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ABSTRACT

Heat desiccated milk semi solids (KAoa) which are characterized as heat induced milk protein
network with loosely cemented fat globules are widely recognized base materials for the
manufacturing of milk sweetmeats popular in the in the Southeast Asian countries. The present
research assesses the possibility of 3D dairy derivatives as a method of creating discernible
printed foods through design modelling for product profiles that tailored structure, texture,
nutrition and functionality, which would reduce waste and energy consumption aligning with
the sustainable development agenda. 3D food printing (3DFP) is a revolutionary technology
which integrates the expertise in mechatronics, food engineering and 3D printing in the fields
of ingredients, formulation, texture, and structure to create personalized food products in a
single step. Pre-engineered standardized dairy ‘formulation’ employed with 3D printing offers
a platform to develop diverse of milk products customized to individual dietary preferences
and nutritional requirements automatically and could potentially replace the traditional
manufacturing operations. However, the inadequate rheological characteristics of heat
desiccated milk semi-solids (HDMS) restrict their application in 3D printing. Contemplating
these observations, the present research entitled "Assessment of 3D printing of heat desiccated
milk semi-solids (Khoa)" focusses primarily on inducing desired restructuring in HDMS for 3D

printing dairy products with programmable structure, functionality, nutrition, and texture.

The study commenced by correlating printability with the rheological characterization of a
multicomponent HDMS based formulation at pre-printing, extrusion, and post printing stages
to mimic the conditions during pre-processing, processing, and post processing to address the
challenges of variation in material characteristics of the formulation with temperature variation
encountered during 3D printing. With this investigation, it was indicated the shear thinning

behaviour, viscosity (), yield stress (7p), storage modulus (G') and reduced the shear
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recoverability were increased when the semi-skimmed milk powder (SSMP) was incorporated
at a higher level and the proportion of heat desiccated milk powder (HDMP) decrease in the
HDMS formulations. The gelation temperature of the HDMS formulations ranged between
28.1 t0 29.4 °C. Due to the adequate 79 (1100.0 Pa) and G'(7026.4 Pa), the formulation SSMP
(55): HDMP (5.0) exhibited the best dimensional stability, while the formulation SSMP (35):

HDMP (25) brought about sagging in the printed constructs.

Furthermore, the study investigates the synergistic route of high intensity ultrasound (HIUS)
and inulin incorporation to cause structural conformational changes, promote cross-linking and
induce structural modification in HDMS. The mechanical, structural, colour and molecular
interactions induced in HDMS at varied inulin concentrations (0, 2 & 4% w/w) and with and
without HIUS pretreatment (0 W, 200 W, 400 W & 600 W) were examined. HIUS and inulin
synergistically enhanced the non-Newtonian shear thinning behaviour, viscoelasticity,
extrudability, which was validated from the fitted rheological parameters (%, n, 7)) by Herschel-
Bulkley model. The microstructural results corroborated the development of a robust cross-
linked network between protein and inulin at the junction zone borders, suggestive of strong
mechanical properties. The combined effect of inulin addition and HIUS induced exposure of
hydrophilic groups and development of new hydrogen linkages, which improved elasticity as
demonstrated by FTIR and Raman spectra. A profound effect on the secondary structure was
linked to reduced a-helix and increased P-sheet in the formulations leading to improved
structural integrity of the printed constructs. The HDMS formulation combined with 4% inulin

and subjected to an HIUS intensity of 200 W, demonstrated the best 3D printability.

The research also broadened its scope to design fortified HDMS products by 3D printing.
Different gel matrices (hydrogel, oleogel, and various compositions of bigels) were employed

to encapsulate vitamin Ds. The gel systems were subsequently incorporated to HDMS in order



to enhance its flow behaviour and nutritional profile for 3D printing applications. The effect of
various vitamin D3 loaded gels on the structure, vitamin D3 content and 3D printability of the
HDMS formulations were explored. The microstructural investigation demonstrated that the
5:5 bigel was bicontinuous, while the 8:2 and 2:8 bigels showed a continuous network of
oleogel and hydrogel, respectively. According to the differential scanning calorimetry studies,
gels containing higher oleogel content exhibited greater peak temperatures and enthalpies,
which were linked to increased melting temperatures. All the HDMS formulations revealed a
viscoelastic solid behaviour (G'>G "), with frequency dependent G’ values. The vitamin D3
encapsulation and retention in the 3D printed HDMS structures was primarily governed by the
oleogel fraction. The HDMS with oleogel exhibited the highest vitamin D3 retention per printed
construct (273.8 IU), while the HDMS with hydrogel showed the lowest vitamin D3 in the 3D
printed construct (132 IU). The hydrogel had a considerable dominance on the 3D printing
behaviour, thereby the HDMS containing hydrogel exhibited the best 3D printability (/=100%,

b=100%, h=98.5%).

Furthermore, the study aims to design vitamin D3 nanoemulsion-based HDMS gels with two
protein rich emulsifiers, namely sodium caseinate (NaCas) and whey protein isolate (WPI) and
investigate the influence of emulsifier type and concentration on the milk protein matrices’
rheological properties, crystalline pattern, structural characteristics, thermal behaviour, 3D
printing behaviour and ability to encapsulate and retain vitamin D3. The vitamin Ds-
nanoemulsion-based dairy gels stabilised with NaCas and WPI exhibited superior
viscoelasticity and 3D printability as compared to the control. The emulsifiers facilitated
stronger inter and intra molecular crosslinking, which resulted in a robust gel, as seen from the
FTIR spectra, SEM, and XRD patterns. NaCas further strengthened the protein-protein
interactions as compared to WPI, hence vitamin D3-nanoemulsion-based dairy gel stabilised

with 1% NaCas exhibited the highest storage modulus (G’) (19,580 Pa), maximum thermal
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degradation temperature (376°C), and recorded the highest encapsulation efficiency (94.1%)
and retention (377.2 IU/g) of vitamin D3 attributed to the lowest droplet size (124.85 nm) and

PDI (0.24), highest zeta potential (- 44.85 mV) and stability (TSI = 0.2) of nanoemulsion.

Additionally, consumer perception and sensory evaluation of the 3D printed HDMS constructs
elucidated positive feedback from the population demographic concerning 3D food printing
and 3D printed HDMS-based food products. There was a significant difference (p<0.05) in the
taste preferences 3D printed HDMS products; most respondents preferred the taste of
nanoemulsion-based gel sample, while the control sample was the least preferred. The
panelists” response towards purchase of 3D printed HDMS foods were largely positive with
60% of the respondents expressing that they “probably would purchase” the 3D printed foods

upon commercialization.

Drawing from the accomplished outcomes, this research could be utilised to effectively

fabricate and assess novel dairy-based food systems with customized nutritional profiles and

personalized designs for additive manufacturing in dairy and food sectors.

Keywords: 3D printing; Heat desiccated milk semi-solids; Food structure; Vitamin Ds;

Emulsion gels
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