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Abstract

Bist abl-eotMefBaructures WwWirtamsDegsimarn a min
Cat hleaeed Medi cal Devices

At harva Dattatraya Pande

From | arge space antennas to medical -ball oo
shaped structures. Deployable rod structures
a cylindrical form for transpvoer tt haen dd etshierne dr
transformation. Roersiaxa&mdplsa,r giemieshotcioamcentri

designed to provide precise shape transfor mat
maneuvers and complex ®cowcracuy.esHowwd\herg,r etali e
by cuexesctoinypd i ant mechani sms are highly susce
particul dnlly eidn cfolAftiitdae dhi ssga @aensd. mai nt ai ni ng a
triggering mechanism, which takes space; and ¢
time control. Current rod concepts are | ess s

Recent eff or tBsis thaabnddsd prruoccd wucreeds wi t h mor phing
mi mi cki ng hrbeeghinama@chani sm of the Venus Flytra
cl asBistodbhéteastruct Me #a dheatneedt riuct ur es can tr a
shapes fsrhoanp ead rsotdabl e stage to a desired depl o
t wi sti ngnworl audnealr,i c changes, or combinations ¢
be programmed i Bisd ashtlmeu iDeysio egn.i onfg tdh & f er ent de
|l i ke transl ation and twisting, involves study
deformati-enabl dheo®Bcept enables accurate prog!

second st abg es psatcaeg ea,n df reeneeirngy f or shape | ockin

Via a combination ofphnwywenpaglciamest smpl alhi ®anst
prototypes that demonstrat ed harpéeeart fi ivgeu rdaetfioornr
propbetweaan achieve |ldB®af de$oomadgibdeanldilnegngt

and 18A viatwneAnngmHudelel ar eal moel di ekle avnodl uamebt a
structur e, both stabilized by a |l ocking mecha
adaptability were validated through static e

duploircathat mi mics physiological conditions.
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Chaptikhn rbducti on

1. Blackground

From large space antennas to medical balloon catheters, we nedgasiguringrod-shaped
structuresShapereconfigurableod structuregnabledesigns that can be compactly assembled into
a cylindrical form for convenient transport and then morphed or deployed to achieve the desired
deformations.For example medical interventions require rathapedballoon catheters ah
diameter scale of severaillimetersthat can be deployed in treatment with desired expafisjon
In roboticassisted surgeries, concentric tube continuum robots are designed to provide precise
shapeshiftingwhich makes it possible to perform intricate maneuvers and complex prod@jiures
[3].

Enginees have developed rod structures that can yield reconfigurations of broad geometric
diversity. For exampleynder 1) anatomical constraintand 2) tangled cardiovascular networks,
guidewires and catheters can real@ecombination of complex shapeshiftitg overcome
movements along tortuous paths. Taking atrial fibrillat{@ifrib) treatment as an example of
deployment, the ablation catheters with guidewinesarly dislocate(move axially), bend, and
twist to reachtargeted location$4], [5]. In contrast, mapping catheteespand radially or
volumetrically from a rod assembly to planar or spherical structdi@sever producingshape
reconfigurableod structures with various deformations is challenging due to thationi in build

volume and available actuating power soufégs

Shapereconfigurations can be triggered throwiyersemechanisms, such as pullre systems
[6], screw mechanisms, sheath retraction, thermal actuators, ariit slesgng6], stimulated via
environmental changes in pneumatic, hydraulic, thermal, or mechanica[Tieldlechanisms that
facilitate these environmental changes can be used to sustain the deformed-sivegesr, these
mechanisms occupy valuable space inside the rod structures, preventing minimization that is crucial
for engineering applications while also requiring constant applied external power sources that
necessitate continuous hifjdelity controlfrom operator$6], [7], [8]. For examplecabledriven
shapeshifting triggering systems applied to achieve controlled navigation and deployment in

catheters are spacensuming. Pullvire mechanisms, as seen in Adllisand Sens&iX systems,



provide intuitive steering at the cost of occupying internal lumen spadaequire continuous
mechanical input from operatof8]. Shape memory alloy (SMA)ased devices like NeoGuide
servo system offer compact actuation but suffer from delayed thermal response and fatigue under
cyclic loading[10]. Magnetic systems, such as the Stereotaxis Rjai®w remote guidance but
require large external infrastructure and produce limited force datpuPneumatic and hydraulic
systems, often used in soft robotic prototypes, enable distributed motion but lack precision and

stability under dynamic physiological conditigiZ].

The previously reporteshtheter deformations are maintained by a spmw@energyconsuming
feedback system, whiateeds continuous and precise monitoring and adjustidamtaining the
ball oon catheteroés expansion requires an exte
constant monitoring. Similarly, in pullire and cablalriven catheterqe.g.,Agilis NxT [9] and
TactiCath[9]), deformation is maintained manually by the operator through proximal handle inputs
that translate continuously steered tension to the distal tip. The feedback systems are susceptible to
nortlinear disturbances, such as friction, cable slack, and analomsistance. Theaintenance
of highfidelity deformation thus dependsnt he o per at o rtadtde feedbgrie int i s e
robotically assisted sys?®X wmahetdr defoamatibhaisiguided Me d i
through programmable robotic segmemisabling more precise and repeatable tip manipulation,
however, with penalization of its high cost spent on the complexity and [§)d&. Magnetically
actuated catheters.(.,Niobe®) shift control from internal mechanics to external field navigation;
while highly accurate in controlled environments, the deformations depend on precise field
calibration, stable anatomical positioning, and patient immobility for consistent perforf@ince
[13]. Actuators based on SMAs, pneumatic, or hydraulic systems rely on control of external energy
inputs, causingtemperaturghydraulic pressure, or fluidigpressurechangesto induce motion.
However, their response is oftéargenonlinear, delayedn terms of time and influenced by
environmental conditions such as temperature and fluid [le\ly [15], [16] These systemare

thussusceptible to drift, hysteresis, or inconsistent deformation during navigation or deployment.

Handling large deformations, such as mditectional bending, twisting, or radial expansion,
presents significant challenges. These complex shape transformations are crucial in procedures like
atrial mapping and targeted ablation, where consistent ¢amdcomprehensive spatial coverage
are essential. However, current actuation systems struggle to reliably control such large

deformations due to nonlinear mechanical behaviors, input backlash, material hysteresis, and



sensitivity to anatomical resistance. As the extent of deformation increases, small errors are
amplified, leading to deviations from the desired shape, tip instability, and diminished targeting
accuracy. This lack of deformation precision compromises thethsafety and efficacy of the

device, particularly within dynamic physiological environments.

A promising approach to achieving programmable deformation in deployablshaped
structures draws inspiration from nature, where architectural features enable remarkable shape
transformations. For example, chiral deformation in sunflower stems andxéecebehavior of
cork are attributed to their internal geometri#g], [18]. Mimicking such biological systems,
researchers have developed metamaterials and metastructures whose mechanical behavior arises
from design rather than material compositj@f], [20]. These engineered systems can undergo
large nonlinear deformatioms bending, twisting, and radial expansi@rhile maintaining control
and structural integgt[21], [22] and making them suitable for compact environments like the
humananatomy Moreover, by incorporating bistability inspired by mechanisms such as the Venus
Flytrap, recent studies have shown how structural instabilities can be used to lock deformations in
place without continuous energy input, offering precise and reversiljpje shangd23], [24],

[25].

1 .Pr ob&eant e ment

Existing deployable redhaped structures are limited in their ability to achieve diverse and
programmable deformations, such as linear displacement, bending, tvastitagea and volume
expansion via a single unified compacitructural conceptThis is primarily due to their
dependence on complex external actuation systems and the lack of a unified singular geometrical
design frameworkEXxisting systems rely on continuous power aadive control, leading to high
energy consumption, loss of internal kimspaceand imprecise deformation, especially during
large shape changemd ultimately limiting their use in targeted therapy and minimally invasive
proceduresAs a result, there is no current solution that provides multifunctional deformation, self
locking stability, and energiree maintenance in a miniaturized cylindrical device. This research
addresses that gap by introducing the Meth a geometrically programmedetastructureapable
of large, reversible deformations governed purely by intearlitectural desigrithe developed
Metarod will be integrated into medicabbotelements foAtrial Fibrillation (AFib) treatments.



1 . TBhekayout

The research focuses on medical applicatio
or multiple intEBEheenni pedtopeosedersesalodonc
haped devices and themechecolelinmeged abiyieapghblaipe
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oudreet hagd®lsbm wme rain@dlysi s to prototyping and
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Chaptekert @rRae wirew

Literature covered in this chapter consists
classifia@apliionast iaommd of rod shape to complex s
medi cal fields. Gener al examples of deformat:i
surgical operations, { &F06Terxeaantpnheen,t OoApttriioanl rFeigbu
and ablation of irregular signals via a mappi!
with the different types of Tmappich@aptatr heat esos
| iteratur e onBime anbehtaehtaenriicaalls amndaélalkt kgs albed r el

to the proposed solution.
2. Def or mati on

2. DeX i noift iDoenf or mat i on

Def ormati ont,0 nasenrgesfecergriceids gcr i bes how a mat e
changes imorsivobd , umehameresponse to external fo
expansi on, or enZ6]J.,onh@emd¢iadn , f accamprsessi on, bel
forces are responsi bl(eFif@o)r i2mo twhhieclha stthiec ndaetfeorri
original shape whe Wiptl haes tli oca d aif saroenwaehid soienldl| e ¢ h a
shape in responsentwhbappbltbd[2Bdngé¢ 2193 per man

—-=—=- Original Shape
Deformation —— Deformed Shape

Tension Compression Bending Torsion Shear

Original

Fizgl Types of deformation via axi a



The appldefadringantriedentsl y affects design, durabil

anal ysi s, which is essenti al i n many engihnee
aerospace, and dt3roygt ur3all] ,EmgldidnNeer[s3ndglave i mpr
and structures to increase efficiency, depen

comprehending deformation behaviour according

2. DeZ ormation i n Aerospace: Cylindrical

(a) Step 1: Big arm deploying (b) Step 2- Big arm turning

(c) Step 3: Small arm deploying (d) Step 4; Reflector unlocking

(e) Step 5: Reflector deploying

Fi Z2Depl oyment of a satel[B#F boom into

|l merospace applications, deformation freque
in -d womensional (2D) connections | i ke actuator s
structur pB.5EHeeweewmdars, i n udrideirttytios maxinmomz epr act
the | ength or shape of a structur al el ement ,



aerospacd rotnr mactcyd esnndoind algur ed [ts3hbala, ep[ra3néd ,s i[z3e7
Depl oyabl e satell it e( Pio)ms&sarteh eay parriemwet ledsxe ayjnmpel d
cylindrical ntompafichmaes fodbd easy storage and t
[ 39].,.0n0ncddd®]in enbatge fiheaylo dehpelioy ed asptprluicctautrieo, n
suchstasuctur al reinforcement, sol adlpangHdicfdepl
controlled deformation untinli il esvi masd oand i ma x
efficient, and 43Il eHo[wiedgdhrs, s e usyat esns have tect
including actuation mechanics, mai ntaining st

ensuadawr at e [ddehpU.®]ly ment

2. De3 ormation in Medical Devi ces: Cyl i

I n medi cal devices, shape transformati on
cylindricalli kkeo dsst roucittouobeesr ok e d l4t7elfigr mat r gnout
intended biological tasks, devi cetshilg kde fgari aet
(Fi-§pn#d deploymesa8] prjisanej pl es

Types of Deformation

(Types of Deformation|

— Guidewire Vein Path e — i
— Guidewire —— Guidewire e E ed Tip
Bending Point

[Linear] (Bending]  (Twisting] (Areal]  [Volumetric]

Fi 3Def or mati on used by medical devices to
A ball oon ciag ha¢$ saesmhbalwdndlgibkee devi ce iwi tthhea d
millimeter scale for simpllasiuxdfd ratsieo m eif 2o]tr,onatt h ¢

[ 550 Therapeutic operations | ike angioplasty a



bal Hdadkre sdaffiukc®& utre 25 mm when aaccttu gutaiflgnds- Ipy ee x t
configured deformation of the wires taa-ds supp
di mensihg h awlipiecime gul ated expansion. However, <coO
receuwia maintain the distorted skamel hT hihs ma
restrictio@nsfloimmictomnttrind | i ng and maintaining de

conditions, which has an i mpact on the effect

2. Ded ormation Classification and Appl i c

I n general, there airnedfidevad:cfeeaso memetf r def ornma
bending, and axi al (l'inear) . Whereas areal a
deployable sallell ooe) babést be s @au ticoomedi noat iao n
these fundamental deformati ons( Ftieg)a Rloire v en sa ad
warping arises from stresses inducedBblys temp e

t hermal expansion[ hh&p,pe[ns4]in a fl at plate

Contact force Guidewire CCR: Counterclockwise rotation
CR: Clockwise rotation

Biood v
ous drag force Advancement CR

/
/

Twist
CR

Friction force

Deformation energy
Guiding catheter

FiZZdCat het er unddafgorimagt ivoanvsi gas e[ SHh]jr ough a
Cat heters experience [af]o haveghoems nwhedaiho
anat omi cal features and or ganA | ooataheeqtotnesned i f f e
(flexsan dindgi,ntavnasttormt o negoti ate compl ex pa

(LP)oeach the Fwrntemaredorsg,othal |l oon catheters,

tubes, can expand volumetrically, all owing t1}
procef[d2aes|[ 6] alrept oyabl e s@atakrbspabeomppl i c:
regul ated areal expansion as they evolve from
st §6.&]



2. Ref or mapp loime dBi omedi c al Devi ces

|l nvasi ve Surgery

2. App!l i saft ienf or mabl e Devices

Minimally invasive techniques have been tra
surgical equipment, which al |l p®&8f\Washaourlearti is@en ar
di agnostics, i nterventional treat ment s, me d i
el ectrophysiologi cal mappi ng, and abl ation ar

which are cruc|jab].iTh¢sé8]|] gaediuscephbidgdéy mat i on
navewdlti minri cate bi Fb8)cal structures

Stenosis

Deflated
balloon

Deliver of device to Balloon inflation and Balloon deflating and
the stenosed area stent expansion catheter withdrawal

Balloon stent

Delivery of Stent delivery and
crimped stent self-expansion

Deployed stent

Self-expanding stent

Fi Z5Seéexpanding stents apnédlball oon inf



. Vascul ar Navi ga&tuiidrewamae sAacoeegus:re controll e

traverse intricate vascular pathways withdc
properties influence flexi bhwhi ¢ hc,rautce rad u ef orn
procedures | i ke neurovascul ar[ 6i0nt,er[v6e2nt i on

. Interventional and Therapeutic Techniques: Balloon catheters undergo volumetric
deformation to restore blood flow in angioplasty and stenting. Understanding deformation
behaviourensures optimal balloon compliance, expansion, and recoil, minimizing tissue
damage and restenosis. Similadgctrophysiology catheters require precise bending and
twisting for accurate arrhythmia treatm¢®®], [60], [62].

.Drug and Therapeut Dcredphgénhg Delit het gr s e X
deformation upon intdfrad@gt)i RPeqwirhngasauwuledw

strain, friction, and expansion[ 68 effect
.Structur al Heart TDams®eaasteh eltreerat men(f AY)R val ve
cat heters undergo bending and areal def or
necessitating optimized flexibilitgpushr pr
abil 6.4

.El ectrophysi ol olghyr-ccaeme n Malpmaaphpyiing cat het er s
compl ex bending and twisting to ensure ac
arrhythmi[a68]r,e aft@e]n,t [ 6 7]

Deformation Deformation
Insemon
Insertlon
Flexible part Thrombus Flexible part
|nserti0n insel'tion

—

Rigid part Flexible part Rigid part

Flexible part
(a) (b)

Fi 26Gui dewire movement [t6lBrJlough a cl ogg

10



To ensur e safety, precision, and | i f espan
guidemudtasi |l itate i mproved movement through p
[ 1.T) avoid procedureaslsfedmattedaiflenci edchgs form r et ¢
memory, fatigue r esries togonicewmivweevddr f | @cdji bsding, t
and vascular archaltieen gegeniesrnaa | no®j90dreev ipcregsi d
sedil exi bl ef matherio ad asine vkiicnek, buckl e, andl bbBest/
complicate navigation, | engthen surgivdadl (i7m@é:
For exampekanardes of claibniitetsea dhiarvngg properties and
responwhiecshiht i naccur aaned opsashiet i eofnfiencgt i ve,ness o
including angioplasty, t h Y etnblecvemy, dandcesar d
cat hmaee sodr rdgmidi bl e materials frequently sh
raising the risk of y&29dcul[armli]da maggetior g glessme
def ormation control. Device stability is | i mi
external seugoppoeartagimmmsas TAVR and nleluSbeascul s
precise positioning is crucial. AFi b is one a
this case, sophisticateeat amematneae pid @diediug vc &
[4] .. [76]

2. At2 i al Fi brillati on

The most pr evalhegrnthmd ar, diaga i aly pfiif b reidl Ibayt irocam
irregul ar el ect rAFciabl iascta vciotnymoinn htehaer ta tcroinad.i t i
i mmiaregular manner or arrhythmia, gephébhting
raises the risk of heart failure, stroloe,e and
t h@h0 mi[l7lpi¢om |l e i n USlS5anndi lalrioounndi n1 2Eu rAdp & wi | |
[ 4] , [ASFlicka U ¥eld t he uppest oamd wivasegmcc mambher , w
creates pooncbkasdngl owe ri sk of,amldodEheltot s,
relavbeg!| i dhei emssues involved create a compl.i
which features erraFi-g)ToeRécxxrt bahbr.s btghaa ud aamma e
tissue or region need[s7 7t]o,ABlieh8l |0 uestetstheaatsd eda At

mapping catheter and involves applying energy
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[ 7@Dhce this

Ipa eahicahd atdriidoamtt mesn b e

t herapeutiicdae iteme/ke ntta ochestroy

Normal ECG

Sinoatrial
(SA) node

Atrioventricular
(AV) node

Right bundle
branch

Right ventricle

FiZ7Hear t

Atrial Fibrillation

NORMAL
ELECTRICAL PATHWAYS

Sinoatrial
(SA) node

Atrioventricular
(AV] node

Purl(ine fibers

Right bundle
branch

Right ventricle

and ECG

2. Zr & at @petniton s

Treat ment

pressur e

regul ati on,

varies based

pienr fwahrintehd get ed

the probl emati c

ABNORMAL

ELECTRICAL PATHWAYS
(erratic impulses)

Left ventricle

Left bundle
branch

compariadgdmrecafefdaOhuonamal a

ove dA Fcidbr iasbeev ecra nttyr oaln,
apthpaomsmphgohaebebgrcah |

interventions due t oCaarndiiancc rieratfisderelv ebnlta eodni ng c tr |
usimagping and ab] 41 j oh78Abhg8ikbs pBAFedure ha
options:

Tab2lle Cl assi fication 50f AFi b abl ati o

Ablation Types

Best for

Radiofrequency (RF) Ablatior
Cryoablation (Cryoballoon)
Pulsed Field Ablation (PFA)

Surgical Maze Procedure
Convergent Ablation (Hybrid)

Paroxysmal & persistent AFib
Pulmonary vein isolation (PVI)

Emerging technology, trials
ongoing
Long-standing persistent AFib

Complex, persistent AFib

12



2. MadppilTemghni ques

Mapping methods ar e crad-ceognotrai czte dt eacslo mataancteasc t
met hods such as Charge/ Di pole Density Mapping
|l ess than 50% in detecting the arrhythmia sou
surgery (MIS), wehretreed ai nctaot htehbee r Ipda fstmaantyr isu m e( U
det edt8i3dhwo maj or contact mapping methods are:

1. Panoramic Cont aFertovMadpepsi nag gl obal view of at
l' i ke Focal | mpul se and Rotor Mapping (FI |
(Abl acon), though [c6.Thical results are mix

2.Sequenti al Cont act UdNexdbepminigthy( SecCIMOct rode arr
i dent-e mtyr arnet circuits and rotational act.i
Examples include CARTOFI NDER (Biosense Web

Mapping (Vo[l83a] ,Me[d8 4c]la | )

2. Sequenti al Contact Mapping

SCM useasl ennti tode catheters to collect el ect
constructriesgpl athbgh3D map foshamaded &tdh eatbd rag,
CARTOFI NDER (Biosense Webster), enhance tissu
sur flaecpecendi ng on the electrical signal recogn
availabl e [i7TO@]t,hfg 8MBdr,kgt84] ,: [ 85], [86], [87],

T CARTOFI NDER ( Bi oisUensle zWeb sREENT)ARAY¥d ecnastihteyt e r
activation mapping.

T Spati otempor al Dilsdpeenrtsiifone s Masptpaibnige el ectr o
requiring activation annotation.

T Stochastic Trajectory AniaRamrskss acft iRaantkieodn &
on wavefront trajectories to determine the

T Redali me El ectrogram Anal ysiiGonipout eDsr i 3vle rcso nodf i
vector maps using conduction velocities ac

T Cardi oANXcTommer ci al system currently under e

13



As thenseehameée ccmbdddudiawni ces, t her e aortehelsiemi t a
instrucmehts[(83], [90], [91], [92], [93], [94]

l. Il nconsi stent Mappowg bApoumnacwoltage zones

reliably associated with techniqgues such
focal and rotatingepAFiebedtiedeby ISTFARoOmMmawel
2.Variability-Tiisns ukl teCdlmhecead®haplealt cat het er s u
maj ority of sequential mapping procedures
signal s. Data collection i s uneven because
el ectrodes i natdriralctt itouwceéd. wihihs variabili
mapping attempts to i mprove accuracy.

3.Compl exi t-lyi men GORpeelrlbastkieotn:cat heters make the

di fficult because they need external force
positioning i-si mguEiatt fogr aRmaAnal ysis (R
conduction vectort rmadges,| dawat iporne cd rsce il £tca n
chall enges.

2. 2.i6nitat Foutnlbiemedt i on for | mprovement

The depl oyment and st &edatir n(gbno)f rceagtuhiertee ras cwoi
of bemBla)mg t wi stin@gTdetppmadl bnsconicradlhleedcr by
sysf{éem]This process demands simultaneous oper ¢
compl exity and requj 6.0 h@ncsea gtnh d | cé@atAh dicegxipoee nti e
i ntbhoasskleape to f adiolwietwetientmamgdginmgg t hi s def or med
on constant waxtcédr naakEviceasewei glcto mpnh &[x%]t,e e[si g

Addi tionally, bl o@adi minwmend edlsdoaf-tuicd d mens eamsdo A € t
reduce mappiBfd]efTBdléncegd basket (sHiz§e) a2estri
patgwintth heartsispd makiffgegrenhé procedure | ess a
centr al portion of the «caatchteutaetrori,s wdd cthpile dmi

integration of an ablation catheter device.

14



Quadripolar Deccapolar Halo Lasso

N \ Il}/i
s ) \ r i
\ﬁ X v " P
PentaRay HD Grid Orion

Fi&Z8Mapping catheter [d%6s]i gns i n the i
To ovetrbkbemaf or emeartliemmeedgc amphgant imetch ani ¢
catheteroftiless gmps onsi[Vi7NgcShapkutMeanor yc oAmplloiyan( S
mechawciasmaphogvaehmmabl smat wioinch atempecggapged b
[ 15 I n contrast e marimahys t taenrhg e tehheenriged g toi fv eSaMeAsss
An alternati ve aBiptr @adadcrdebeapsealt lmenaw weri aniet,ast r uc
which can transition between two stable state
[ 24] , B9 8 L tBiid ti aadrsgpraict ur e, a catheter coul d
independently, eé¢xtmembabbhngal heooc&edgf eyst ems ;

compl @dhietr wysepdaweul d al |l ow f or the integration
functions into a single catheter, eliminating
i mproving efficiency, adaptability, anidalpati el
and their appliciatalondgevinceodpsi agmti snemlecessarl

negeneration catheters that arefungthitemal moper

15



2 . MBet amataenrdi aMest astructures

2. DeX i noift ient amat eri al s

Met amaterials are systematically emnlgpameeer ed
not commonly found9.9]M hratplhryali crmdt emriopletshte es o
potenti al t o bwaeh etnaicloantpéad stehbed fniah @ tr Ii parl ed fiTxt eh e
word Ametamaterialso originated from a Greek
their abthibhypeoformance beyosdrpaesrtibemponv
mat er i al [I11i9niTrhaattisobmnasict ur al desi gn otfopwdiotgyc e
di stributicommpbdbsidiifders enibe@nt atsisiaannk ¢ jd etiythes e

| eadrionlge i n deriving the prmogienlpyas ,t heatchheermi
composofbiaamt esf i2dl) The structur al design- consi
periotdtesakl yated unit cells, which enables th

el ectromagnend cme alcaoruigdzall¢ ,p r[olpOelr]t,i sl 0 1]

2. JydeBewdmat ertihadldy aamntcage s

Versatile metamaterials have been widely u
acoysteilectromagnetic, aadonmsppnla nanetmiad mp,jpdl € ad
applfioppdot escctriegveen s br at iaomandam@airnggpphesc@uisons.
met amaa eceuiraditsedar ef ul Ityhec an tsrtlwdillbkurt gpoodnu loufs , den

chi rian ia ybmnuisti ncge ltlwo noat entobreet ebraascet wi t h sound i

[ 9990n t he ot her hand, eltexitlromaghet i c peamef ammt
structur al deasriadain,lg e osgdinrstgheomi di t vy, pr esamnd e, t
bi ol ogi cal mol ecul esi 9 riekteh]t,Me[alhCh3hlec &In vime D a ma

whi ch are enginereirtedtmwvi dthurwrdi qarei ent ati on/ ar
extraomaeld napiycpérties such as negative ,Poisso
and zemodsh®aB@¢ advant amge$ daifmet hmamaetreer iianltsr o d u «
can be caypeve@rtralmady i gppéreat hensnatceami ald alpe h a\
changes in the emviylhiaade oo Mae dsludchin caasl met amat e

enhamlhe strength while maintainingmahendighete

16



applications in the dnmkeelddi coafl oddeergohscpgadclel, e sd elf0edn]
[ 101]., [104]

2. MexX haMeecalmat eri al s

Mechani cal met amateri almat aniea | a&mxdhuithbsitea rad il nyg
mechani cal prbpgeohdes hobat ohr ¢ henphbexceidmat edi
conventionlaHeimatleah aV igsaga aiesn pryi mereiilry geomet r i
rather than ¢ haimaitémadpleofsii.Blposonowi ng concepts f
| atti cegp,erdadidagrstsiasitbsa h g | at unhahcer odseslalt e nst ruct A
mat er Meatl ssnda twe it ihalpser i odi cal tessellation are ¢
Hi erarchical metamaterials have unit cell s wi.t
by structures at a | Bwefel engwéarhschal ¢ hes bela ms
constructeasds ufitva9hes e met amaterials with struct
with high specifi dDesiighimgsasneadamadaseriealgs hwit
responsaessegastuicvhe Poi sson's ratio, controll abl e
is now possible thanks t oli rdapnvde | m@plmeimnit &1 i ad dic
manufact urlioMgt @AM uctures refer to the smart
periodic unit cells in a | ower | engt-phgsiate b
i nteract iedlnesmebnethsweaengde ner at e accel erating scie
in recdmMi9]ybassdiiff etrtresntli dvgolpropel ¢éed the de

mesaructexeanding their possible uses in dom.
absorption, and2&ddapf{i28é¢ ,stFi@Of] 2t 468t at 406h
of mechani cal met asitueduseabl ehewondsigmeati on

t op andt hbeortnogprh bansetti(t®yeheet s are connected wit
Nitinol wir e. The temperature variance makes
structur al s tBadti dtbHtear ,mamd kyi ngr diutcead structur e.

2. B3hape RecoMddhgameadalma taenrd aMest ast ruct u

Smarmat eri al st ocachham@ga&sct i n btyh ed ef oagCmantmaommne n t
examplihedpucke oel ectarnisih aper ameirmbshat aclboyamtd el ec
t her mal fii rethamlc hcahnaincgeel s .d e® e npart & sosns in gy d Mpsaunee otf

smart materials is that ctohrepiorswfttihoomt it eddtnuhabs|
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contrast, emamuadaeide @lhsmcaat pregram t heir morph
t heir uni tPrcoeg rla ndoappoel hodgsyy.on t he kagiprsgéegau ¢l ns t
a$or aerospace and medical drewdicelsontr @aepl og m
stage of metamateri al design, when smal/l Il i ne
stiffraeasl andbl e Poi ssonds -rianear daf oemanit olrys
buckl i ng iatnyd tirnasntlsailwielrmlpegpd o ®ed f or programmi ng
[ 10T7The programmed deformation can adapt to v
depl oyment , redistriéoe Mpg.hameetabyaewdenpbsehb
shape recohfiogghatgiemmet rii.shit fr tains gsotfanbal ti cosntea g e
another in response t omecxhaelronaad )| sttei mmpuelriat usruec h
variations[idl@®2Wavel ength

(a) Multi-stable metastructure in 1D arrangement

-8 80 O

Configuration 1 Configuration 2 Configuration 3 Configuration 4
(tilted state - left) (tilted state - right) (level configuration)

Tilted stable
configurations

Configuration 1 Level stable
configuration

Fi 29Bist albdxxagon metastructures[ Wi8t]lh negat.
Byni mi cking traditional designs, small and s
to reduce mechanical | osses and-barslean caemde rgearng
kiri-pagspeld)arqidst a-babketdy methanasemeti ¢c mechani sm
principles-entratélrimhplbacement per mitsgrae anteegat i
fl exi[bliOl2Zhjée y or i gami -barsfk dW&iddrcihgaasnmia imlo @ t rsohl a peed
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transf corf mameatoanst mu i ckedsegsv ifamedi ng patterns ar
me c hanTihsemsf. smedihmagi sm i s considerably more <con
expands tsoaét émar dempalkaynnge ntthem suitable candi d
medi cal applications where the .34inzé¢ abmifsleitthye

mechani sms, which purposefully use buckling al
another 1 mpaOfhEente memr Gispt @aabndfsmd latbil e mechsani s ms
structures tmulttrmgpddeatai @dd weesn ates without cor
i nputrtO0OPBPhe aforementiloaedp dtleerhtainals mso produce

chanfgoefsts a oboti cs and rae@@ednfciaguroalsl.e structur

a  Self-shaping b Metamaterial-inspired design Anisotropy

4

e
V Multi-stable periodic assembly t':TW S;aé’l? statets ‘/
; with large deformations

FigzlExample of periodietadllld Idesldagment f o
2. Mex hamMied alma taenrdi aMest a swirtBist abe s i ty

Recent efforts have apdodmetecalswimehc & maote ® hii a
functionaliti s thaghnleep mioalgihngettchani sm of. t he Ve
Bist abbdiel di ng bl ocks can reversibly snap, bet we:
wi shreanienr gy eyrsd iob redl rs¢ 1 dBh$eist amhd ceh alma s nhteheuns a
groundbirema&@vagi on in the def olrhreatd tobid yneelckhea n i

meatst r vict uememagipm@®@ masi ng al tpargmatmmad | oilmetciham i

met amateax ampBiet asah eehtat can cur | up under ext e
in Fi@.hexxBiabl e clhbmickgpe tclaen gap betsweteamsa ynami
static mechanical materials. Thand wmafeftigdiuenrctt
actuation maklandem ian graoneot i c, medi cal , and
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2 .PAdr ogr amBnabbaMd echani sm

As the world moves towards energy efficienc
t he mechanics should also consider finding ne
extreme conditions, slEhW esesgpwosavdiemedeaes ey
achi evilemmernetc.ent vy e arisst, astitimeai c¢c amespthascf gai ned s
approach, with examples Hegdamibhbnt hat umpadkens
These twad |ldxwasnBudadada tehleeeawds and seed pods, r e:
Fl ytdapcussed )feasecesonhwd. $table | eaf for ms,
when a fly lands on its inneid nspuartfiacthnes.v glenn eas ds i
pods that burst open when triggered by raindrc

shapesihn fssmanlgl t oy &i glals 2wH d rues tdrindé eds ti gqamit ur e o

has two diSsttaignec to nsetv brgeduseaads aurst Tshe dmdlll t ransiti
second stwakhe yopuattdlrlet chhe headi al di mensi on
second stable stage, increasing the size of ¢t
us to I mpl ement this design methodol ogy to ¢

triggeandgother applications in pgitdkpace, me

FizZl Expandabl e {alalbl dildlt3dmelst i
Bist adtlreuct ures are characterized by the pr
anal yzing t he snturneeimi ceanlelahgyneat . .asitwdiahiugpny depen
on reaching twoisawvedéadacwisntgataes ,ocvali crhaxi mum an

the strain energy icurvter aibm aeetf esrihgapdd imnstejiamumh e n

mechani cal | oad madv s d-sutrblalee st ruct ure wi l | ret
without extef@adl] ,Tihfet &¢ah enrr @ yrcodeeft fweereen t hese t w
serves as an indicat-def ofmedeststadbdt uriey mpifowuil
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mechani calByr etsaiplpiNenngd ei.ontedbsa sd u e rt y wrbitcqaueneph arg ¢
transformattbe propestdesnet amaterials can acl
yi elodbirnega Mowgvetr amadmred inadt astr tbaam eexxphecreptdi f
def or madwshh precisely tai,wbretd shampdbdetegps omdral

t he appl ireaqtuiiores further research

This research intr 8cdcucaehdteasnhovet ucieengef gr c
r O hde traosdt ruct ures are capabl es hoafp etdr asnt safbd remisnt
a target deployed stable stasgacledamigi hg neanmri d
bending, twisting, as well as variations in a
be meticulously programme®@isitrathd et drteu rceosn,f i whir
constructed -tufisiemam Ilauitlachidregn bl ock techni que. L
bet ween the symmetry oef rtehseul ltuainltith idsegf mpdrdomae I $0 n
design distinct deformation modes sBishads$etr e
structures retain precise control over progr a
stable stage, thus optimizing the spaTki ;and ¢
approach paves the way for exciting new appl

mapping and abl ation catheters.

2. Besearch Objective

The overarching aim of this research is to develop a new family of programmable
metastructures, termed Meatads capable of achieving large, precise, and enardgpendent

shape transformations in cylindrical relaped systems. The specific objectives are as follows:

1. Design and develop Metad with five distinct morphing modses, i.e. linear, bending,
twisting, areaexpanding, and volumexpanding each exhibiting a unique deformation
mode suitable for deployable medical and robotic applications.

2. Develop a numerical simulation framework using finite element analysis (FEA) software
(e.g. ABAQUS CAE) for parametric analysis and strain energy optimization to validate
bistability and programmable deformation.

3. Quantify the deformation capacity of each model

21



4. Establish a scalable and precise manufacturing methodology esimguter numerical
control CNC) machining of Nitinol wires to enable reproducible fabricatiomttable
features across all Metad variants.

5. Fabricate and test physical prototypes of all five Me@models and experimentally
evaluate theiBi-stablebehavior, deformation stability, and repeatability.

6. To implement the Metaod concept into a functional mapping catheter prototype and
evaluate its deformation performance under physiological conditions using a left atrium
duplicator, aiming to eliminate reliance on external energy inputs or bulky actuation

systems.
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Chapthlet Bodol ogy

3.ConcE@di gn

Deformations in natwwve roanemes(tiaasde .& haamafed e @ nl
inst abdéd apetmheecomlee démanos(uFriab.pe3w it responds t ¢

when the outer | ayers swell more than the inn
closing the cone. Similarly, the Mi mosa Pudi ce
its | eaves <cyy odee styommehei @aalrlangemenltl 4dBo tthh e i
exampl es exemsmpmmégyerolmoew rtyheof t hese natur al st

uni que deformation behaviors.

Energy landscape

@)

= = « Monostable
‘‘‘‘‘‘ = Bistable

- -
Snap through point} #
i - L

Elastic energy

o -

Stable state 1

Displacement

i ¥LNat ur e emaorhp lng ft ralyc tpurneescone expansion Vi
) asymmetric growth on a-tthrreoeu gbhr anechha vei aowsri nogf
flytrap pl anstt arbpiplti®tbyent i ng bi

The following exampl es Il Tustrate asymmetr

uneven notches or decay bend unde(Fitthte) T hwei g

VenbBlsytrap's | obes, characterized by an asymm
moti on i nstead OFi gt.t pBAddi tl omaddlyy seashel |l
asymmetrically shaped, display preferenti al b«
Evemsoil id mechanics, acbdamowchbsudeesnhygtspir
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| oad but bends due to the imbalanced force di
mor phing aerospace structures us ebeahsayymd3akedrr i c
[ 37] ,.Bylle@elveragingrothi st &mloiainiatl gbgephuasvi our wh €
connekxcyhe ehges, transfor-meam at mrwdat uirret.o Uanderi
condi ti ebnesam attuouct war es huarpceertgo@amssf or mati on i n

configuraz).on (Fig. 3

Pinjoint: tri - a
beam element
0.025
b L
= 0.02
80
E’ 0.015 |
5 C
et 0.01
‘m
: Local
wy 0.005 minimum
d
0 T T T T T T T T ] =
0 5 10 15 20 25 30 35 40

Displacement (mm)

Fig2Trbieam el ement made of TPU an@8isdc@amadect ed v
3. 1Delsi gn Met hod

The pr dMMedraedt ruct ur es wi t h programmabl e S
def ormation functi on aBligttaredse abrue | do mgt rbul cotcekd,
sectional straight WFe&®& conhlcepst abl & ljsaduiamyerdalt g
straight beams are collinear with no initial
along the original axi s, the structur al str
compr essi velttieonnsidfe tdheef oremam sections. The st
decreases until the beam sedhieanaldr d@deaonl Isiercd
their original shape, the wvsathremilenrgy oft adjef ol md
and subsequently removing disturbances around

all ows t lceo ncterpucttwr alevert to stage |1, which
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PropB8sddbuiel di n(gBBHwersage stored strain en
stable states. Certain metals cannot withstan
A medgircaadle all oy made from Nitkebsawddeliyaonsa
exceptional shape memory properties[,11p74dd81] cul :
[ 11Mi]t hael an additional quality that enabl es i
buckling and undergoing pl asetliacst d e fTdprr maptéeiradany,t
facilitates Bisd apbhecesme gat i © nme fftahloluitc srbed pyd cntgu
memory pilTbopbewamesoncept relies on hinges to u
acompl ex assembly and nmarmruwfeac ttus i megya |piazoac ead c o 0
process that i s cpornopdautcithiloen-wa ftlhe dihte® prpatshsent m:
repl aceg otimeg egfliami ngpkastdry)atcadafitn ngi g . wo3 not ches
these recitFa@B40Go mp tAti @B @ s i GQANDMO deh o w gy r to lorevaedse
on the wire withi spthleft el @flddeaeas gttdmesatnwdo v ar i a
which can be conf i @usrteaqbd ted o fvwwhnidoche hvei lolpth enad e s

Sect Bods 2
hﬂj

0 Displacement

#n Stable
Stage |

Strain Energy

Displacement

Stable
Stage 11

A

Fi 3Pi-jnoit wbieam el ement

To verify these propeDitgietsalpriomagetd@dryn eilpat
was done on a smas| ssBagp| A hef ttelse¢ wWiaveani mi | a
error ofYo8uhmgidwufTthes. data from this test was US
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properties of the sampl eMefrbpbkdladathphmensasuerd &8s
A50x1.5x0.5mr0. Si mil ar to that of the DIC test san

3. Dek i gln nfedord € L M)

The BBB is featured by the | ocati omalalnedd di
compliant agelchasnti samealchei nli §1i gnce3 of the notches
their thickneslglaarendegppesentved ybyThe notch thickl
thi ckihneamd t helinsotscelt [MNeontgdtnhime moa yshad p ® y< wlid:hA O <
i s austenite transtedmasi thet émp eerl mtstt e eci able hwaivti o ua
temper at drhee (c2edmd)irlmain geal aser welheenldl e Bgt blkamdyi ng
L.l engmMehsan move the notches along the compl et
parameters of t-sealmioldiet y.t oThda ttaothalbil ength ca
appl i BHatfeoaon.t he f easivwd eh anwaen udf sebddhnid e rnegd

A collar
Iz i | i | i
t |l l E 1 Displ.
N - : (mm)
/ A+ axial L) 24
L Direction <] = l
notch : "
t\\ [_‘F__ _ E '—i -
a1 E =
i 0
L, i
L ------- I SEPTETES B W CEEEEEE S\ SRR
Wy - Undeformed Step-1 Step-2

Fi 4Li near model Béesncabbpgtel depsglgh | iomikt i al si m
| i nMeatraosdt r uct ur e demambmisitiray i ng bi

Viai mulanadlognst el erance range of 0.01 to O0.C
bistability intéaesitiglck nmwate lotfib Mdhdes mtoitrcédr t hi c
the wire, and the relasti @mheblshhimagltHr washasgéad
frd®m to 40% of L from both sides, to design a

26



podef ormation | engt hAs ws h &wr8-4 ibtroon Ed apni ssttraubcit! itthy
wi t hndeeafror fhatei.on i bMMawBBBdatlt e arramngéd isy maelt & f

posi th wirlMe raowdni t cel | . With the unit cel l bo
compressedbyppwhwamdg Gymmetrical | oaali ngt rcwootdu
(t BB i milgehftt symmetri cal relationship) wildl r

shapeshiafst itrhggey under gowhs ycrhmertersiud als hunc kulniinfgor

on a structure

3. De3 i gBe nfdaMo g € B M)

TwB8BB are integrated 1 849 whehighéabymmet r
relationship. Under symmetrical | oading condi i
resulting symmet rlDDalhade fdbe treed(tFti3gd Tof fienrvee st i ga
the effects ofl asygtmmerng icmalt men aw fwaflintatt iuan nrgo
| erfitght aisy mmef gdleerddi nd Brivlg dfeol do s o,Metnaedsi de
(lI-b&abhd diikeddhe -hagchdedscaombwesdothd | ength of

Wi re.

L, #
.T : Collar DiSpl. (mm)
| D N .
| : . 35.54 0
o] ﬂf-’

: 3

<} Z

: §g|>.r,‘H 3 Bending 0-=43°
T : L] Bistable locations | 2
3 \\\‘ ,3/ o
1 A\ |
[ I ) == |

i i S TR

L 2.1 Step_l

FighBendi ngd envidgen icomerepitBigt aboidel di rig J bl ock
initial S I muMeatt absdtnr uocft ubreen ddbentng@ Imislt iray i ng b
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I n the glhef tasymmet3hH calt hmodelt chFipgsitions o

BBB(O and ) are varied unequally with ramgpect
0 ) . The mismghthnobhchepbsiti oBist aladusatsi otnhse.
Anal ogous to piayecomrsdedrscalue ebi which bend un
under i1 dentical di sl-locian3iSking.ont hke mt ematold ( 8
results in a horizont al di spl aciesnednetasef2l a nf rSd
(Fi3giLii), the second stable cEBBEwa eolwti aihnsa del
angdeef i ne@dFid8&i i i) . Various bendodgcamgbestafl

adjusting geometri cal p a rLaamddi. B a 15 a meett. ugd.yg  otnh et hr
tailored notch |l ocations can be performed via

strain energy represents the existence of a m

3. Design oMod@WwITM)i ng

I n the twiTBNMioBEBBmacdatswor ubcetndi ng el ement s, o
and the other36i).n Tdreeetnwo( Fhiegndi ng el ements ar
arrangement , 36sUnsdheorwna iwe rkiigc.al compression,
freedom fixed al, tthtree tvwer teindali ndiSe mlpacement i |
through of the two bending elements., indicati

Displ. (mm)
0 35.54

-y

Y Top view L

_—

A

Bending 1
Bending 2

iW

Fi Twi st i ndge smogdne I)YBdsntcabpitiel di ;g )Jbi acki al si mt
of t wMesttapsdtgr uct ur e demamiskirtayi ng bi
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After releasing thematottahhe otnap( FdBgd figre e Dtf e @ |
blue and green bending el ements turn (iFB-gt.he of
6-1 ). i The interaction of these coupled bending
the top surface, which ultimately | eawlist t oa t h
twistindgfangtlid®i i THhe concept of chiral arran
numerical simulations. Analogy to the bgnd as)|

antdhe rotational angl es ianumeimpao ammedadiy. can b e

3.NumerSicrmdl ati on

The investigation presented here centtherrosugahr ou
buckling deformati on, a critical phenomenon
highly regarded finite el enArEt, arhalsy ssitsud(yF Bwe)
evaluated the behavior of structures wunder sp
Standard I mplicit Dynamic solver, known for
accurate dynami eehoiumgblkdTihnegnsr mgdeslesh pyer e desi ¢
ABAQUS part design interface via a pyhéaon s
met hodol ogpgy wbongpmwleat i on process. Step 1 was

conditions and displacemé&ntept @ whe topliadetc

stability of the model s, when all the restri
materi al dfa gmaést € mioa |l i ni Brary were used for th
contact interaction between two BBBs, a gener
whi ch propagates in the remaining stépsai abss we

were selected in thaendeaeplail ed otnd afichiesi cgheapdfreai
contact | aw was, crucial for prevenA irred esuernfcae
point and a surface oncotuhpe etdo pt of acrea nosfmitth & hmo

and symmetry on tThhee cloaonpnd ccarey sd arucittuirens i n t |

follows: 1) a vertical compression in the for.i
which acted as the driving force; 2) the bott
feedoms were | ocked to facilitate the symmetr.

transmission and u/fdiifrerntmamuwc K Ihii trigdo rbosoruwmedtae pr &no

make the modrellpdkieregq twhe hvertical rotation of
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simulation as this change reduced the comput a
reducing theTke mmé ahi og ¢t meti e ggaidd@artdhiBH st ue

el enfeO3tD20R). This ensured accurate represent e
oD.0Qgerer ationgd ememt s. The mesh provided the

capture nonlinear behavi or di unrginmdg thou cakd ti onnga t «
sSi mul, aptpat bon waesr upttgar amet rcirseeattilopem modelhe Aba

enhancing efficiency andirmedutdiemgnbiMALMNBear r or
PytbBonipts was used to extbagtuobalcThiilsetst aati an vea
used t o ewvatlamitleidt y.heBybtiddealmpdieh g strain energ
energy states for valitomesuunied oeomipé iopade r moa|a$ u
expl orati onstaakeinluiet yf.orl tbsi s htaipei tme malrlyo vaend fsal
analysis of structur al per f oTaratiec a3Pd nd@&esrc r v areis

all the materials properties of Nitinol
. | . .
Bending Model | Twisting Models
— 0.04 - | 0.08 -
= 0.035 Tocal | = 007 - L
> 003 maximum | 25006 - masiom |
E 0.025 I E 0.05 - |
< o002 C 004 - L
L local I L Local
_E 0.015 minimum I _E 0.03 - minimum
E 0.01 E 0.02
S 0.005 I 5 001
%] (%)
0 I O T T T T T 1
0 10 20 30 40 | 0 5 10 15 20 25 30
Displacement (mm) ! Displacement (mm)

Fig7Strain enbegyli ogrneadet i showeasli ng energy

The anal yswasoftseédlectodnatpoauord upcleot s, whi ch pro
visualizing the performance o6t abiflfietry.ngTlcen
underscored a significant relationshi pFbgt wee
38) Specifically, the analyses indicated that
configuration fBist arbehsepeovnisneg a r obust
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Strain Energy Comparison between linear BBBs with

0.07 different center length
0.06
= 0.05
2
= 0.04
[=] _____,_--—"'"'-\
= 0.03
£
£ 0.02
5]
0.01
0
0 5 10 15 20 25 30 35
Center Displacement (mm)
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Fig8Strain energystamparbsoehtdtohngB8blyoolg. centra
3.Banufacturing

Foll owing the completion of the design p h
def ormati on model s, the manufacturing proces:
performance. The fabrication involveadstwandpr

precision Nactfhoakng the

3. NiX Wnole Machining Process

With an emphasis on accurate notcBispglasdbd emen
behaviMdetrorddhhedel s were manufactured in accor deé
parameters. The mot dletswi wea kee matc he erefgdlt-i mkge i n |

grooves that permit deformation without ther me

Ni tiwnaole prseseamaadhdi ni ng i ssues that nGccoedses i t a't
S c r-bi apsteeuwdt o nmaatcehdi ni ng a p pprroeaccihs.i oFo rmihlilgi hn g, a tu
with a diameter of | ess t hanaxli smhGeamsi tisnus tAd 3

PROVer, Sai naSmasrhto,wnRC@lriencahii gy e 7dccur daddy cikmersact
the CNC tool patshe vwasabkcarte aotnesd. oEvaerrl y machi ning
heat accumul ation during milling had a negati.\

when -Daeaget er t didhles cwenrpgdi eaueeedieada cai | s a-od @&mmaauf s
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shown i-IThFiisg.wa3ds -Bakni cat postdeformation test.i
high temperaturestakhibtyedndedhardedi mechani

Assembly Tool

CNC is operated by

Grbl Control tool:
Candle.

Basic G-codein loop like
arrangement is used to run
the CNC in desired manner

Tool material:
Tungsten
carbide

End mill tool

6mm /024"

—

# 1.0mmi0.04 '\\ Dimensions
K are in the

28mm /15 picture.

Tool speed:

:"‘\-‘-‘ \\,.‘|

500 - 600 RPM

Feed rate
depends on
the part which
is being

3AT5mm /178"

machined and
Fixture. the depth.

Clamps to hold
the fixture

Fi 8aANi t machining process and compl et e

To mitigate these issues, the machining par

prolong the wireb6s | ifespan. Key adjustments
T Spindle s&RkE®EM Set miani mi ze heat generati on.
T Feed rate: S5@miiifmoirz ecdo nattr oll | ed mater i al rema

1 Cool ant a&pgpli ewdwesidoesro amwol ant ( SuniiwphtteE, Ca
ratio) was applied to regulate surface ter

threshold while simultaneously reducing me

T Vi brati owi bcroantiroonl :contr ol was achieved by
aluminum fixtufeegoedaywpmodéds ghwhile spind
feed rate (0.05 mm/s) were optimizedathrou

uni form surface finish.
The fi-mathipwoishg ipfr orceegpwidwedace grinding to
wear arti facts and ensur e a smooth fi-marsh. T

model s were manufactured with high precision

printed col |l armenitn meké afniisan. depl oy
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3. Mahufacturi fCplduarmBigxtAdde ti ve Manuf ac:

The f-¢c xltluares forNigewwrlesg wéehe fabricated
manufacturing, ensuring a precise connection |
the rapid production of customized coll ars ff o
chosen f oranidtlsi nggasaendofsthr ondNi a dvme i erf,f ecdd wreil
mod,él near, bendihmag, uanduewidesigg requirements
designs to meet di fifnetrseentT hnee cthabri icdda b coamglt tr ia
Ul ti Mabkeprrinters, with adjustments for precisi

Manufacturing Process Collr

; | = @ 3D printed T
= llac ' - ™8 Snap
i - - L 0000 : Through
4 -'1 — e
3 -. —_— /—\
Assembly
Prototyping W
T T

Machined Nitinol Wire
Bistable Wire

Fi 810Compl et e manufacturing process

Designing and printing RUA ticsosll0Oamsp bsedsmal
chall enges due to shrinkage andl e Malkketrti eomd d d 1
3Dprinter faced diOf.f4i onoiztzil es rlescausde etthd he r
millimeter features. Switching to the Bambu L
fiheatured prints. Slotl3&omemsnpems awer ¢ oenlmar
and ensure @rpmaperg.fiAn poetr ati ve approach re
in print paagdaret @&ir ;e mxnido nns . Various col |l ar cc
including arrays of hol es at di fferent di st e
deformati oni al Thedf emalorcol |l ars provided the
fl exi bBisit agpd fE@rmati ons, enabling the assembl e
| oads tesnti mg
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3. SAur fAx ema sMap piCagh evtoare |

The anbeonvteiBoBhEExihi b-Dt stha fhdasf or mati on, which ¢

t he sghnargesclonf i gurati on possibilities. To sol
i ntroduced annotBcBhEBad woantgi wa tthr ii ts rotati onal sSyr
bef ore and a(fRiefyrl )dElmdodtycrrhiemtui | di ng -bkeaemkmbdeba
concept. However, when compared to the origine
and the third sle@angem, ifseadteuriibnegr adred yaddi ti on
designed for bewsdiabg ! iithys.t edddderf a&ai vertical

demonstrat 8sstiatbslteunkebgnt emaining firmly in t

shaped geometry at the deployed stable stage.

(0]

n
e
e

in Fidgx @ndTwWeifirst notch enables the -buil di
h
ut war d, enabling a part of lrxhetd hbe dpesrgaennadi
e

relatiovodak®at hdirection. Under the principles
notch building blocks can effectively generat
di-skke shape. T-lhiek eg eamree at pdo Wii dd&s ianng onpuplotritpulr
el ectrical sensors nearby, thus making the sic
lLo.value governs the radius of this disk area

gat hered from a c¢ompTheeh eknesyi vgee ocsmenturl iact i poanr asnheutde

in F4ild., with tlhiemittodddimtdoemgtmpl| v wi th catheter
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Assembly in a rotational
pattern

iii

Fi gl Area model

0.0045

0.

-~
Bend
outwards

JVi

004

0

Vil 1 Y-axis

X-axis

N

- ‘\

; 0.003 ‘ Second

& Bi-stable Stage

5 -

=) 1 T X

(g 0.002 v

=t "N b

'z < 3

% 0.001 I - ?/"‘\ |
/ L X/’

0 20 40 60

Time (sec)

de stilgme &« omateh ;biist abl e

120

buil d

symmetric placement of three notch biwitiapbl e b
strain energy profile of the xt)hrienei tnioatlc hp rboitsot
procpepa catheter design

A numeri cal parametric anal ysi sdiwaesnagiearmforr
t hendtrdh building block. The | &mn gdnmd rach d2 .p smm |
from the top. The I ength old= tzhémmedlBM) dhand t h
notch thickness is evaluated through memerica
0. 10.51 2% nm@m 00071505 mimi | e the wirdé&s 00 &aemianl | t

wi dtW=ik. § Fis® 1) Two

stability

aedyar ea,

SpanlL:& els g tvhesr e

respectiv

introduced t

3.0l umet r (Bal MGadteH eRe p acement )

To

effectivel-yi kmodet r wac-¢bean @ roaotmi v |l umansf or m

i mpl emented to
approach
solution 1is

spline el ements

operat-eoag&i sgl meahlainn g mshe echesi gn

replicate

f oBis gawmiereatii mgt ai s
prndg & ad:

designed

a spherical-basertligur
context I's signif
semplkesyiasgaal ocking mech
with notEh@g2BB® form

of a hybrid

flexible spline element Metrmddadpged tsheategprcas$
Metragd t he splines expand outward, prompting a
stable rod state to a secondary volume stable
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Linear Quter Combined
locking spline Volume
model model model

Fi &l 20| uBmet anhddeel assembly and def or mati on
This transition creates a desired volumetr.
tailored meticulously to accommodcaatteh e @&mi ocurso
section or more-spempl éx, eappelficopra tsai,no halr r sa ya lolf o wd
configurations. The top circular coll ar was f
Once deployed, the rodb6és stored strain energy
integrity indetpieandemthydrdulpinceusngsb ekksngBfeayg
i nherenBBB,n weheenabl e passive and programmab

modi fying the volume design accordingly.

3.Ter i ggkkle c ma@me s enl o p me nt

The triggering Bnetta&éinewaot ufroer wahse devel oped
depl oyment and retraction of the mapping cath

external energy. The key design objective was
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structur al stability during defor mat-dminvenThi :

depl oyment system, allowingaded cembort @l aicnht eml

Tab33eDepl oyment mechanmatmercioamponents ar

Component Material Properties/Notes

Catheter Body Nylon Durable, flexible,
excellent mechanical
properties

Collars PLA (Polylactic Acid) Biocompatible, good for
precise manufacturing

Smaller Tube PTFE (Polytetrafluoroethylene) High chemical resistance

(Ablation minimal friction.

Catheter)

Tendons Nylon High strength and

flexibility, good
wearresistance

The depl oyment mechani sm watsr idgeged rg nseyds tt eom ow

handl e mechani sm. When activated, one Birigger

st asbtlreuct ure and shifting it into its deployed

ensuring that the structure returns to its 1in

mechanical supports, all owiomgdt pe emapgeil yg wi ¢ &

Bist arbdteur e of the structure ensures that once

until the retraction trigger i s engaged, prev
PLA collar

collars attached
to guide the wire

Fi L LTAD assembly desnegrmamnfi samepl oy ment
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The manufacturing process of the depl oyment
essenti al f i xtBugtestbritem s$ opmati obhheA fixed fi xi
catheter tip, while a movable fixture was des
di sengalis h gdbthkruect ur e as requir eed.riThhtesde ucsa mmo

ensuring high precision and compatibility wit

FiglAssemble design and prototype the in
3.Mechanfie ctaert g p

Tensile testing machine was used for the fo
for DIC testilfOg kNAI D@a@NecdenfdorwatsheFiretsprees i wer
designedNt ¢ wnwled atnlde col | ar o0.n-18i lse otneen ifl ¢ hrea el
of these testing, it Nietpwneossk ndampglhe. DI C testi
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FiglZompression test to tshedayrdaehemadealgger

3.8t atfeisset up f ModAedeal

Static test Hregsr efnevrisr othanefnltuitdesti ng, where
assessed under controlled conditions without
r eillzeéd t AtLrA)umodel was fabricated using 3D pr
in PLA and then coated wi #412 3le¥l,e alro ws idoircnoinneg ,( XM
to create an el astic representation tod mihmi & ec

anatomical feat&les, is shown in Fig.

Fi gl edi | Lefotn Arordied m
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For testing, the LA model was securely fix

during catheter insertion. The catheter was gt
progressing into -dépepl cNeddatnbeeln7)nOnEsgtule cat
reached the center of the LA, depl oyment test

the triggering nsehcohvabndwdfrg.t h Bhisetdadbdtee €t ir e and t
driven actuat saosn exypsetcetne do,erdmossur i ng control |l ec

a realistic anatomical mo d e |

3.y nafhessetup f ModAdeal

A dyntaemtc was performed under acuosholmeofztt dd

ventricle duplicator was twsédcdcef aropt hoifs tShtee dy.
abomenti oned LA model was 3D printed by referr
and MRI scan (Solid Heart Gen 2 Zygot: Amer i

anatomically placed on the LV to repdliclmaac dh
pul monary vein with aal iagptpien dfalgew t of dbillshlr]dk it
[ 12T1He key <characteristictsampdx trhe as htohedned ati nocfl
maxi mum WO djmma ohaxi mémm gdeat hedbf ventricular ol
of 32 mm, asrnt odricc vol ume -mift rlasl5 amij d |2 ]nodf Tath@ @do r

duplicator creates the intended physiological
realistic extraction and expansion of the | eft
chamber that is attachendt tenal pseasd otnhe ylLVY nared
LabVI EW (National I nstruments; Austin, TX, U ¢
motor (Li3WMdt 1RM] NTI AG; Spreitenba¢h20pwi t z
[ 121], [.12When [tlR2e3]pi st on moves forward, the

ejection (systol e) through a bioprosthetic a
diastole, or filling phaseshuamrd utrise miutri alg wal
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Reservoir

[ |
=

\catheter

Y-shape valve

Air inlet
Piston

Left Atrium

[ ————— Left ventricle

l:': S ——————Hydraulic chamber

Linear motor

Fi$gl Bl ock diagram of dynamic testing

Thfeopul monaoy veen&A are then connected to
throfyals it ustlriadt edeatni fgd gan 3actual-upbeaet ppdm
to test the cathewedi mgduekand aheeakgatred t
vali daseabhki by of the design under speci ficl
wavefor ms, which are generated by ight actupal i
pul monaR$P¥Yerdingnf @il onon aRly P&feitnhe LA was used
catheter inside the LA, as tthoe Iwholteh es yfsltue nd sf
throughout the operation experiment, a Y shap:t

and the RSPV was connected to the fluid tank.

value to | et tweg iamdertthet hogd heat mout h was agai
compl ete the | oop. For the testing of the cat
inserting the catheter to replicateof hBthact ua

St adbelvei ce ti p nwdwe LAGCaD dieldl ust-rI]mnlead) Omc &€i geach
to the desired position it was deployed from
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Figl8eft Adturpiluntat or setup

3. pHOPa p e sSet u p

To evaluate tissu]amnfcpdrlnﬁaumiﬁ caeg@irensveremalf if i
of Nihtewnol. Thelmpptcpager dots were fabricat ec
ensuring accurate and repeatable cuts. A |l ong
pl ate using adhesi vel®t atpoe ,f aacsi liiltlautset rlaatseedr icnut
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A 4da 2

4 gl

Fi %l ascewat pH paper strips samples with 1

For the initial trial s, a single array of
Once optimized, mul tiple arrays weRrpHgseher pt
simultaneously to increase effiincitemanp.pakFeinlt ow

sheet was applied to Thessalrfawedofotbeap$W bt
dots from the &drtywniode,pleantseuroamtgo ptrhoeper adhesi
integrity of tqhuenmardleed ©yfmemts ahidg2®o3sthadots d D W
the complete process of | aser cut htéi sgseueandr ma k
contact test.
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Y
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pH paper sensors Final

pHI%

strip

LASER
cutting pattern

LASER
cutting

pH sensor
sample strip

Transparent
sticky paper

Ready sample
of pH sensor

assembled
vis/

Fi

82 0

FI ow

c har tc wti apgH apm podr

| saesresror s
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ChaptRes dlntdbs scussi on

4 Blist abCrliitteyr i a

A simulation study wastaadn ddied tyer dnrsdo Mieeryw aolfu a t
varying twbaplagr aMett ealsl, conf i-gtua it li iotnys, ewrhd éri s
mechani smés sensitivity to parameter <changes.
stability, stdasplacemgynwtandadatfaoweee extracted
Python scripts and MATLAB. THMBestsaddeanvi emer gy e
t wo essential val ues :Enalk h@nua x h atwijml heei-snbaantni (1 ei nteyr

can be appraised via a ratio nofoft hteh el osctarlai mi

E_
EZE—m'”cal | ed -stsabtihlei tlwias ndactatbatstdabtid i aysedsl

max

establ i shed[ 484 FH03]o.l ogi es

Displacement (mm)

m n
0 33.4

0.025 1 -5
S 0.02 A -4
g‘o —
5 0015 Ener 3 =
= gy @
UJ .
c 001 barrier ) S
o L
]
vy 0.005 H -1
0 Al T T T T V 1 O
0 5 10 15 20 2 30 35
-1

Displacement (mm)

Fi4lStrain energy vs Force vs Bitsappliacenye ncto ncct
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Theval ue near to zesrtoabexlhiitbyi,t swha |set raesn gt hbei
stability starts to decrease. This is ®Qaused
The theorstabhbhée smbage ersThepr eadfgat eiB rskyadd re
model s was observed from 0.29 to ® 89the thag
of 0.9 to 1-sdiadvpleByseadblbdr@aoe i or was alse evid
di spl acement cuFivgel, wbichlusaratesd ancl ear pe

to zero force, i ndicating a transitiroenl ebaestewde e
potential energy, thereby | owering thei@anergy
Fi 42).

004 - 3030 1015 2525 2020

0.035 |- \\vv-\< < <
<=\

o
o
@

o
o
N
Ul

©
o
=
ul

0.01

Strain Energy (J)

0.005

0 10 20 30 40
Displacement (mm)

Fi42Strain energy curves exhibiting the ¢

4 121 ndMadel

Il hnmhis secti on, numer i cal simul ati ons, ver i |
bet ween the geomelhanldiadn IPplagametehe pPg-2ogbammaip
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he second sta@:lleeptaEgne'_Engx,s'.'bhe-sat/anh)lnm of

(eLat t

structure. Bistcahtbdteao@&l),enbogyaE,\anaEmgx,i emrepresents

di sturbance oWh it lhee tbh e
staba |-Bitghl e iwsi tlhe sas vraglisuses tohfim &niehadrs t oh
studyhndl thangdOfdor 6 m edsP%,ct i vel y,5%i thust gpnlee @

r-etsa lsit laintcye. val ue- of cl

structur e

seven distinct val ues bifangach of the notch | o
& Bi-stability of Linear Model
35
30
—
N 25
ha 1
b
=
| 0.8 5
20 3
0.6 E
L
15 0.4

10 15 20 25 30 35 40
L1/L

Fi 43Cont our -sptlaobti loift yoel a fMetrbacd ce |
Cont ourRi ¢gBkompar est dthiel ibtiy andL Dohfe 4c9o raiefsfpeorr

Ly -Left-sid

conf i gulrhaet inoondse.l s

ar e

L, -Right-side

repr esenjd@d

L, -Rightldide

tTdhee

f ol

t he

| owe st

model Liwi L Ba md=

0 £=0.2945, s howi ng

15 rrampr s efiRde d nb-4fhiacs.

n dar k

bl ue

shade Besnt atbHeer gy ot ,

constWhi Ine st helLimod@madmad=t h1mmBr epr es 8U3d eidn byi @.

4-4)

le-ams578],

wi t h

t he B Eg)g yd ofair mé2# rei sfs Ftihgan 4t h at
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6XL26 model , which shows a wlahesthbpeghthgkhanaut

the BBBs results from the symmetric buckling
opposite surfaces, they &afgorbmngdy mmgetnaidea lzIiTy,

zag deformati onenrerlgpys ared eparseco@riit@asaeéewnswamptpe d go L

e

I
| [515]  [20,20]
| [25,25] [30,30]

Fi44Di f flereeas. model
It was c¢clear from the contour plot that as
bistabil ity .stlafr twse taot tveaammpits ht o manuf acture a mc
5 mm, the energy barriverr yi ssradlhiolbt) y etWbegr £4 @
notch distah®.e5twmentmoadeder hadas repegldeanedheéy

contour pl oadl,zooweet hmr epeed semtbiTh@ t momod oudb pl ot

repr @ flebatnsaal ysi s for each simul ated modBtl with
st ashtl eeg eB.is tTddedl reuct ur e wi tlha nidctl &h masc at idamssgp | ac e
Dis=33. 52&t mmhe second stable stage. 91 model s
showdt Bpl acement 2083t tmenwhacdfpe eofabl es program
di spl aCleeneemner gy barrpeeredsdehi hkd bhbopgehdef t he
beaki;42s heglwMwi t h di fferent | engths bphctkhkaeemsddl

49



5 mm to 15stnabitlhe ybialtisloe iemcaereq@yebarri.er al s
obserhad as the middl e 1s7e.chtimes tbibh gt hygouasi bh
gives ust o esxitgentts hos novel concept.

Displacement Analysis

40

Displacement (mm)

10 15 20 25 30 35 40
L1/L

Fi #45Li nearderfoadrerhat i on anal ysi s
4 . BBendMode l

ThleDmodel i's designeBBBass ad ecfbimdpdidn dpnpobyi af t
bistabil idpyecirfiiited.gtaiaonsi mi | ar si mul ation anal.y
BMThe eval wataibad Bdxyo dienl tihnevol ved al tering the

. . . . Ein. .
L/ lanld/ and examining contour pdtoabsi ItléhFaE[m—)laltHuost(

and the benfdiercg iawreglneo.t ch | ocraitgtmima if 8-8 hien umif

are varied wi2t0h%3m Jtohiela nHh®X3 %dle/ L r espEeti vely

Ll-Left-s_ideal__1 -R_ight-s?de
model s are represent elehsderRotshgor simplicity, eight distinct f o r ma
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values of each of the notch locationslfeandL, were selected in model construction to generate
a steplength of approximately2%. Contourplot Fig. 4-6 demonstrates the bistability and the

corresponding bending angle of 64 distinct configurations.

Bi-stability of Bending Model

£= Emin/Emax

20 22 24 26 28 30 32 34
LA /L

Fi¢46Cont our -sptlaobti |obfe yod o h dvite recdde |
The asymmetric relationship between the notches of both rods in bending units weakens the
mechanical boundary conditions and decreasstability. In the contour plot shown kig. 4-6,

the dark blue shade on the plot shows stingtableenergy constraints. THB.? model Fig. 4-

7) featured notch positions that closely mirrored those of the fixedeedlting in the strongest
Bi-stable Metarods achieved in simulation, with a-bifability indicatore=0.398. With an
increase inL1 or L, (Fig. 4-6), the Uvalue increased, indicating a decrease istability. For
example, the model with?B3? hase = 0.58€, which still shows a strong-stability (represented
by d 2 3 ¢it Big. 4-7). as the values oEiy/L and L2/L increased beyon&2% and 26%,
respectively, thel value continued to increase gradually frd@h624 to 0.978indicating a

vanishing of bistability (shown as a dark reddish orawyer). The angl e 8T HRHwan,at ed
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hi gher parameter values r4dBSuA.t eTdher malgemd irmq ga
was accompani ed-shtyaba Irietdyu cdtuieont oi nsthriess ,concen

whi cmaaméhguced on the notch surfaces

N7

[23,19] [32,19]

Fi47Di f feeeditng model
The strain eBéM gy spowdiher tbhhegra i nvestigati c
out to calicnadgnagtl e tgleemebreartded. by si mul ated model

- Angle Analysis of Bending Model

80
70 B
60 &
5

40 S
30 o
102
)<

20 22 24 26 28 30 32 34
L1/L

Fi 48Angl e armalnydsing onfodel
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As the distance betweemttabo | NMotyc de<Briemasesa
st adbtlreuct ures all ow a high deflection tendenc
bending angl es. TheoiBENEB 0N gdBJomdldee s fver et me

ask=9. A4 3 A, ds=aOnMdespecti vely.

4 . T4wi sting Model

Foll owing tha@8Danmadami natstababédyband angl es,
pl otTDWaas analyzed to pinpoint optkFimg9 PBeamet ¢
map was divided into three sectiq+ogétbasedi on
determbheecdonadbsaeblet obi IbBMgonihi ghheat i ombBein th
botd @emt area correspondedildodhibemdiingr apml keasdibc
in twistifthg2iad(gbent oB1F®0.whi ch a,r easnetghd griebslpe
bending angles for t Thhoes et wine deh ¢ naordee!l mii B i mapr

- Ll-Left-side-I- L, -Right-side _
N |, -Left-side’ L, -Right-sideO -

Bi-stability of Twisting Model
T T T

.|
§ 0.7 y
21 E
w
20 - 021,20 06 =
&
3 0.5 %
18+
17 :

20 22

L1/L

Fi 49Cont our -sptlaobti lotftwybsio f g hreecod e |
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The |l argest bending angl%l'[ZG%a:B\Z% bBed achi

I‘%I'[24%,26°/]),BJ}statbvi/iesting concepts awpieah ebhithiet

val ues ObhanhGvese5s howed-shababl ¢ ybial ongsi de advant
ThesBHo bend model , whii=sAlBrAendr espbadswas ael ect

t wist model concepth=18Aswhlitcihn gc lions ed yt wail sitg nesf
out codne2 ol t houghribgaetuppgi on permitted potent
the energy barri er Tnheec epsrsoaroyt yfpoers diualu ssttraabtieldi 1
efficiently-iodnecedt asgmaiiengy i (na o iplrlowstarmantead
10)

[31,19]

[21,20]
Figgl®Di ffeoehtgtuwastong model
The prototypes illustrated that cchndatedeo
asymmetry i nto prTchgerreemmeadce , t wihstsiengf.i ndi ngs v

optimized for bending can be effTeThesel yi adj oc¢
demonstrate that selectisn@bpeaer dwetsén agviwa tBiMse
benefiting medical devices, robotics, aerospa
compact, c o nma dod | caebfhcer, mantuil t i
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Twist Angle Analysis
1 T

Iao =

25 &

20 021,20 o

20 8

19 152

105

18| =
17 1 1 1
20 22 24 26 28

L1/L

Fi4lRAngl e anaviyygiismgofmodel
4 . Por otiongy p

Figl2 Ml ustrates a compari ddmeaoafr ,t Hbreened i dnegf, 0 ra
with deformation angles serving as the dnai n m
(initially placed to gui depddiet iderdne®d maitti linn vteh
area caused inconsistencie@,bo2uRRHu Intni)atg dinf ff e m

from t healsoludtu I15a tmand

Rel ocating the support rod outside the def
all owed the i mproved model to align TT3m@mely wi
and 19. Admiinti onally, r@&dumm ngewhdemendashapgef a
andsthabil iBM. subst heuti n@0.a7idinarketrerr ordo dvi @ rha
structure to d@te#vdhendihreg tangleddacicbhewi sehedh
anticipated ck=%iBZAA .rogutr eonfge loafne buckl ing was o

when i s went to the second stable stage. This
the out of plane buckling was caused due to n
ag,he nitinol and PLA collars were not compl et
of the nitinol wire from the grooves in the <c

55



Prototypes models of Meta-chain

T

| Linear model j f i
——————————————— Snap

—— e e e e . g

" Through

':?S'tep: 0 Final step
Figl2 4Prototype models of alll mode and t
The integration of all three models into a

mul ti ple wuni tc hcaalnl,s aisn tsbh2oaw nimletdérigafmeg.aoh si st s o
def ormation model s, with the uapeér tpart owepr

representing the -htefmadi mat modebehdwhieopoishndi cat e

l inear model r-eskétsefresm aobhb&BE&Oti on bet ween t
confirms th8ist @albepy wmddal . Addi tionall vy, wh €
modes are combined, the upper Il inear model ca

t he same figure

4 . forea noadeloDg pleo yMeemhhanme sRmsul t s

The area model was designed using the same
with a modification ,whagmiints ottheedlLiadldbéi sdcn
parTthse third notch creates a | ocal beading to
To address t hijasnldatftHeect amigablhees def or med area
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remaining geometric Ponamhdtebtr glilat i@@anph eotmd rn emni
designed using an area model with three-notche
deformation shdp&e @sucifracel drordiseknsor pl aceme
sur fAaicmisng at evaluatingLtamBweée i g bs @pa oandnr @ o t
6.5 ammd T7Tro5mmm ,t or @sprercti vely

621" Strain Energy vs Displacement for Different L, Values

Al L2=7.5 ——|2=85 ===
12=78 ~e-l2=88 PR
L2=8.0 —~-12=90 e R
el +-l2=82 ’ b
—— = . -~ ! ‘
b>ﬁ e = ~. I’
a_') 3 B ~ —'\'
5 . - !
= a "y by, b
+
N
1 - T ‘F' \i-:—\ "f—" \W
Tf .tj‘ tz t}
D . . . 1 1 L ]
0 5 10 15 20 25 30 %

Displacement (mm)

Fi¢l3Strain energy cbhuvareyiviad airressa model w

The introduced third notch f i(rFS3th Lgboeri ages
as a |l ocal mi ni mum of strain energy with a
intermedi ate stable stage, further vertical di
mi ni mum in strain enerrgeyal iazcehiae viilmg al isstka bwie hs
By tuning the gegneenld)i ctthiemenmsi aos 7Canmined o ai |
mm verified vi & hdetoreapilenr mynigmamé , i-laBsusthben shat
and dynamic tests wer-etabinduidyyeacnaliodanal yze t
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; . ¢————————Deployment

e wire

Demo test results

~ Un-Deployment

wire
Demo model
to test the
deployment
mechanism
C)
‘——-_
- -
-
« ‘- -
% L >
& & @
/4 l — S
Initial stage Transection stage Final stage
Fig¢glAera model and deployment mechanism in

The currentsoforderd c lteosn,s i vghta6-8cdhe pceannd ignog uuwpp am t h
of the complex collar that wilh bberequreeptd p
this coll ar i's made of 3D printed material,|,
manufactur Segmedati hi mg. radius of the circul e
of Mehteao(das sho@®h)l imarmrilgpe lasedsBRwrstoksrsedt ati c an
tests were conduscttaebdi Itidt Aaoicntdyi zded it ah @ udd $6e. d2 iann dS
4. PN&8xt step was to install this model on the
i naanmnual wor kTion gd ecpdnrsdyi athchpepi ng cat havtegradd i . e .

a pwilrle depl oyment mechani sm|f WZ4l]2db4g s[i Halled J]and
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Comparison of the

Triggering Force
8 r
7 F Experimental: with Tendon
Experimental: without Tendon
6 L Numerial Simulation
— —AFib Threshold
5 ¢
~
&t
D)
23T
)
LT-'J 2 B
1 / /\
e ——
o -AFib Force (0.43 N)
o 5 10 15 20 25 30 35
Displacement (mm)
Fi4lExperi mental triggering force analysis o

The propose(dasnescthawil #imn sFii .t e gMeattassd vo rat oa t
homeade custom circular-tbctolbluah. tTa gyBkBB dmaa d otr |
force analysis was conducted via a combiinet.i o
depl oyment test in a |left atri(uans nsohdoed17 iimn sktia
andlBhe physical testing was conducted via a
di spl acceermmernal | ed olnesa diemgaou i qoopmeadd éwii ftThik ehuogueseee n c ur
in Fiymy.relpresents the simulationthesubhstof gage
force dHlowkveRrN. tensil e testi-wigrreeit@h a ghpeel n dvii X h C
Fi g2 #&n3y showed 7 N and 2 N triggering force:
graphs s hoelwnl hiimre Risg.cadused by the presence of
el ements, such as the collar and nitinol cont
col,lharch can be removed i n fut.Whe odmpvaealeadp meon tt
force exerted by Helar7tinAFiabs ulegd(ddnmddi 3t i N nf oracse s |
Fi glh AuTd ,bsenahr ough traglgieeved Byracempressi on t
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wire siineulsaitgminf,eaabt i ngl ahgetpee foemaogyment (S

dynamic environment

The proposed catheter model 6s area can be p
d e sieg mgia(nle) . T he pp rogViméeraotdas a di7ament ees wlft i ng
cylindrical st rsueccttuiroen atvil.B41® am o f oWlser e a-s | t he

deploymenteachaenst ¥y nmmatsiecd | @ a 8.6651dsmela 10. 8

times the original area. Comparedhaped hmapgivi
catheter with Bd9shea?h HiIi aGhe®@®d malfef msstBrad3 3 omm)p
up to ,3aGd hmmphewompmsepi ng cat heter falls in the

4. BGthan@epeat ddbstiimgan Anat omi cal Phant o

After successfull yBgsewdbdepboygenthemeah areit £m),

were carried out to assess its anatomical com
repeatabisliizteyd iant rai dli freodel . A Avad socaser motded
rigid PLA -tdédswolugthi dvn ghD ,p rwhnitcihn gw ateelfcdhanei dy aigeds i an ¢
a silicon coating to generate a soft model

3D prLATesd: This |l eft atrial mo d e | was con:
printing techniques. To effectively simulate
printed base with cl eda23T4i | Down€o¢ Ki ANEDNTER, RT
in each model comprising five to six | ayers of
and 2.5 mm. This specific model was the only ¢

time and resources demanndge dv afroiro umsa nsuhfaapcetsu.r i And
objective was to create a model t hat accurate
wor kl oad associated with resizing i1t to fit t
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1. Undeployed state 2. Deployed state

Fi¢gl®dtatic tests of the deployment m

The catheter whaAaviianstehret erdi gihntt op utlhneonary vei
(F4@gp. Once it reached the central atrial are
of insertion, di mensi onal fitting, and contr
actuation wires were codhpPpctdthi someéehboadawhet
selected for two reasons: (1) to Iimit extern
the depl oyment4liecmardi B )( Fiog.prevent possi bl e
during repeat eds memtdl6) Fhingg saen dt easstsse weneiasc!| aheiyf

were conducted in a dry environment without ai
The focus was on validatingcotnheactat mdtegracd i s
chamber Busail dbbd heanvd or under idealized static co

To evaluate the Brsdampbatctakbitkerty folir thaedepenc

depl oyment trials were performed using both t

atrial duplicator system. I n each case, the ¢
and rei nswlrateed ctloi msiic al handling. Across all t
second stable state with mini mal variation in
relative o .the atrial wa
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insertion stage Transection-1 Transection-2 Deployed stage

Fi 4l Depl oyment prloefetd motgdreilnmi de a

Vi sual assessment esounpf pi orrntei dn gt haart+a sttheeb hssesrhse e
contact with thda7tar dNet s gmpisomds @Biygnmed4 ri c de
or mechani cal dri ft were obseriwed.weWti laeppdad e
evaluation constitutes a functional test: t he
across repeated trials. At present, there are
acceptable forcegeg Hdewi &ahdwagd cmd thamataenr i al st
type. I n clinical el ectrophysiology, depl oy me
mapping catheter maintains stable contact dur.i
t hat the prototype fulfills this functional

operation during mapping procedures.

4. Dyhaifdsti ng

Acustolmefztedventricle duplicator wadheusegp DO
the LVsenuf@ghis LA model was anatomically plac
human heart epwmdietli ohnadnga pidnl monary vein with
realistic flow of 1RldodTHERRey ¢char agsereimst i cs
a bta@apex measuUld emman tmaoxfi md ;h wmma t thaif mGéh thmpt h
a |l eft ventricul ar32o mmialRdiwansdtiroalcitd 504 dalaneme h @ fw i
in F1®. add -amnt malr t1&érggdl 220 Jo,f [.12TMHe dJupRl2ijcat or
intended physiological fl ow and pressure wave
expansion of the | eft ventricle by hydraulic
attached to a piesntonergylloanasrt merhbvigamd LA.
( Nati onal l nstruments; Austin, TX, USA) graphi
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P0O37 I 120, NTI AG; Spreitenbach, Switzerl and)
forward, the ventricle contracts, which resul
aortic valve; when the pidtiohimgvehasackwarcd,r
the aortic valve shutsfand pbhbemohathakevEe@Ahaeec
connected to pipes which |l ets the fluid fl ow
Thi sups ehtel ptellle t oattlestt er mode.l litosgaatvheeal equi ced
scenari o tosvabildatgey o©hetbe design wunder des
pressure waveforms, which are ge[nle20]t,ed 121 ]a,n
[ 123]

The RSPV and RIPV of the LA was wused to in:¢
system should be a closed |l oop to |l et the fl u
a Y shaped valve was attachedSRW wahse cRolnPnVe cotfe o
fluid tank. This Y shaped valve had two outl e
the other mouth was again attached to the flu
catheter tiplatabi watsy t urmedsiom before insert.
operational condi ti onmBsist athaetveh eetee rt i @b naalose ti LnAsge r d
model .t h@nhcdeesi red posictait tmeatse adse prlecaycende df,r anh et h e

next stable position.
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Testing setup: deployed stage

Testing setup: undeployed stage

Fi4l®dOynamic tlesftt maytpdinucramt or
After successful depl oyment t B e Gceactohnedtse ra nwie
simultaneously moved around inside Bisttadb|l ehec
back to its i(nRitg.&@Y Arsauwgheouar tnhdtist adbtt reuccytcu reg

mai ntained its deployed geometry without exhi'l
instability, deformati on, o0 Fi nddiuscpelda csehneeanrt owa s
movement. Thus, t het hree snuelcthsa noifc atlh-resecsk €l sitge nich ed ieal
of Bihtadbdtehet er under dynamic physiological |
isitu deployment retention, supporting its su
dugi nntracardiac mapping procedures in a beat

4. p.H3a p da st

To evaluate the contact accur aclAmfdetlhi sbhumo
this time the focus was mostktabinl thg pent acmane
the contact area, a pH paper test model was u
t he working ar eBisbéadbditdhhhee tckap ltoiypa.blTehe maxi mum
optimized &desganngn amels | &esBpl es were made in two

The first 1sa1mpd en svak. Wmistplmci ng, 3¥desunbbreagpen w
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tot dlBi&gnsors after manufacturli xgO. . Bhmpamsed oanllo

1 mapart, wihbhe moaurghl yer wire. THeosowwehr evitr emo
totaling 2 ersmastepgr test. Theswsisdedsasotscw
paper, which was t hehi tgWwueel, tal It hwi sgrff@arc ee @ady

damagi ng t(haes ssthrowmehtQyrne Fi g. 4

Nitinol
wire

= —[0.5mm _Lasercut
single side

X u;_: laminated
N pH paper

sample

LASER cut pH paper  Transperent  pogt lamination Dimensions
sample laminate sheet sample of the
cut-out sample pH-paper sample
on the
Nitinol wire

Fi4lPH paper dummy sensor assembly on t

Three tests were conducted to verify the co
test sample. BeforeAmadbal twas,cohteednwi dle ah i
a pH1Of causing the pHkyrpeaepne ru ptoon tcuornnt aydl.l oMmh e n
paper to the catheter, At Qwars neceatrhedfdulil ryv alnvseesr

area separately, rather than testing the enti.
Devices i n ashduoldiamigtwahtaicoan ,f ocuses on gl obalize
rat herprtehcaansea | ocali zation of irregular tissu

mi ni mizes tissue daamaegae acholngptairocend. ta rber ovaads t a
bet ween the pH paper and surf aceh brvhfearee noaepli:
is chall enging wdheapead btaisgk,etwerre btad d toeoch: at t h
and RSPV and RI PV, sinceicowhnt awttlatstdbleseat led

indicate that very few sensors interact with
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v Test location-2

( Test locat10nl 11 y, o

111 In contact
Not in contact

Not in contact

20
15
10
5

0

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
\ ® No. of sensors = No. of sensor in contact M No. of sensors No. of sensor in contact )

I

I

I

|

|

I A
| In contact” |
I

I

|

|

I

|

Fi4g2Oests results of pH sensor contact
The fabgodiiespl ays the test braes wlhtas, 0s) acRe iogmg adn i
contact data for each sensor during each test

precision of the mapping capability of this c
abo8ud®wf senshbeesti were i n cont alcdutwi@thn & chres siurmr
contact. When t he nuwedsenrc roefa sseefinest ohress tionn ttahcet apre

roseé8 8t @8BIYW2H2 2 enssoou24 wmf cont act during each te
consistency and repeatabi Ipir oygaess s, it Bhieg2ddamh c e p't

4 Viol uMoed Anal ysi s

As specified ithetheoel mmehmddebgwas devel ope
mechani sm charldctlehd sadii cebnMoi€onash eefd tt el ame ;

was used for this volume moded33 .mmiTihels eh a9l a nfei
al so consNruchweidt i r@ mt dt. &8l amnh i & klfB@sgtmoifonf | ar t
t heM A MATLAB code was wutilized to predict t
rectangul ar beam deformation under axi al |l oad
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_ C Deformation of Beam Displ. (mm)\
= =00
g r » ) . =32

- Nitinol spline deformation —64
o .
o) : . =96

S 20 Simulation vs —129
g Standard beam deformation (MATLAB) =16.1
5 15 =193

S =225

< =257
P =289
5§ Y =32.1

=y =354

(e AN =386
3 SRR N =418
= — \ =450

o

e
> 0 5 10 15 20 25 30 35 40 45

K X (Length of the beam (mm)) /

Fi4¢42 Anal ytical cuvivae MAPLAB,endampamed to sin

Figzaz2ddsplays the graph generated by MATLAB
at intervals of 5 mm, illustrating the corres
The results were compared with t hrosree cftraonng utl haer
was simulated to assess the bending curvatur e
predicti-dhs glowingt a good match with the sim
spline profile conceptfofetheheobpmenenodebf i
according to the application, furthdarMaatf i r mi

supporting the volume expansion concept.

4. NulmerAmrcallysi s

The volume of the structure is calculated b
axi s, with a radial di stance of 4.5 mm (half
actual physical setup of Ibt@anlsl hseh a &ahrugpegtt caronn a  «

total volume (Volume) is represented in the e

WENOAR O ® 1| Q&- - - -(-%) - --- - -
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wheAlex Are area at;rdispdiaglementset (4.5 mm

Figg2 5t rain energy vsvoDiusnpe antoedreeln twictuhr viet so fs

The vol ume Metndbdaagrurbag ipprnogr ammed via changi |
alter its deformed 8dbarpbdasT-deppbepyment@ dmmmaie
and a B@ngtmhpenérating an ov&i8a8eimicyUnddri appl i
triggering | oaMe tnagedxcpoannddi st iloinkse, a hbeal | oon <cat he

The analytically calcul ated maxi mum vol ume ge

17. 61 8M609.09mm.

The di splacement increases fromLB®8a83n ,mm t he

generating vol 42h5&.86 mha 85460509 M.f r dMegraowdo | ume can b
expaddllt.iSmes that of the original size. This
vol ume model. Therefore, the spline profile «ceé
affirming the | ockingLMerchasugmporptrimgiphe wvbl

concept .
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