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Abstract: This study was aimed to develop formulations for 3D
printing of burfi, with detailed rheological characterization and
printability. Milk-concentrate and sugar-based formulations
possessed poor printability hence rheology modifiers viz.,
xanthan gum and corn flour were added. Apparent viscosity,
yield stress and storage modulus were critical for 3D printing.
Xanthan gum imparted superior print quality as compared to
corn flour added formulations due to the pronounced shear
thinning behaviour. Formulation prepared using milk concentrated
to 45% TS, added with 30% sugar and 0.5% xanthan gum exhibited
highest dimension accuracy factor (97.01%) and found to be
best suited for 3D printing.
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Introduction

3D printing (3DP) is an emerging manufacturing technology that
employs layer-by-layer fabrication of an object having a complex
structure from a pre-determined shape. It has been successfully
acknowledged in dairy and food industries in recent times to
fabricate food constructs with novel texture, structure, function
and sensory qualities (Sharma et al. 2024). Concentrated milk-
based sweets are very popular in the Indian subcontinent. 3D
food printing is considered as a potential technology to achieve
food personalization, automation, reduce wastage, standardize

texture, maintain consistent quality and to reduce drudgery
involved in conventional manufacturing processes (Choudhury
et al. 2024). In recent times, a lot of information is available on
rheological characterization and 3D printing of chocolate,
confectionery, cereal, meat and vegetables-based formulations
(food inks) (Suzuki et al. 2019). However, concerning 3D printing
of dairy products, most of the work has been limited to printing
of milk powder-based formulations and processed cheese. There
still remains an urgent need to study the 3D printing of traditional
Indian dairy products to establish correlation between rheological
behavior of the formulations (food inks) with their 3D printability.
3D printing of food inks depends highly upon their rheological
attributes viz., flow behaviour, yield stress, shear recoverability,
thermo-responsive behaviour etc. Food inks must be flowable
enough to extrude easily through the printing nozzle vis-à-vis
having enough yield stress and mechanical strength to support
itself after extrusion through 3D printer. Heat desiccated milk
solids-based formulations lacked structural integrity after
extrusion through 3D printer due to irrecoverable damage to their
internal microstructure and therefore, to 3D print heat desiccated
milk solids-based formulations, their rheological characteristics
needed to be improved with addition of additives called rheology
modifiers (RM) (Lee et al. 2020).

Xanthan gum and corn flour are one of the most commonly used
additives added in bio-inks to make them easily extrudable and
to improve the self-supporting structure of the 3D printed
constructs after printing. Xanthan gum-based food inks exhibit
strong shear-thinning and shear recoverability characteristics
whereas corn flour act as a gelling agent in food inks (Liu et al.
2018). By altering their rheological parameters, these compounds
improve the printability and shape fidelity of the food inks. The
present study was aimed to evaluate the printability of heat
desiccated sweetened milk concentrated based formulations in
combination with two RM viz., xanthan gum and corn flour, to
fabricate complex structures of dairy sweetmeat i.e., burfi.
Specifically, the changes in rheological and textural attributes of
the formulations with different concentration levels milk
concentrate and sugar were assessed, and their combined impact
on the printing accuracy and structural stability of the 3D printed
constructs was evaluated.

https://doi.org/10.33785/IJDS.2025.v78i04.001
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Materials and Methods

Raw materials and ingredients

Full cream milk (6% Fat, 9% SNF) procured from local market of
Karnal, Haryana, India was used to make open pan heat desiccated
milk concentrate (MC). Xanthan gum powder was procured from
M/s Sigma Aldrich Chemicals Private Limited, Delhi. Powdered
cane sugar (sucrose) and corn flour of reputed brand were
procured from local market of Karnal, Haryana, India.

Preparation of different formulations (food inks) by adding
rheology modifiers

MC was prepared using open heat desiccation to 42-53% TS
content. After determining the actual solid content, the exact TS
level was adjusted using warm potable water (50ÚC). While
maintaining the temperature at 60-62ÚC, powdered sugar and
the RMs viz., xanthan gum or corn flour were added to the
standardized MC. Heating was continued with continuous mixing
and kneading to obtain a semi-solid mass. The mix was then
cooled and homogenized using Ultra-turrax homogenizer at 5000
RPM for 3 min at 50ÚC to produce uniform mass. Finally, the
temperature was again raised to 80ÚC/10 sec to ensure
microbiological safety, followed by hot packaging in PET bottles.
Formulations were prepared according to the experimental design
presented in Table 1 using MC, powdered sugar and RM.

3D printing process

An extrusion-based screw-driven 3D printer (Hyrel3D Engine
SR) was used to assess the printability of studied formulations.
A rectangular cuboid model was designed with three cm each in
length, breadth and one cm height to imitate the shape of burfi
and printed with constant printer settings of nozzle diameter: 1.2
mm, printing speed : 15 mm/s, layer height: 0.96 mm (80% of
nozzle diameter), printing pattern: recti-linear and in-fill
percentage:100%. The 3D printing process were carried out at
30±1ÚC.

Rheological analysis of prepared formulations

Rheological characteristics were analyzed using a dynamic
rotational and oscillatory rheometer (MCR-52, Anton Paar,
Austria). Measurements were conducted using parallel plate
geometry with a diameter of 50 mm (PP-50) with a gap of 0.5 mm.
The rheological characteristics of the formulations were carried
out at 30±1ÚC.

Shear viscosity test

The shear-viscosity tests were conducted in a ramp linear mode
by increasing the shear rate from 0.01 to 100 s”1. The experimental
values of the shear stress and strain were fitted to the Power law
(τ = kγn) and the Bingham model (τ = τ

o
 + kγn), where τ is the shear

stress (Pa), γ is the shear rate (s”1), k is the consistency index
(Pasn), n is the flow behavior index and τ

o
 is the yield stress (Pa).

The goodness of fit of the models was evaluated by determining
the coefficient of determination (R2).

Amplitude and frequency test

The oscillatory tests were performed at 6.28 rad s”1 with strain
sweeps from 0.01-100% to identify linear viscoelastic region (LVR).
Yield stress (τ

0
), frequency sweep, storage (G’) and loss (G’’)

moduli were determined according to Joshi et al. (2021).

Rotational recoverability test

The shear recoverability of formulations and recovery index was
determined by applying a low shear rate 1 s”1 for 180 s, followed
by a high shear rate 100 s”1 for 180 s and finally, a low shear rate
1 s”1 for 300 s.

Evaluation of printing quality

Four tests were performed to evaluate the printing quality of 3D
printed constructs as discussed below.

Dimensional Accuracy Factor (DAF)

DAF in terms of length, width and height of the printed
constructs was determined by comparing the dimensions of 3D
model design and printed constructs. Dimensions of 3D
constructs using the following formula.

Shape Inconsistency Factor (SIF)

To calculate the SIF, the area of each side (six) was measured
using image analysis (ImageJ software version 1.8.0). Each
measured area was divided by its theoretical value and the average
of the standard deviation of these values multiplied by 100 was
defined as SIF (Lipton et al. 2015).

Assessment of dimensional shape stability

Shape stability of 3D printed constructs over time is an important
parameter to judge its printing quality. It was evaluated by
calculating change in area of 3D printed construct over timelapse
of 10, 20, 30 and 60 minutes.

Assessment of deformation in 3D printed constructs

Deformation in 3D printed construct is the irregularity between
top face and bottom face of cuboid which is evaluated using
Deformation Factor (DF). The Deformation Factor is the ratio of
the area of the top to the bottom faces (Gholamipour et al. 2019).
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Determination of total solids content

TS content was determined using the gravimetric procedure
described by Choudhury et al. 2024.

Experimental design and statistical analysis

TS content of MC milk concentrate was varied at three different
levels i.e., 40, 45 and 50% based on initial experiments. Sugar
content was varied at three different levels 20, 25 and 30% to
study the effect of sugar concentration on printability of food-
inks. The rheology modifiers viz., xanthan gum (XG) at 0.5% and
corn flour (CF) at 5% were selected at fixed concentration. In
total 18 formulations (F1 to F18) were studied for their printability
(Table 1).  Based upon level of TS content in MC and sugar
added the combinations were coded from K40-_S20 to K50_S30.

Data obtained from various experiments were subjected to
analysis of variance (one way and two way) followed by Tukey’s
post hoc comparison test to establish the significance of
differences by employing SPSS software.

Results and Discussion

Rheological characterization of the formulations

Shear thinning behaviour

Shear stress decreased drastically for all the formulations as shear
rate was increased from 1-20 s-1 and thereafter it was relatively
constant throughout the test i.e., all the formulations exhibited
shear thinning behavior which is highly desirable for 3D printing.
All formulations showed yield stress that has to be overcome to
get relatively constant apparent viscosity value against
increasing shear rate. Shear thinning tendency is the most
important behavior that food-inks must possess in order to pass
through small nozzle of 3D printer (Lee et al. 2020). Decrease in
values of shear stress in the range of 1-20 s-1 was more prominent
for formulations having xanthan gum as RM indicating their more
dominant shear thinning and pseudoplastic behavior as compared
to corn flour (Fig. 1). This was also confirmed by negative values
of consistency index when power law model was applied. It can
be seen from Table 2 that power law model was found to be best
fit (R2 e” 0.75) for all the formulations. Consistency index (K)
indicates about the apparent viscosity of the food system and it
was highest for F15 at 4.64 and lowest for F2 at 2.43. Formulations
having xanthan gum as RM generally exhibited significantly
(p<0.05) higher consistency index as compared to corn flour based
formulations. It can also be observed that with increase in total
solids of formulations values of consistency index also increased
significantly (p<0.05). Gnezdilova et al. (2015) found that adding
starch syrup, malt, or demineralized whey powder to the products
results in the deviation of their rheological characteristics to more
non-Newtonian pseudoplastic behaviour. Lee et al. (2020) also
reported an increase in shear thinning behaviour and decrease in

flow behaviour index from 0.86 to 0.50 of milk-powder based
formulations with increase in total solid content from 10 to 75%.

Yield stress, recoverability index and phase angle of the
formulations

Yield stress is a characteristic exhibited by viscoelastic foods
and it is the minimum stress at which food samples start to flow.
The formulations exhibited yield stress which ranged from 749 -
2880 Pa and 215.67 - 1473.33 Pa for the samples having xanthan
gum and corn flour as RM, respectively (Table 3). Significant
(p<0.05) increase in yield stress was observed for both xanthan
gum and corn flour added formulations as the total solids content
(%w/w) increased from 50.25% to 62.99%. Joshi et al. (2021)

Fig  1 Shear stress vs shear rate curve for formulations (a) F1
to F6 (b) F7 to F12 (c) F13 to F18 (F1-F18 are formulations as
described in Table 1)
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reported that yield stress increased from 229 to 1211 Pa with
increase in total solids content in heat desiccated milk solids-
based formulations. Similar trends were observed by Lille et al.
(2018) wherein the minimum yield stress of 61.1 Pa was required
for semi skimmed milk powder-based formations of 3D constructs
to retain desired shape after printing.

Recoverability i.e., ability of formulations to recover as close as
possible to their original viscosity after removal of high shear
rates, is quantified by determining recoverability index.
Recoverability index for all heat desiccated milk solids-based
formulations (F1 to F18) is reported in Table 3. Formulation F5
showed highest recoverability index (56.59%) whereas F2 showed
lowest (7.25%). Xanthan gum-based formulation showed
significantly higher shear recoverability index (46.54-56.58%) than
corn flour-based formulations (7.24 -25.41%). This could be due
to quick formation of the highly ordered network of entangled
and stiff molecules at lower shear stress (Zhao et al. 2020). In
case of corn flour-based formulations, the native continuous
casein network was interrupted by association between
aggregated caseinate and flour particles (Joshi et al. 2021). Paxton
et al. (2017) suggested lower recoverability index for formulations
might be due to permanent structure breakdown caused by high
shear rate which renders the system unable to recover to original
viscosity. Also, because of diverse structure and complex
rheology, soft matter systems show low shear recoverability
(Stokes and Frith, 2008).  Similar trends were observed by Bareen
et al. (2021) for heat acid coagulated milk semi-solids based
formulations when shear rate changed from 100 s”1 to 1 s”1.  During
3D printing of various hydrocolloid gels, Gholamipour et al. (2019)
reported recoverability index to be 48±0.89%, 57.24±0.94%,
67.6±0.64% for gels containing xanthan gum at 2%, 4% and 8%,
respectively. It was also observed that phase angle was
significantly lower (p<0.05) for xanthan gum added formulations
at lower TS levels. This decrease in values of phase angle is an
indicator that food system is attaining more solid-like behaviour.

Viscoelastic behaviour of the formulations

Amplitude sweep and frequency sweep test of the formulations
revealed viscoelastic behaviour within Linear viscoelastic region
(LVR) in 0.01% region of frequency strain. Food-inks showed
higher storage modulus (G’) than loss modulus (G”) at any point
in LVR As can be observed in Fig. 2 the system maintained solid
like behaviour within LVR with storage modulus (G’) > loss
modulus (G”) i.e., elastic component dominating over viscous
component of the food system. Further, it was observed that G’
and G” were significantly (p<0.05) higher for formulations having
xanthan gum as RM as compared to formulations added with
corn flour (Fig 3). Also, with increase in total solids content of
formulation, the gap between G’ and G” was found to be
increasing with G’ dominating over G indicating more solid-like
consistency at higher TS level. Choudhury et al. (2024) also found
that if G’ > G” for food inks, then food inks will show better

resistance to deformation and their 3D constructs will be more
stable.

It was found that there was significant increase in structural
integrity of 3D constructs with an increase in G’ and G’’ values.
For formulations containing xanthan gum as RM with lower TS
content (F1, F3 and F5), the 3D constructs made therefrom were
symmetrical, smooth with excellent shape retention characteristics.
Better shape retention was confirmed with relatively lower change
in area of 3D constructs over the time as compared to corn flour-
based formulations. This might be due to better shear
recoverability of xanthan gum containing samples as witnessed
by their higher recoverability index (Table 3). For the 3D constructs
made from formulations having higher TS content viz., F15 and
F17 were very poor in terms of printability with visible breakage
of printing filaments. This might be due to very high values of
consistency index (K) viz., 4.64 and 3.87, respectively. Liu et al.
(2018) developed 3D printed milk protein food simulant using
whey protein isolate (WPI) powder and milk protein concentrate
(MPC) powder-based formulations having xanthan gum (0.5%)
as structuring agent. It was established that addition of WPI
reduced the apparent viscosity of the food system and made it
smoothly printable.

Assessment of the quality of 3D printed constructs (burfi)

Dimensional accuracy factor (DAF)

The DAF for 3D constructs printed from all 18 formulations is
shown in Table 4.  DAF was highest for F5 (prepared using MC
containing 40% TS, 25% sugar and 0.5% xanthan gum) at 97.01%
and lowest for F10 (MC standardized at 40% TS content, added
with 25% sugar and 5% corn flour) at 79.88%. All formulations
having xanthan gum as RM, except F17 showed significantly
(p<0.05) higher DAF than formulations having corn flour as RM.
It could be due to better recovery index for xanthan gum-based
formulations as shown in Table 4. Joshi et al. (2021) calculated
DAF for 3D printed constructs from dairy matrix in terms of height,
length and breadth separately. It was reported that DAF along
height, length and breadth of construct was in the range of 95.29-
98.78%, 96.84- 99.74%, and 59.74- 90.91%, respectively. Similarly,
Dick et al. (2019) calculated dimensional printing deviation for
3D printed constructs of meat by directly dividing dimensional
deviation with original dimension and it ranged from -0.005%-
1.42%, -0.05% -1.67%, and 1.43%- 11.04% for the length, width
and height, respectively.

Shape inconsistency factor (SIF)

The SIF is measure of degree of inconsistency between different
edges, lines or designs in a 3D construct i.e., lower the value of
SIF, better will be printing quality of 3D construct. SIF was found
to be highest for F2 (MC standardized at 40% TS added with 20%
sugar and 5% corn flour) at 16.11±0.78, whereas lowest for F9
(MC standardized at 45% TS added with 25% sugar and 0.5%
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Fig. 2 Typical G’ and G” increase in LVR region of a formulation

Fig. 3 G’ and G” at 1 Hz for (a) xanthan gum added and (b) corn flour added
formulation
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xanthan gum) at 0.28±0.015 (Table 4). SIF was significantly (p<0.05)
higher for corn flour-based formulations indicating their irregular
cuboid shape and uneven edge surface area. Gholamipour et al.
(2019) performed cold extrusion 3D printing of different
hydrocolloid pastes and concluded formulations having SIF less
than 60 could be considered as printable. Similarly, Lipton et al.
(2015) calculated shape inconsistency index for 3D printed cookies
and concluded that shape stability was decreased with increased
fat content in food-inks.

Deformation factor

Deformation factor is an indicator of variation in surface area of
upper edge and lower edge of symmetric cuboid shaped 3D food
construct. Deformation factor was between 0.978 to 0.998 for
xanthan gum added formulations whereas it was significantly
(p<0.05) lesser for corn flour added formulations i.e., 0.92 to 0.97
as shown in Table 4. Gholamipour et al. (2019) suggested food
inks having deformation factor more than 0.4 will be printable
through extrusion-based printer.

Extrusion rate

Extrusion rate is calculated by dividing the weight of 3D printed
construct with printing time and indicates about the extrudability
of food inks. Softer food inks show high extrusion rate as
compared to stiff and harder food inks at same extruding pressure.
Extrusion rate was found to be highest at 2.5 g/min for F2
formulation and lowest at 1.63 g/min for F17. Except for F15 and
F17 that showed no significant difference in extrusion rate, for all
other formulations added with xanthan gum exhibited significantly
(p<0.05) lower extrusion rate as compared to corn flour containing
samples. It can be explained by the lower hardness values (data
not presented) of formulations having corn flour as rheology
modifier.

Correlation between viscoelastic characteristics and extrusion
rate of the food inks

All the food inks were characterized as viscoelastic semi-solids
with storage modulus (G’) dominating over loss modulus (G”)
and phase angle was less than 25°. Also, all the formulations
required certain yield stress before initiation of their flow under
applied external stress. A strong negative correlation existed
between extrusion rate and yield stress was observed for both
xanthan gum added and corn flour added formulations and
combined Pearson correlation coefficient was -0.717. It was found
that with increase in total solid content of xanthan added
formulations from F1 (50.25%) to F17 (61.77%), yield stress
increased simultaneously from F1 (749 Pa) to F17 (2880 Pa) which
rendered the formulations hard to extrude through the printing
nozzle as evident by decrease in extrusion rate from F1 (1.96 g/
min) to F17 (1.63 g/min).

Similarly, a strong positive correlation was observed between
extrusion rate and phase angle for both xanthan gum and corn
flour added formulations and combined Pearson correlation
coefficient was 0.961. It can be inferred that phase angle was
decreasing with increasing total solid contents of formulations,
indicating that formulations were attaining more solid than
viscous nature, which resulted in hard formulations requiring
very high amount of external force to extrude and hence gradual
drop-in extrusion rate was observed.

Conclusions

Apparent viscosity, yield stress and storage modulus of the
formulations were critical for 3D printing of sweetened heat
desiccated concentrated milk based dairy formulations
incorporating XG and CF. The printability and strength depended
on the rheology and composition of the formulations. Xanthan
gum as RM imparted superior print quality as compared to those
obtained from corn flour added formulations due to the
pronounced shear thinning behaviour exhibited by them.
Formulation prepared using milk concentrate to 45% TS, added
with 30% sugar and 0.5% xanthan gum exhibited highest DAF
(97.01%) and found to be best suited for 3D printing. Rheological
characteristics viz., yield stress and phase angle are strongly
correlated with the extrusion rate of the formulations keeping
printing parameters constant and thus, printability of food inks
can be predicted in advance by examining their rheological and
textural attributes. Insights achieved from the investigation will
aid in development of dairy sweetmeats with tailored structural,
textural attributes using extrusion-based 3D food printing.
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