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Abstract

Thermoplastic elastomers (TPEs) are intriguing speciality polymers having unique properties
like easy processability of thermoplastics and elasticity and flexibility like elastomers. Further,
owing to their properties like excellent wear, chemical, and electrical resistance, high price to
performance ratio, TPEs offer immense potential for a large number of applications in
automotive, construction, consumer products, medical and electronics industries. The global
market for TPEs is expected to increase from USD 26.8 billion to ~ USD 37 billion by 2028,
thus making it imperative to adopt innovative and speedy fabrication processes to meet the
rising demands. However, majority of the TPE product development relies on conventional
moulding techniques. The absolute requirement of a mould for product fabrication and
additional rise in the cost of the mould with increasing complexity are some of the major
limitations of conventional fabrication techniques. Additive manufacturing (AM), on the other
hand, is a manufacturing innovation that has revolutionized the fabrication of polymers, metals,
ceramics and composites. It offers the advantage of realizing complex shapes without the need
for a mould. Among different AM techniques available depending upon the nature of the
material, Fused deposition modelling (FDM) is the most widely used technique for fabricating
thermoplastic parts. However, it is evident from the literature that FDM is not suitable for 3D
Printing of TPEs because of the issues of low column strength, filament buckling, and improper
inter and intra-layer adhesion. Thus, it is important to find an efficient alternative AM route for
TPE 3D Printing. The major focus of present work was to explore the suitability and efficacy
of solvent-cast 3D Printing (SC-3DP) technique for fabricating TPE parts and then to further
extend the adopted technique for solvent-cast 4D (SC-4D) Printing of smart

magnetorheological elastomers (MREs) for remotely actuated gripper-based application.

Solvent-polymer interaction is the most crucial factor in SC-3DP process. Thus, Hansen

solubility parameter (HSP) analysis was performed to predict the behaviour of styrene-



ethylene-butylene-styrene (SEBS) block copolymer TPE in three different solvents. HSP
analysis revealed that toluene is the most suitable solvent for SEBS. Cyclopentane, on the other
hand, showed strong preferential solubility towards constituent soft middle block. Furthermore,
samples prepared from toluene-based inks showed superior mechanical properties and
excellent inter and intra-layer coalescence. Response surface methodology was utilized to
determine the effect of printing parameters on physicomechanical behaviour of SC-3D Printed
samples. Experiments were performed as per central composite design scheme and analysis of
variance was performed to develop the statistical models for tensile strength, shrinkage and
relative density. Non-dominated sorting genetic algorithm based multi-objective optimization
was performed to determine the optimum process parameters. Further, properties of SC-3D
Printed samples were compared with compression moulded samples. It was noticed that 3D
Printed samples showed comparable physicomechanical properties suggesting the efficacy of

adopted methodology.

Subsequently, experimental investigations into SC-4D Printing of SEBS based smart
MREs were performed. MREs belong to a special class of smart materials having potential
applications in sensors, actuators, vibration absorption, electromagnetic wave absorption, soft
robotics, etc. However, literature review revealed that limited work has been performed on AM
of MREs. Moreover, majority of the studies reported elastomers as matrix material for
fabricating MREs and limited work is present on TPEs as matrix. Thus, in this work spherical
carbonyl iron powder (CIP) was incorporated in SEBS matrix for SC-4D Printing of MRE
samples. The introduction of CIP particles in the SEBS inks increased the complex viscosity
of the resulting ink samples due to increased resistance to polymeric chain movements.
However, the shape stability (determined in terms of edge shape retention and angular
deviation) of the 4D Printed samples improved significantly. The angular deviation decreased

from ~15° for neat SEBS samples to ~6° samples with high CIP concentration (> 70 wt%).



The physicochemical and particle dispersion behaviour of the 4D Printed samples was
examined with the aid of Fourier transform infrared spectroscopy, X-ray diffraction and
scanning electron microscopy (SEM), and field emission SEM. It was observed that
constituents of 4D Printed MRE did not mutually affect individual phase structures.
Additionally, good particle dispersion was observed for samples with low CIP content. With
the increase in CIP content, the tendency of the particles to agglomerate increased significantly.
Addition of hard filler material significantly increased the Shore hardness from ~12 Shore D
for neat SEBS to ~30 Shore D for MRE sample with 90 wt% CIP content. The density of the
sample also increased with CIP content, however beyond critical particle volume concentration
(~60 wt%), the experimental density deviated considerably from the predicted density. Tensile
strength of the 4D Printed MRE samples initially increased with increase in CIP content.
However, beyond 30 wt% tensile strength declined and it deteriorated significantly for samples
with CIP content > 70 wt%, as the tendency to agglomerate increased resulting in defects in
the sample. Six theoretical models were used to predict the elastic modulus of the MRE
composite samples. The predictions were observed to be in good agreement with experimental
values for lower filler concentrations, however at higher filler content due to complex particle-
matrix interaction and particle-particle interaction the predictions deviated significantly.
Electrical conductivity of the SC-4D Printed MREs was also measured, and it was noticed that
below percolation threshold the electrical conductivity was close to the conductivity of neat
SEBS. Electrical conductivity increased dramatically beyond percolation threshold due to

formation of conductive pathways as the inter-particle distance reduced significantly.

Magnetic properties of the 4D Printed MRE samples were examined using SQUID
(superconducting quantum interference device) magnetometer. MREs exhibited low coercivity
and remanent magnetization. Further, it was observed that saturation magnetization increased

with the increase in filler amount. Magnetorheological investigations were also conducted to

Vi



determine the dynamic viscoelastic response of MREs under the influence of a magnetic field.
Magnetorheological effect increased from ~79% for 10 wt% CIP content to ~211% for 80 wt%
MRE samples. Magnetorheological effect was observed to be strongly dependent on filler
content and particle-matrix interfacial bonding. Magnetic actuation behaviour was also
examined, and it was revealed that the SC-4D Printed MRE samples were able to experience
shape change even under the presence of small magnetic fields (~50-250 Gauss). Finally, two
types of grippers were 4D Printed and their gripping performance was examined for freeform
rigid and deformable profile objects under different environmental conditions. It was observed
that SC-4D Printed MRE grippers possessed the excellent flexibility and chemical resistance
of SEBS and magnetic actuation capabilities owing to the presence of CIP particles. The ability
to be remotely actuated and achieve tailorable electrical conductivity make the developed
MREs suitable for electrical and thermo-magnetic actuation-based applications. Furthermore,
the presence of CIP filler makes the developed flexible MRE samples suitable for possible

electromagnetic interference shielding applications.
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anr

YR D SARSIAY (TPE) SMTHYD A=y UrferR g fors yniafeay ot e uftarefiaar sik
SAREIHY o1 TR Wl 3IR Trilere Sid Sfeciid 701 81 8| 59 3fairal, Iy fora, Jmafe
3R fagga ufeRly, 3= O ¥ UeRH U S 39 Uil & HRUI, Tpe iicmfed, Fafor,
SUHIEIT IdTG], e SR Saaeiad Se o 931 SReAT | SIUNT o o 3R HHTETE UaH
B B 1 TPE P o0 A ST9IR 2028 TF USD 26.8 Ao T dgdR ~ usp 37 faferm 811 &t Snfie
2 SR TEd T B R B 5 R ST SR e RO Ofa 8 o Sy &
ST 8 | BTailTdy, TPE SeTG [AehTRT T SHTUDTRT HITT URURS HIfesT debriep] R AR g | Sare
i & fo dice &t guf sraxa@dr SiR dedt Sfeadr & Y Hice & and 7 sifafkad afS
URURe FAT de-e! &1 $o UgE A9l 81 gadt 3R, Tfefea a-gthaafia (am) T fafmfon
FarER g forem aifern, arg, RRfEe @ik duifsre & fmfor & wifa ar & 31 g8 Aics &t siazadbar
& T Sifeat Sl 3 WHR B BT AT USH AT S| TAFR BT UPTd F MUR W Iuds
fafte am doiat & ¥, wEss TSUiforRM AfSfeiT (Fom) yHieResds w3 fAufor & forg vad
IS T Y SXHA SIS aTelt dabeiah ¢ | ST, Afgc 3 I8 WP § fh pHdran ey, amie
FHTCHT 3R Sfd $ex 3R SI-AR RIS & &l & HRUT FDM TPE &1 3D flifeTT & forg Suged
781 &1 39 UBR, TPE 3D T & fTT Ueb Hrat depfetics Am A @i Hg eyl 8 | acfdm & o
T dg TPE U & A0 & fou Aicde-®Re 30 fifeT (sc-3pp) ddm-iidr &t Iugaddn iR
JUEAHIRAT &I Tdl @l 3R iR R O Tarfod RroR-sema srwai & fom e
AARAToTh e SRS (MRE) B Gicde-BIRE 4D (5C-4D) TifeT & T S0 € depeitep bl

3T ST UTI

fIama- difenR Hueh sc-3pp Uichal H Had HE@YUl HRE § | 39 UBR, WHIH-URH-
SfCAT-ICTSI (SEBS) STh BIUTITAR TPE b i+ S-S {Iirrehl H SYagR Pt Hidsgaruit
HRA & T g9 ger=iadT grad (Hsp) fa=ersor fasar T o1 Hsp fa=esor § gar 9ar fas S
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SEBS & TOTT o IUGed I B 1 GOkl 3R, WRaaited = U R0 U Sid & id Holad
ST gemRierdl f[GETs | SHb ST, Tleg(H-3TeTRd WTe! I R T A 9gaR FifAd 01 3R
I@T R R SR-IRd Hag= feaman| sc-3p Gfgd T & Hifad-Tifie IIgR W U Aracs!
& yurd &1 Feifd A & fore ufafosar Tas =fa o1 Iudiv fosan man o1 Seta gay e
AT & IR TN fHT U 3R 01 wfdq, Yt iR Ay g9d & e gifereia disa
faepTRId X1 & o7 farerun b1 faeiur foba | gy ufshan ATud ] o FufRd ® & g k-
U@ aTell Bels SRS TR STUTRT 98-S SHad a1 T UT| S 3felmdl, SC-
30 fiRE T 35 O ) qET S HreSs T @ B ) T S T b 3 R A
o Wfde-aifie T fowar g, st 3o 78 gfay & uuTae e o1 ggra 3a B

b §1G, SEBS SATUTRT W MRE BT SC-4D U H U S &1 71 | MRE WIS Al
& T Ry 7l § Hafed €, oo I8, TagueR, HU Sfaiyv), faqyd s aii S/aenyu,
it ey sife H GHIad SrUIT &1 gTeilic, e THIEN J Udl Ial & fb MRE B AM TR
fhr 1 T 11 § | 3 SfetTal, S TRT 1edi 3 MRE & 0 & fore Afce wrmell & =u
A 3o o RUié 3 3R Afed & U 1pe R Ffird 1 Aivig 81 39 UPR, 39 S H MRE
TEA BT sc-4D e & o sess AT B MATHR HIET-d SHTERA TR SR (CIP) DI JMTH fawar T
71 SEBS T8I H CIP HUI bl YT A Sgcteh YA G| o o1 §¢ U UTRIY & HRUTYRUMH
I T 3 Sfed fFufree @ wg1 faa| gy, ap Gikd AT B SHR R ([FR &
STHR BT STURYT R DI e & e & Fuffvd) & St gur geim il fage O
SEBS THI & felT ~150 T UTHR I CIP il (= 70 wt%) aTe T T ~62 BT T |

ap fiice Al & Wifds e Sk B g FaER ot S HRER TRm SRS
WD, TR fEharM SR BT Soagy ARHRPIUT (SEm), SIR Bice THRM SEM &
TETIAT A I TS | TG &1 T b 40 e MREe & Teh! = safekaiTd aRor SRS 1 IRER guifdd
el fooan| 39 sifafkad, 1 cip IRR arel F9A1 & 1T 31 %u1 Shara &t | cip It &



3 & A1y, HUN & UHA 5 DI UGRI B B! gieg §5 | HOR HRIG ATHUT Bl Siie— I IR HARAT H
IRG1Y gi g3, o foh T SeBS & e ~12 TR D T TGHR 90 wi% CIP THUT AT MRE T &
foTE ~30 IR D B TR | T &1 O Ut c1p AR & W1 ¢, BTalfes Agayul HUT AT AigdT (~60
wt%) A R, YA G- SITHTC Ucd § B! §a deb faaferd 81 71| 4D fUidS MRE THAI i a0
fad & H cip I & gf & T 91| BIAITD, 30 wiw I 1T a7 faa & fIRTae o 3k T8
CIP T > 70 wtos AT T O oY HTH! BRI B 7T, R THIHRUI bt Ugfl §g TS Foredt
H QY IO Bl T THIHRS G ] & AraGR Hid $i Hidwrarh # & o o5 Isifas
AIS Tl BT X o0 TR AT | YA HH HR1G Higdl b o1 TS Yol & 1 3w JHeid
 UIQ 77T, getifor Sifed HULARCH SXaRM SR HU-HU ScyaRM & HRUI I WG AUl R
YafAM ST 8¢ dob faferd 81 e | vaeit-4S1 flics wHsiRs & fagyd arcaar Hi A 77, $ik
g &1 T o Tossor ¥ ¥ e faggd I d] 91t THs eIty &t aradhdl & dHeid | $faR-HoT
U 1 I HHl 3 & SR ATde AN & A0 & SR fagyd drded d Aleshd U d
3 S, ST Sid-XAquT T ¥ 3 I Ugd T8 |

4D flicS MRE AT & GabIY TN &1 Siid SQUID (JIRBS AT HicH Scxhd [Sarsy)
AACIHIER BT SUTNT IRP B TS| MRE - HH Jg=iierar 3R fafy e Uefid | 39
3{TAT, Tg & 41 foh HRTa &t [ 7 gfg & 1Y I3 deevd H 9fS 63 | deia &3 H gua o
MRE 1 Tfasiia famsaies ufafshar Rufiva o & fo Sdfaaiomma s ff @ 71 10
wt% CIP I & forg ARSIRTTdioThd THTT ~79% H TGdHR 80 wt% MRE A & AT ~211% B
T BRIl d THI 1 HRTT AR SR HU-AfCHRT SebRad diet W gedl 9 iR
O T | 9919 |ich gl HagR &1 4t Jid Bt 7T, 3R I8 Ul Il fab sc-4p flics MRe T BiT
GEDIT &A1 (~50-250 TIT) B} SURRUFT H 1} STHR URacH BT SFHI FRA B W& A1 Sfd H, T PR
¥ g &t ap fiie foran man oiR faftre vafaruity ufvfRufadl o e H8R iR fagd diwrza
3oty P fore I1ap Pt ve=i= &t offd &1 715 | 78 oaT 71T o TeRit-4b fiies Mre o & sess




DT TG A 3R IS TR 3R CIP HUI B SUTRIT & HRUT G 1 FfehaT &Han
ff| R ¥ Tanferd 8 SR sr@ferd faggd aradsdr U A &1 emfar faswfid MRE & fagga
3R dTO-e@1 Alhgur-3eTRa SFEYANT & ot Iugad a1t &1 SHP 3faTdl, CIP WR1d Bt
IufRUfa fawfia aeiicl MRE AT &1 TUIfad faggd grae i gxaay uRRemr siyant & fag
IUgad ST B
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