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Abstract

Dysphagia is a pathophysiological condition that disrupts the deglutitive process, affecting
oral, pharyngeal, or oesophagal phases due to neurological, muscular, or structural
abnormalities. It leads to complications such as choking, pneumonia, and malnutrition that
increase the fatality rate and necessitate comprehensive diagnostic and therapeutic
interventions. Food texture modification is one of the key medical interventions that greatly
aids in dysphagia management practices. Recent advancements in additive manufacturing
have revolutionised dysphagia management by enabling precise control over the textural
and structural properties of transitional foods with customized nutrition that benefit the
elderly dysphagia population.Transitional foods are unique in that they change from a solid
to a swallow-safe, soft semi-solid when exposed to moisture or heat. Research in this area
is limited, mainly due to challenges in combining nutritious ingredients with suitable
processing methods. While 3D printing has been used to create dysphagia-friendly foods in
previous studies, meeting the IDDSI’s strict size requirements for soft, bite-sized pieces
remains difficult, and the conversion process of transitional foods is often overlooked.
However, transitional foods are ideal as ready-to-eat options, offering extended shelf life
and reducing the workload for caregivers, making them especially useful in residential
healthcare settings.This study systematically evaluates the development of plant-based soft
and bite-sized 3D-printed transitional food using treated horse gram flour (THGF) and
defatted chia seed flour (DCF), optimised for compliance with the International Dysphagia
Diet Standardisation Initiative (IDDSI) guidelines.

Initial studies focused on investigating strategies that improve the printability of horse gram
with the addition of functional texture modifier chia flour. Each modification (pretreatment,
CSF level) was tested separately, measuring water-holding, viscosity, digestibility, and
textural properties. Results were compared to untreated and unmodified
controls.Pretreatment protocols involving germination (24-36 h, 301 °C) and roasting
(150+£5 °C, 7 min) enhanced the functional properties of HGF, increasing water-holding
capacity by 3.43 times compared to raw flour, while 10-15% CSF substitution improved
rheological performance by reducing apparent viscosity from 28.9+0.2 Pa.s to 14.45+0.17
Pa.s. Pretreatment also increased the protein digestibility of HGF from 72.4£1.6 to
78.1+1.1%. Increasing CSF beyond 15% led to structural deformation due to lower yield

stress and weak gelation. Textural analysis demonstrated IDDSI Level 6 compliance, with



hardness reduction from 6.77+0.24 N to 3.86+0.10 N through CSF substitution, validated
by IDDSI platform tests.

To address the dimensional accuracy and stability challenges, the effect of defatted chia
flour and printing parameters in improving printing performance was investigated in further
objectives. The defatting process improved the structural and nutritional properties of the
constructs. The extracted omega-3-rich chia oil (Omega-3 concentration: 59.1+0.4%) was
also fortified in the formulation. Each parameter (printing, post-processing) was optimized
and its effects measured on dimensional accuracy, textural properties, and rehydration.
Printed and moulded constructs were directly compared for these outcomes.Through 3D
printing experiments, printer parameters such as nozzle diameter, speed, and layer height %
were varied and optimised for better-printed food construct. At fixed total solids of 28%, the
formulation was prepared and printed with a 0.8 mm diameter nozzle at 90%-layer height
and at a speed range of 8 to 12 mm.s™'; it showed more than 90%-dimensional accuracy with

a lesser deformation percentage (<7%).

Post-processing techniques are crucial in transforming the construct into a ready-to-eat
transitional food construct. RTE transitional foods simplify manufacturing, reducing the
need for skilled labor and allowing for centralized, industrial production.The combination
of microwave (MW) treatment and freeze-drying (FD) was adopted in the transitional
product development process to improve the structural stability and rehydration
characteristics of the constructs. Through shape recovery percentage during rehydration, the
microwave treatment parameters (900W;120s) were optimized. Mathematical modeling of
the rehydration curve was done and the Pilosof model identified as the best curve fit for
moulded (absorption rate constant, k¥ = 0.051) and printed construct (absorption rate
constant, k= 0.11). Printed constructs had more void space so printed constructs rehydrated
faster than moulded constructs. By decreasing the infill percent (25%), the hardness of the
fresh and rehydrated 3D printed constructs hardness was reduced than the hardness of
moulded constructs significantly. Texture attributes of different chewing orientations reveal
the unique characteristics of printed constructs that have two different textural profiles,

whereas moulded constructs possess only one feature.

Additionally, with the aim of scaling up the product into the market, this study explored

consumer perception, shelf life, digestibility, and nutritional profiling of the developed
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transitional dysphagic food. Instrumental analysis was performed and validated with real-
time studies to overcome the irregularities with the IDDSI platform test. Bolus rheology
studies demonstrated enhanced cohesiveness in printed constructs, exhibiting 34% lower
hysteresis energy (4197+87 Pa.s"'.cm®) compared to moulded variants (4995+127 Pa.s”
I.ecm?), reducing bolus fragmentation risks during swallowing. Oral processing studies using
electromyography revealed 32.5% reduction in chewing time and 34.7% fewer chew counts
compared to moulded constructs, correlating with 56% lower hardness during top-press
compression. Sensory analysis results revealed that, increased porosity (25% infill density)
enhanced soup absorption capacity and improved the perceived taste intensity and
mouthfeel. Tribological analysis confirmed smoother bolus transit in printed constructs,
exhibiting 0.619-0.689 friction coefficients. Accelerated shelf-life testing predicted 45 days
of shelf life for developed constructs under vacuum packaging at room temperature. Normal

packaging showed rancidity development after 30 days and was unsuitable for consumption.

Development of printing cartridges with extended shelf-life increases the feasibility of
printing operations at a mass level. Even though low-temperature storage facilitates shelf-
life extension, due to syneresis, water separation from the formulation alters its flow
property and affects printability. To control the syneresis, functional hydrocolloid chia
mucilage at different concentration was added and investigated the printability of
bioformulation with respect to widely used xanthan gum hydrocolloid. Due to the increased
syneresis during freezing cycle, increased the flow point and it decreased the extrusion rate
from 2.22+0.14 to 0.97+0.27 g.min"'. Meanwhile, the optimized concentrations of 2% chia
mucilage and 0.5% xanthan gum provided good-quality prints. Through printing
performance with reference to the formulations FCO, 2% chia mucilage incorporation was
chosen for long-term storage studies. In long-term storage studies, Normal and vacuum-
packed samples were stored under 4+1°C refrigerated condition, and observed their
physicochemical properties changes for up to 60 days. Through storage kinetic modelling
shelflife was predicted. Control formulations were safe and maintained quality for up to 8
days, whereas normally packed up to 12 days and vacuum-packed formulations sustained
up to 27 days with good printability. Addition of ascorbic acid and vacuum packaging
increased the activation energy from 33111 to 427+21 KJ.mol!. Thus, vacuum packed
formulations were more stable than the normally packed control ones. During storage,
microbial growth increased the titratable acidity from 0.64+0.11 to 1.2+1.07% and reduced

pH from 6.6 to 5.9, which leads to syneresis. Chia mucilage maintained the flow point and
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extrusion rate in the range of 758425 Pa and 2.32+0.17 g.min™' with 90% printing accuracy
up to 45 days under vacuum packaging. Ascorbic acid addition and vacuum packaging
extended the shelf-life of the printing cartridge, whereas the addition of chia mucilage
maintained the printing quality throughout the storage.For a better understanding of the
overall methodology, the study systematically varied key ingredients and processing
treatments individually and in combination and assessed their effects using standardized
tests for texture, rheology, rehydration, shelf-life, and sensory qualities. Each modification
was compared to appropriate controls, and both instrumental and sensory analyses, along
with real-time and accelerated shelf-life studies, ensured robust and practical results. This

approach allowed the specific impact of each variable to be clearly identified.

These findings establish 3D printing as a transformative approach for dysphagia food design,
combining IDDSI compliance with enhanced nutritional retention and oral processing
efficiency. This study is technically significant because it systematically develops plant-
based, 3D-printed transitional foods for dysphagia that meet IDDSI standards, optimize
nutrition and texture, and ensure shelf stability. It advances prior work by thoroughly
addressing the food’s safe transition during swallowing, validating printability and storage
for industrial use, and using comprehensive instrumental and sensory analyses to confirm
safety and consumer acceptability. This comprehensive investigation establishes 3D printing
as a transformative technology for dysphagia food production, successfully addressing the
tripartite challenges of nutritional adequacy, textural safety, and industrial scalability. These
findings provide a robust scientific foundation for advancing dysphagia management
through additive manufacturing technologies, promising improved patient outcomes and

reduced healthcare burdens associated with swallowing disorders.

Keywords: Dysphagia; IDDSI; Food printing; Vegan transitional food
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S @ Tafhirmaivea Rifd 8 St Rafea, THORE a1 WReEs
SRATHTITST & HRUT AR, T AT AU & TR BT YHTAd Bl gU, FTem & ufeban
&1 TIfed R ] 1 T8 e, Fafar oiR puiwor Srft sifeerarsit &1 51 <ar 8 S g R 6
T & 3R MUD AT 3R b iia §XI&T B1 SfaRadhdl gidl &1 TTe Sae JRNe
U9 fafdcr geaadl § 9 T ¢ off feTh i udud gutslf § 9gd Jgrdr axal ol Tfefea
AT & BT6 &1 TR = Sof! FE0 AT S1aTe! &1 ATy Ugem aTel S ierd Ul & 1Yy
AHAUGIA T eIt &1 -ae iR IReHAD oI R TS G301 & Jel TR
e yaem & wifd @1 2t 31 98 Siwme Sipid-4A §T OIS & M1 (THGF) TR o Ifed
form it & M1 (DCF) BT ITART Hxp UNF-SHTTRT RH 3R HTe- & HR & 3D-Gfad HiorH
& AP P TG TU I YD BT §, Ol SARTPII FSTHRAT STER A6 Ugd
(IDDSI) fexnfdeT & srgurer & g srggferd 81 IR sregi # I uMHifadl 1 oifd R
& Hsd g a1 o wrafas aae TRy fRrr ome & 91y ol 7 o1 fiefaferd 7 gur
A ¢ | SIPRUT (24-36 ©L, 3041 °C) 3R YA (1505 °C, 7 fe) ¥ IS Wlede Meimia 3
HGF & ®TaT® T[0T D] TG, e 31 B! a1 | U YR B B & H 3.43 T IS
D1, Tdfd 10-15% CSF UITRITI = WY fufiurge o1 28.9+0.2 Pa.s ¥ 14.45+0.17 Pa.s db HH
T R ueRF & gur fan didedic I HGF Bt IIEH U &vd & 72.4+1.6
78.1£1.1% P 9T faTT| 15% T 3fUPH CSF T A HH IUST 14 3R HFHSIR SR & HRU]
IREATHESD [T g3iT| Fae AT 3 IDDSI WR 6 3UTEH BT YerH fohar, o csF
UfRRITIT & ATH  HORAT H 6.77+0.24 N ¥ 3.86+0.10 N TP B HH! 38, foR IDDSI
ICHH T&uT gRT 7= 3 |

3t gepdr 3R FRRAT FHIfa! o7 THIUH B3 & o, Y& UeR BT 9gaR a1 & o
*fga form ore 3R Tu1 ATUE ST & YU B 3 & Ie=al | ofid Bi T | I Mgd Ufehan A
i & WRETAS SR O Seef o H guR far) fRerd e siE-3 ¥ R R dd
(STETT-3 WigdT: 59.1+0.4%) 1t IR J Biicwss fovar man 4m| 3p e yam & aream
9, Ao AT, Tl 3R IR BT HaTs % ol TR AT B S-S favar a7 SR dga”
Tfed @ Fofor & fu srgicd fasar manl 28% & M $d 31 uari ), BIHaRH TR
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foram T SiR 90%-TRd ®1 HaTs W 0.8 e S aret Fioia & A1 3R 8 ¥ 12 el wg-1 &1
Tfa e R gfaa fovar man, S8 o faeuu ufa=id (< 7%) & A1 90% 3 i St Icidbdr
fearg| Ao &1 @ & e TR dwaueed @ Fo § 9eam & oy dRe-uRiRi
ddh-id AgayUl g | SRCTS HhAUDIH Wrel Yar faf o & Wa §91d 8, =1 97 B
MATH A B HH B & R Helpd, SMefie Iare- i orAfa od & | oo &t WRemras
fRRAT 3R PAoTeiau faRiwdrs § YuR H & T GhHudme- Sde faemr ik 8§
AEHIAT (MW) SURIR 3R BIS-STST (FD) & TGIoH T SU-T 7T YT | TASIceh0l & SR
HR TV UIIRIG & A1 ¥, HISHh1ad SUIR HTIES] (900W, 120s) Bl 3G ferd fara
7| GASIetaRul 3o o1 TN Arsfei faa mar oiR e disd & Hice s (A=l &3
fRRI®, k = 0.051) 3R Ffad FHT0r (@RI &R RRI®, k = 0.11) T U= (25%) BT HH
P, ST 3R YAoTelipd 3D Afad WA B HoRdl Aicss IR B HoRdT Bt gar
B BTt HH g1 T8 A Al gem are e 1 e faRivaTt giad Txammelf &1 sret
# $ad & fORvar gl §1 39 SHfaRad, IdTe &1 SoR § a1 & 69 9, 59 ST =
U YRUM, b AW, TraRIad SR [IHRia Swmavmd fShiiie HieH &1 uwoy
aieh U@ HT Ul TN IDDSI WeWhiH TRIe0r & A1 Sfafiadrefl & gr &+ & o
IRATAS THI & LTI o A T Aoy fopan o ofR A= fovan a1 Sier Rararon
Tl 7 gfed WReet # 9 g3 o &1 yeRiF fhar, Mies alte (4995+127
Pa/s-cm?) @1 gaT H 34% & R R Futf (419787 Pa/s-cm?) UG &1, fore frme &
SR S faEe SIRaH &4 81 7| SAae HTAIITh T T YT B HIRIdh TR 3{eqg-t
I UdT I fb Aice s dhicaey & ol & 9a & JHT T 32.5% I Sl 3R 34.7% HH I8
&1 T, Sro-09 ddter & SRM 56% HH HORdl & A Tgasied g1 dad! fazawur &
OOt & T =l fob, 91 83 fO&dT (25% SAhd U = U AT &HdT &1 TGl 3R
HIYd WG i digdl 3R 4g & Wie § YuR o ifeaaifoma e = gfsa ot & fre-t
ST URTHA B Y B, FoR 0.619-0.689 0T 0T e fRid §UI @Rd Aeh-ATh TR0l
F HI & IOHE W d5gH UGB & ded fasmRid FHfl & g 45 A & e St &1
Yiawgarolt | g YobforT F 30 &l & a1g SRy &1 faer fewmn ¢k IuH & fog

STgagad Ul




faaia Yew-ag® & i fHifdn 1ids & e @ a8 UM W fife dueq o sagra
g ST 81 Y 8 HH dIIHH IR HSRUI Aeth-ATsh TRICTH &I JfeT aT 8, Afes R
& HRUT, BIHARA I U BT JUIHR0T 39% YaTE 70T &1 98d adl 8 3R fifaferdt &1 nurfaa
ol g | R &1 Fafa o & forg, faftm aisar § srfas sReeass ar R
DI ST T SR AUH ¥U F ST fhU o a1 oY 70 gEeimigs & I8y o
TG $I RS @1 S o1 7| BT T & SR 941 53 AR & BRI, Targ
fog o 3 B3 SR ST TRISTH X &1 2.22 + 0.14 Y ISR 0.97 + 0.27 g.min-1 X el 39
a1, 2% R RIS SR 0.5% S T B S JigaT = 33t ura aret ffe veH fau|
FCO ThIHaIRM & S H fUifeT ve=f & mremm 3, 2% faam =gRieiel Garasr &1 Srediiers HeRur
3T o FoTg AT 7T T | e apIierds HSRUT a1 J, I 3R dagH-U% T Bl 4+1°C
ftpoiece fufa o Tugla fovar mam o, SR 60 et d@ I Hifde-xmmate 1o 8 aRad=
ST T 4TI HSRU TS WS & Wed ¥ ARpes® i Hiasgaron &t 15 oft| Frio
IR JRIET & 3R 8 31 qop T[ura ST 90d 3, STafer WM ®9 J U foy 718 12 fat
I 3R JogH-0 BHATH o) DRI & Ty 27 et 9 fod W1 HeSRU & &R,
geFoal 1 3G 7 STATIIT SIdl 1 0.64+0.11 F 1.241.07% I dql T 3R pH HT 6.6
¥ 5.9 a% Tl foan, o araaa et g forn =fyes 3 dy 9% & d'd 45 fat aw
90% H&UT Gl & AT 758425 Pa AR 2.32+0.17 g.min-1 B AT & Y41 fog 3R Toaged
R Pl §AN W7 | Thia® RS & Hfaiked 3R dagy Tasfon 3 fiifen #1iés & Uew-ag®
&1 Fgr, Safe i mies & sifafted 3 g¥ HSRU &% SR T01 Pt I[Ura<l &1 §1¢ 34|
3 fspel 3D fifT o1 fewh i @ fesie & T ve uRadeR! eP®iv & ® U § Rt
HR €, SN IDDSI SIITE & IgaR Ul YALRUT 3R HiRaeh URIRGRUT G&rdl & a1 Shiedl g
I IS g [STHR™T W IdTed & [ U URadIeR da-id & ®0 & 3D fHifér o1
R Sl &, S N0 Jaftddl, SA1ae YRef IR SR Au-iaar & Byt gfaal o1
THaadd FEId R g1 A Frany ufefea Agthaafen Menfifeat & mream 9 fesfimn
TSeH DI 3 TG & T8 T Tolgd ax1-dh YR UG Hd 6, Foradt AR & 9gar giRomd
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