo a, whileford @0, the SD parameters
are® p @& uvidja andQ T Xaj a. Therefore, b manipulatingd while keeping other
parametersdfith ) constant this effect can levestigatedThe results of the parametric study for

a freefree beam with an attached SD system are presented in the next section.
5.3. Effectsof changingthe stiffness and damping coefficients

In this section, the behavior of the system is investigated by changing the SD parameters, i.e.
and’Q As a case study, the cost function contourifor @ 0 and p X TiQuis presented in

Fig. 5.6. The optimal values aband’Q(red point inFig. 5.6) are calculated such that the CF is

50

40 0.8

30 0.6

20 0.4

10 0.2
2 80 100

minimized.

c(N.s/m)

Cost Function

0
0 0 40 60
k (kN /m)

Fig. 5.6. Cost function contour fab & 0 and| p X TiOu
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By keeping one of the stiffness damping coefficients of the SD constant and varying the other
one, the effect abandQon the quality of generated waves can be shown. Each horizontal line on
the CF contour indicates a SD system with a constant value of the damping coefficriffeaauait
stiffness coefficients. Similarly, vertical lines on the counter, represent spgaimger systems

with a constantQand differenty

(al)

——k=0 kN/m
—k=18 kN/m
k=36 kN/m
= = =k=54 kN/m
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0 20 40 60 80 100
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——c=2N.s/m
0.8 - = =c=9Ns/m 0.8

= ¢=17N.s/m

2 =24 N.s/m E
t)' 0.6 ——¢=34 N.s/m 0.6 €
= e=44 N.s/m =
= P b H
[~ (=
= 0.4 0.4 %
3 <
|

=
o

0 20 40 60 80 100 0 20 40 60 80 100
k (kN/m) k (kN/m)

Fig. 5.7. The relationship between the CF values and SD parametgrs fop x mt@gandd 1&0,
(al) CF vsfor various values of) (a2) CF contour and the selected value§dtl) CF vsOfor
various values of) and (b2) CF contour and selected valoke®
Fig. 5.7(al) shows the effect of changing the damping coefficient for some constant stiffness
coefficients which are indicated as vertical line§ig. 5.7(a2). MoreoverFig. 5.7(b1) illustrates

the cases where the value Bfchanges whilabis constantThe selected values for damping

coefficients areéndicated as horizontal lines kig. 5.7(b2).1t can be observed iRig. 5.7(al) that

84



for all cases, i.e. any constant valu&pthe CF value is very sensitive to the changeswafiues.
However, the curves iRig. 5.7(b1) for most of the cases are nearly straight lines, indicating a very
low sensitivity of cost function values to the stiffness of the SD system. To confirm this

implication, the results for another case where p ¢ THz and0  T& 0 are presented in

Fig.5.8.
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Fig. 5.8. The relationship between the CF values and SD parametgrs fop ¢ t@gandd &0,
(al) CF vy (a2) CF contour and the selected valueQdgha1) CF vsQ and (b2) CF contour and the

selected values ab
Thetrend seen ithis case agreavith the previous results indicating that the cost function value,
i . e. the quality of the generated waves,

compared to its stiffnesblote that for both cases, the sensitivity of the CF value to the chisinges
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SD6s stiffness is higher for the opti mal v al

presented in this section showed the effect of SD parameters on the generated wave quality.

5.3.1. The spring-damper force
The applied force at the canbe simplycalculated by calculating the force in the sprdamper
as,

o0 Qe w8 (5.6)
Fig. 5.9 demonstrates a comparison between the input force and response force at the spring
damper location. It can be clearly seen that there is a phase diffeanbetween these two
forces. Somef the studies in the literatuf&16, 120, 133 showed that by applying two hraonic
excitations to a structure, traveling waves can be produced. The presence of this phase difference
between the harmonic excitation and the force athows that the passive absorber attached to
the beam operates as a secondary source of excitataopassive manner. The main difference
between these two approaches is that by applying another force to the system, the energy is actively
injected into the system. However, utilizing a SD system as a PA prevents applying unnecessary

energy to the sysin to generate traveling waves.
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Fig. 5.9. Comparison between the input force and the force at the SD locatipfot, (a) some arbitrary
sets of springlamper attached to the beam and (b) optiméaaad Qfor] p X t@vandd  T&0

As it is expectedFig. 5.9(a) shows that various values @fand Qresult in different phase
differences between the forces. The spring damper parameters are selected from the cost function

contour inFig. 5.10.

Cost Function

0 50 100
k (kN /m)

Fig. 5.10. The CF contour far p x m@oandd  1&0.
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The phase difference, cost function value, and SD parameters are tabuledabtkib. 1.

Table 5.1. Phase difference and CF for different SDs selected figrb.10.

Jo Edsyo AT &7 - W)
A o o C @ T8 T X @
A LB e T P 0w
A OB ) T 1 Y @
A LB N T P L &

NAqi P W § et n £l

To find a relationshipbetween the quality of the generated traveling waves and the phase
difference between the forces, the phase difference is calculated by vaBypgrameters, i.e.
stiffness and damping coefficient. Moreover, as it was discusseckb#fe cost function contour

can demonstrate the traveling wave quality for different paidarid Q Combining the phase
difference and cost function values in one plot versus sutamgper parameters shows the

relationship between the phase diffareand the quality of the traveling wave.

c(N.s/m)
Cost Function

o, ; ke e ]
150 170

0 50 100
k (kN /m)

Fig. 5.11. The phase difference between the input force and the SD force (dashed yellow curves) for

variouscwand Qvaluesfor] p X @oandd &0 shown orthe cost function contour.
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Fig.5.11 shows that for the highuality traveling waves, i.e. low cost function values (dark blue
area in the plot), the phase difference between forces is bejwvemmd ) udegrees. Note that if

the phase difference is in this range, it does not necessarfiynadhat highquality traveling

waves are generated. For instance, following%he g v crve inFig. 5.11 shows that fote

p T d¥a andQe ¢ G ¥a , the cost function is neawhich indicates that the generated hybrid
waves are closer to standing waves than traveling waves. The same approach is followed for more
excitation frequencieg, Mg p o HOY p x TOG andg T iOvatd & 0 and results are

shown inFig. 5.12.
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Fig. 5.12. The phase difference between the input force and the SD foice ar& 0 for various®andQ
values for different excitation frequencies,j(a) X 11§ (b) p o 1Oy (c) p x TOG and (d)
1 ¢ 1t it@n Dashed yellow curves show phase differences and contours display the cost function.

Fig. 5.12 shows that the phaddifference pattern and values for each excitation frequency are
different. Since the SD location is unchanged for all cases (& 0) and the stiffness and
damping coefficient axis in the CF contours are the same, i.e., the valGemdfQin the
contours are evenly distributethe excitation frequency directly affects the phase difference
between the SD force and the input force.

5.4. Effectsof changing theExcitation frequency

In this section, the effect of changing the excitation frequency oreiponse of the system is
investigatedFirst, the quality of the generated wave from the force location and the SD location
(0 ® 0)is examined by calculating the CF in this region. This step is done by keeping the
stiffness and damping coefficient$ the SD system unchanged. In these examples, the constant
values of SD parameters are tunedifor m& 0 and p X iwhere® ¢ t0djd andQ

p YQQ & . The selected excitation frequencies are indicatétgns.13.
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Fig. 5.13. The frequency response function (FRF) of afire@ beam without sprindamper and with
optimal SD attachment & 1@ 0 under the excitation frequency pfx TGO

Fig. 5.14 displays the response of the system to the excitation frequencies indickigdan.3.
It can be observed that even if the excitation frequency matches one of the natural frequencies of
the system, traveling waves still can be generated in a portion of thefigail4(a) shows that
when the system is excited at p 1 p@oéwhich is ;e of the natural frequencies of the system,
a relatively highquality traveling wave is generatedig. 5.14(b) and (d) show a hybrid wave
generation ap ¢ Tt@dand a standing wave pt X'@q respectively. Note that these frequencies
arenotonthey st emés natur al f r edpmpempargmeterdlard tenedtfdn a t

1 p X T@owhich results in a pure traveling waved. 5.14(c)).
(a) (b)

1018 Hz Fj 1309 Hz rL

(©) (d)

Fig. 5.14. Generated waves for constant values dthA T Bfor (a)p T @i (b)p o TE@Y (C)
p X TOg and (d)p Y X0

The cost function as a function of the excitation frequency is plottdeign5.15. The SD

parameters for the system are tuned for p x OUQ
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