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Abstract

The increasing demand for lightweight, high strength, and cost effective components in sectors
such as aerospace, automotive, and defence has propelled the advancement of high-
performance polymer matrix composites. Among various manufacturing methods, Additive
Manufacturing (AM) notably fused deposition modeling (FDM) has gained prominence due to
its layer-by-layer fabrication approach that enables mass customization, reduced material
waste, and geometrical freedom. However, conventional FDM processes suffer from persistent
challenges such as insufficient interlayer adhesion, high anisotropy, micro void formation, and
poor fiber distribution, all of which degrade the structural integrity and mechanical
performance of carbon fiber polymer composites (CFPCs), particularly for load bearing
applications.

To overcome these limitations, this doctoral research presents the design and development of
an integrated ultrasonic assisted 3D printing (UA-3DP) system tailored for carbon fiber
polymer composites, along with its comprehensive evaluation. The primary aim was to design
and develop an ultrasonic assistance system within the FDM setup that could deliver precisely
controlled excitation in the X-direction (parallel to the deposition path) and Z-direction
(vertical to the build platform). This strategic integration of ultrasonic energy was intended to
enhance fiber matrix adhesion, promote molecular mobility, improve fiber dispersion, and

achieve superior layer to layer bonding.

The study proceeded with a structured experimental framework involving the optimization of
baseline FDM parameters including infill density (ID), wall layers (WL), and layer height (LH)
through full factorial experimentation and ANOVA based statistical analysis. This provided a

robust reference point for analysing the individual and interactive effects of ultrasonic process



parameters, namely ultrasonic frequency (37.5 kHz and 42.5 kHz), power ratio (0% to 100%),

and ultrasonic directionality on the mechanical and morphological properties of CFPC parts.

Extensive experimental trials revealed that ultrasonic excitation particularly in the X-direction
at 42.5 kHz and 100% power produced the most substantial mechanical enhancements.
Comparative testing showed maximum improvements of 52.30% in tensile strength, 50.66%
in impact strength and 53.35% in flexural strength clearly surpassing the performance of parts
fabricated using conventional FDM. These improvements were attributed to multiple
synergistic effects: increased interlayer polymer chain entanglement, effective fiber
distribution, reduced porosity, and enhanced interfacial fusion. Moreover, microstructural
investigations using scanning electron microscopy (SEM) and non-destructive structural
evaluations through computed tomography (CT) imaging confirmed denser, more uniform
internal morphology and fewer defects in the ultrasonically assisted prints. Although Z-
direction ultrasonic excitation also yielded improvements especially in the early build layers
its efficacy diminished at greater build heights due to energy attenuation and limited

penetration.

To assess real world applicability, a case study was also conducted involving the 3D printing
of functional helical gears used in automotive power window motors. Gears fabricated with the
UA-3DP approach were evaluated for torque-bearing capacity via breaking torque tests,
showing marked superiority in strength and durability. The X-direction ultrasonically assisted
gears exhibited a breaking torque of 45.4 Nm, compared to 31.0 Nm for conventional prints, a
46.1% increase in bending stress resistance. Notably, the performance of these parts
approached that of compression moulded commercial gears, thereby validating the feasibility

of UA-3DP for end-use, high-load applications.



The overall findings demonstrate that directional ultrasonic vibration especially when applied
along the deposition path (X-axis) is a decisive parameter for realizing high strength, defect
minimized, and structurally isotropic CFPC components. This research not only establishes the
mechanical and structural merits of ultrasonic assisted 3D printing but also provides critical
process design insights for its industrial scalability. The work further lays the foundation for
future development of adaptive, closed loop UA-3DP systems, capable of real-time modulation

of ultrasonic parameters in response to geometric and material complexities.

By bridging the gap between rapid prototyping and production grade manufacturing, this thesis
significantly contributes to the field of advanced composite additive manufacturing, offering a
novel route to fabricate next-generation structural components with tailored mechanical

properties and enhanced reliability.

Keywords: Ultrasonic assisted 3D Printing (UA-3DP), Carbon fiber polymer composites
(CFPCs), Fused deposition modeling (FDM), Directional ultrasonic vibration, Interlayer
adhesion, Mechanical properties, SEM, CT imaging, Process optimization, Functional gears,

Bending stress, Structural additive manufacturing.
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AR

faATA, Sifermfed 3R Y& oI &3 A g, I-TIfad aTel 3R ARTA UHTA Tedh! & dgal
AT A 3 TSR ardt iR Afca HHifolcy & e & aw fhar ¢ it fmfor
fafirat o, Ufsfea AglhaaiT (am), foRiy U ¥ wges feuifoR AfSfeiT (FDM), 3UA
TR-TI-AR AT e PRI & HRU Heaqul 99 78§, Sl AN HREAZSIRH, S JEl
3Ty 3R Sfed Sufidta sfepfadl & FHfor &) THg s91dt g1 gTdifes, URURE FDM
gfepard ot 1t po Sifed FAfaal § 7d €, i & Suaied Sexaar st sifde fa=m-
R (anisotropy), ATEHI-AITS T AT, 3R ST HTZeR TNfI-arg, o faRiva @l
I8 B aTel SFYART H Bla BIR GIAHR HHICH (CFPCs) B TRaTHD @Sl
3R i FaH H guIfdd F 3|

ST 1S DI R B 8, T8 MY BT T a SfegrI-ob-Tgradt urd -8t fifeT (uA-

3DP) AHAI®H & (GBI 3R THY Yed i B! T Bl §, o fa=iy &0 J CFPCs & forg
fSoiTe foran T B 1 30 dob-iie 1 UHE 3520 U U1 el JoTe f[aa Rid a1
T foR FDM WieWwhid & UahIghd bl ST ¥, 3R S Fifid &1 ¥ x-f=m (SutforRm uy

& HMIR) 3R z-fG2 (I we & daad) H &= UeH o 9 | SIS Sl & 39
OIS THIARH FT I BIRSR-Af R Tchy &I SgdR S, 30 Tfa=iierd o
FEHT, BISER & SgaR IRl B MR BT, 3R TR & URd b YHTA ST Ut

pAT U

SIIHYM BT AT a7 H, 3 I (ID), aid TR (WL) TR IWR BIST (LH) S
JIAZT FDM HUE St &1 quf thfgead fEug sfik ANOVA -3 Tifreta fagasm &
A1 SIHad a1 1| 98 U 31 WM fog Uam &rdl ¢ o sregriies fshar
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AUCS — R fb U 3MafT (37.5 kHz 3R 42.5 kHz), TTER R0 (0% F 100%) 3R HUA
! M — & TS SR ATTHD O TR THTA! BT S a1 o 9 |

faxqa v § 9 90 gon b X-fa=m & 42.5 kHz SMaRT 3R 100% AR IRE W

3P TR & 1Y T 7T T | T AP T YR ¢+ B! et | gan
H, URURS® FDM ¥ 4 T Bt ga-1 § -1d Ao H 52.30%, THTE Afad & 50.66%, 3R
I fad | 53.35% BI 3G &of P11 | T FUR T¢1 §3 SR 9 GeTadie, e wqH

FIER [JaRUI, HH G1TS T, 3R IR Schad WS o Talford YHTA! & HROT U
T IH T gaa - HISH IR U] (SEM) GRT YETIRATHD [a=eo0T 3R HIEICS ST
(CT) & ATeH ¥ TR-fITRGRT TS W&l 3 I8 IfP 58 b Sfegrii-e Jgridl
Ut fUiet # 31f¥e g, S8R U Ul 3R HH ¢IY U 7T | gTale z-fexn # ua 3 oft
ol TRl & GUR gofl, A SHars & A1y SHoll b1 &0rdT & SR SHHT THIE Hid

el

= UfehdT B aRAfdd ATGRIRGdl dI IR & Ty, SficrHifed raR fds! A # ugad
gfcrerd o & 3D T IR Ue F0 w3 D1 T3 | Sfeci—d Tgrdl 3 o+ s & sfd
Cleh GRIEMOT o H1ed ¥ TR 1, fo e aRuRe® [’ & ga & e s a8 d
DI &A1 UeRid g3 fORIY U I X-Gx0 ¥ sregriie Teradr Urd ™ 3 45.4 Nm &1
SifchT1 TTeh e, s URURe fRf 3 daet 31.0 Nm, Sl b 46.1% 31 Tb dra
UfoRIY g1 I8 UeRH HrRIvH-Hices auiiies od & &R & HT 4T, f’SE UA-3DP Bt
ST SR Sireifiies Huransli &1 gfd kit 3|

3idd:, g8 Xy guiar § for feuiforem fa=m (x-sian & siegriiffe U9 &1 IUNT Tk
fufae ufsrar Auds 8 S S Wfdd, Aaw Ty iR WREHTHS ISl aTd CFPC
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o] & U0 H T gidl ¢ | I8 3199 7 had SfecRi—e Jgrd U 3D fifén ot
TP 3R WS AT 1 R Bl &, Sfewp 39! AAfep Whafaferdt & for
Teeyul ufshar fEwga Siaeidal ot ver wiar 81 39 Wy &, ug o Hiw §
3% UA-3DP Ried & faer @t g adr § S Sanfifa oik ameht &t Sfeadrsit &
YR SeTIAe HUCS! & ardfas Trg & fafd o= § gem gi|

S MY T g NS 3R IdTeA-XR FHfur & o9 &1 @ &1 gTed gu, 39d Hiivic
Ufefed BTgthaaTT & & & Hg@yul ANTeH faal T §, St Hia® & IRaHTd S Sy
& fore faymita SiR S ferd gifies ot aTal gee! o AT &1 AN U=Rd SRl ] |

PIISH: THIHH-TgIdT U 3D fUfET (UA-3DP), FTaH BIeR TR HHifey
(CFPCs), WS fSUlforRMA Atefe T (FDM), fa=I-3namRd sreciifAe &+, SexaR i,
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