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Abstract
Three-dimensional (3D) food printing is a rapidly developing technology that transforms

digital data as input to create a 3D edible physical product as output. It has the potential to
change the food industry by offering highly customizable nutritional profiles and designs, while
reducing food waste and the cost of manufacturing. The most widespread 3D printing method is
extrusion-based, and it requires ingredients fluid enough to be extruded and viscous enough to
hold their shape after deposition. As a result, many of these ingredients have high moisture
content and some are meant to be consumed immediately after preparation as ready-to-eat
products. Microbial food safety is an important consideration for these high moisture ready-to-
eat 3D printed food products. Despite the technological advancements in 3D food printing,
microbial safety aspect of 3D printed foods has not been fully investigated.

In this study, inactivation rate of Salmonella enterica serovar Typhimurium in a printed
3D square made of pudding was assessed. Before and during printing the pudding was heated at
selected time-temperature combinations inside the 3D food printer. The temperature profiles
evaluated were A (56.9°C), B (60.3°C), C (63.3°C) and D (66.7°C) and time increments were 10,
20, 30 and 40 min. Inactivation of Salmonella increased with temperature and heating time, with
the highest reduction of >7 log CFU/g after 40 min at temperature profiles C and D. Inactivation
of Salmonella after 10 min treatment at all the temperatures was not significantly different, and
40 min treatment at profile B was not significantly different from profiles C and D at 30 min. To
preserve quality and nutritional parameters of 3D printed foods, lower temperature-longer time
treatment may be preferred.

The second part of this study focused on the simulation of the heating of pudding in the
plastic extrusion syringe inside the 3D printer by finite element modeling using axisymmetric 2D

model. The experimental time-temperature relationships at the selected locations of the syringe



including at the center and the gap between the syringe and 3D printer’s stainless-steel barrel
during the heating of pudding were compared with simulation results. Overall, the predicted
temperature changes were in good agreement with the experimental values. In addition, there
was no considerable difference in the heating profiles of syringe quarter points, however, the
contour plots showed heat loss due to convection at the top of the syringe. These results indicate
the potential of finite element analysis to be used in conjunction with 3DFP as a useful tool for

analyzing heat transfer and distribution in a closed system.
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Chapter 1: Introduction and Objectives
1.1 Introduction

Three dimensional (3D) food printing (3DFP), also known as food layered manufacture
has been gaining momentum in the past couple of decades, starting with the development of the
first-generation food printer concept by Nanotek Instruments, Inc. in 2001 (Lille et al., 2018; Sun
et al., 2015) and a physical prototype of a multi-material open-source 3D printer Fab@Home in
2006 (Lipton et al., 2015; Liu et al., 2017). The 3D foof printer has facilitated the digitalization
of food manufacturing, providing flexibility in terms of material use, cost, energy, and ease of
operation, as well as offering an opportunity for gastronomic creativity (Baiano, 2022; Lille et
al., 2018; Yang et al., 2017). It allows the use of traditional food materials, such as chocolate,
dough, and meat purees, as well as novel, non-traditional food sources, such as insects, algae,
and plant-based materials, to produce foods with complex and customized designs, new textures,
personalized and enhanced nutritional value (Derossi et al., 2018; Liu et al., 2017; Wang et al.,
2018; Yang et al., 2017). While there is a perception that 3DFP will replace traditional methods
of food production, it is more likely that it will find its niche market as part of Industry 4.0
instead (Godoi et al., 2019; Jagtap et al., 2021).

Ensuring food safety is important for 3D printed products, especially those with high
moisture contents and those which do not require pre- or post-processing, such as commercially
made mashed potatoes, puddings, purees, etc. While the amount of research on physicochemical
properties of various printable food products and optimization of 3DFP processes is growing, the
food safety aspect remains relatively unexplored. The major food safety challenges of 3DFP are
the contamination risk from printer components and food ingredients, lack of hygiene and

sanitation guidelines, and selection of suitable material and lack of post-processing steps to



eliminate microbial contamination in certain applications. Further, printing conditions can
influence the survival of microorganisms in the end-products. For example, the temperature of
the product during printing and printing time will determine the microbial inactivation during the
3D printing process. Many available 3D food printers can heat the food products/ingredients
before or during the printing process, which can result in microbial inactivation. Microorganisms
are sensitive to temperature, and the printability and quality changes in food can also be affected
by the product temperature and exposure time before and during 3DFP. Understanding the
relationship between temperature, exposure time and microbial inactivation rate is important to

establish optimal time-temperature combinations for safe high moisture 3D printed foods.

1.2 Hypothesis
The overall hypothesis of the study is that heating as a part of a 3D printing process will

inactivate pathogenic microorganisms like Salmonella spp. and will help to ensure microbial
safety of 3D printed foods. Exposure time and temperature will affect the rate of inactivation of
Salmonella in 3D printed foods, and selection of suitable time-temperature combinations is

important to ensure food safety without affecting the printability.

1.3 Objectives

The general objective of this study was to evaluate the effect of selected time-temperature
combinations on microbial inactivation, for producing safe-to-consume 3D printed foods.
The specific objectives are to:
1. Determine the inactivation kinetics of Sa/monella in a commercially available pudding
sample, which was heated, and 3D printed at selected temperature and time

combinations.



2. Model and predict the heating patterns of pudding in a syringe used in 3D food printing

by finite element analysis.



Chapter 2: Literature review
2.1 Introduction to 3D food printing

The 3D printing technology (3DP) uses layer-by-layer deposition to create various structures
and 1s known as additive manufacturing (Yang et al., 2017). While conventional manufacturing
is based on subtractive manufacturing, to create a final product, the additive manufacturing puts
materials together, generating little or no waste (Ye, 2023). The 3DP was initially used in 1980s
for the development of physical prototypes of computer-generated 3D designs for large
production runs and was known as Rapid Prototyping (Baiano, 2020). Currently, 3DP is used in
the areas of automotive manufacturing, building construction, medicine, space, consumer goods,
etc. (Zhang et al., 2021). The 3D food printing (3DFP) was introduced in 2001, when Nanotek
Instruments Inc. reported a method for creating a 3D custom birthday cake (Baiano, 2020; Sun et
al., 2015). The basic steps to obtain a 3D printed product include generating a 3D model,
converting it into a G-code that can be read by a printer using a specialized software, inputting
the G-code into a printer hardware, and manipulating printing parameters such as speed, platform
position and, in some instances, temperature for printing. The 3DFP comprises several types:
extrusion-based printing, selective laser sintering, inkjet printing and binder jetting (Kern et al.,
2018; Liu et al., 2017). Extrusion is the most common 3DP method due to its affordability and
ability to efficiently extrude fresh food materials as a paste through a nozzle at a controlled
temperature. There are three different extrusion techniques commonly used in 3DP including
screw-based extrusion, air pressure driven extrusion, and syringe-based extrusion (Liu et al.,
2018; Mantihal et al., 2019). Screw-based extrusion utilizes a screw to mix the material moving
along the nozzle from an inlet and it works best with materials that have low viscosity and

mechanical strength (Baiano, 2020, Liu et al., 2018). Air pressure driven extrusion uses air



pressure to propel material through the nozzle and it works best with liquids or low viscosity
materials (Baiano, 2020). Syringe-based extrusion utilizes compression of the material by a
plunger through the syringe nozzle and works best with materials with high viscosity and
mechanical strength (Baiano, 2020). While continuous nozzle feeding is achievable only with
screw-based extrusion, syringe-based extrusion is the most suitable for construction of complex
3D designs (Baiano, 2020; Liu et al., 2018). Some extrusion-based food printers, such as
FoodBot 3D Printer, also work with disposable syringes, somewhat eliminating food safety
concerns when it comes to contamination of printing parts.

3DFP technologies provide an opportunity to customize products, explore different
geometric designs, produce less material waste, and utilize low volume manufacturing. 3DFP
allows for product customization for specific population groups like youth, elderly, and people
with nutrient deficiencies. It also provides an opportunity to utilize low-value or not fit for sale
products, such as overmature fruit and vegetables, meat cut-offs, meal leftovers, and seafood by-
products (Baiano, 2020; Godoi et al., 2019). Current ready-to-eat (RTE) products lack nutritional
value and are often high in additives and calories, which leads to health issues like obesity,
diabetes, and heart disease (Sundarsingh et al., 2023). 3DFP provides an opportunity to
accommodate a variety of nutritional needs while also alternative proteins such as plants, insects,
or microbes (Sundarsingh et al., 2023; Yang et al., 2017). 3DFP also has a potential for
utilization during space missions and can increase quality and diversity of foods available for
astronauts during long missions, thus having a positive effect on astronauts mental and physical
health (Enfield et al., 2023). 3DFP also provides a novel tool for culinary creativity and food
design (Jagtap et al., 2021). Park et al. (2023) describes using 3DFP to produce restructured beef

steak with different amounts of marbling to cater to consumer’s preferences.



At this point in time, there is no universally available software specifically for 3D
printing of food materials that provide the user with different food options having different
physicochemical parameters. Hence, the available software used for conventional 3D printing of
plastics is commonly used for current 3D food printing applications (Godoi et al., 2019). The
modelling of 3DFP processes can also be challenging since operating parameters used in existing
software may not include properties such as viscosity and extrudability which are important to

ensure food printability (Godoi et al., 2019).

2.2 3D food printing operations and food materials

Similar to conventional printers which use ink to transform a digital representation of an
image into a physical print, 3DFP uses edible materials such as food inks (Yang et al., 2017). To
get a high-quality printed product, it is crucial to choose a suitable ink. These should be a
homogeneous, free flowing, adhesive material with relatively low viscosity. The ink should
produce a dimensionally stable product, that will not deform while the next layer is being
deposited (Anukiruthika et al., 2020; Nijdam et al., 2021, Wang et al., 2018). The most
commonly used inks include purees (Lipton et al., 2010; Martinez-Monzo et al., 2019), gels (Liu
et al., 2018; Wang et al., 2018), doughs (Lipton et al., 2010; Zhang et al., 2018), milk and egg
proteins (Liu et al., 2018; Liu et al., 2019), semi-hard cheese (Kern et al., 2018) and chocolate
(Lanaro et al., 2017; Mantihal et al., 2019; Yang et al., 2017). Many of these products undergo
pre- or post-processing, however, some RTE commercial products don’t require additional steps
during the 3DP process. Material selection can impact microbial safety of food products, as some
food inks support bacterial growth more than others due to their physicochemical properties such
as high moisture content. If microbial contamination occurs at any stage (i.e., during material

selection, preparation or printing), food poisoning can become a risk.



While a number of publications have focused on printability of 3D printed foods,
physicochemical properties are responsible for quality, shelf-life, and safety of end products
(Zhang et al., 2022). Intrinsic factors that affect microbial growth include pH, water activity, and
nutrient content. Extrinsic factors include temperature, oxygen availability and relative humidity.
Water activity, pH, and temperature are the most crucial product and process factors determining
the storage stability and safety of canned foods and other thermally processed foods. Water
activity (aw) is related to the stability and quality of foods (Barbosa-Cénovas, 2020). The
minimum ay for microbial growth is 0.6 while for bacterial pathogens like Salmonella, the
optimum ay range is 0.93-0.95 (Barbosa-Cénovas, 2020).

In terms of printability, food materials need to be homogenous and have low viscosity to
flow through the syringe nozzle in an extrusion-based printer. The loading of the food materials
in the syringe introduces the possibility of air trapped bubbles, which reduces the quality of the
final printed product and poses the risk of contamination (Sun et al., 2018). Viscosity is also
directly related to extrusion temperature as viscosity decreases with increase in temperature (Liu
et al., 2017). Mantihal et al. (2019) measured the viscosity of pre-crystallized dark chocolate at a
temperature range from 25 to 40 °C and noticed a rapid decrease in viscosity and subsequent
increase in flowability due to melting fat components. Martinez-Monz¢ et al. (2019) studied the
effect of various temperatures on the viscosity of three potato puree formulations and found that
as the temperature was increased from 10 to 30°C, the apparent viscosity of the samples
decreased. In addition to printability, the final printed product needs to be stable as well as
during storage (maintain its shape after material deposition and over time). The stability depends

on material’s thermo-rheological properties such as glass transition temperature, gel-sol



transition temperature, storage and loss modulus, gelation, and melting (Kern et al., 2018; Liu et

al., 2017; Yang et al., 2017).

2.3 Microbial safety of 3D printed foods

Currently, there have been limited studies focused on the microbial food safety of 3D
printed foods which presents a challenge to both consumer and regulatory agencies. Derossi et al.
(2018) designed a snack formula for children made of fruit, vegetables, and milk, and assessed
its printability. It was noted that microbial safety during storage needed to be investigated further
since the snack was printed at room temperature and did not involve any post-processing steps.
Severini et al. (2018) 3D printed a mixture of fruit and vegetables at different print speeds and
flow rates, and investigated their microbiological attributes for 8 days at 5°C. The results showed
a significant increase in psychrophilic and mesophilic bacterial counts and yeast right after
printing. This suggests the requirement of microbial inactivation steps during printing and post-
processing, or the use of sterile ingredients for 3DP. Muro-Fraguas et al. (2020) investigated how
3D printed kitchen tools and food contact containers can harbor Pseudomonas aeruginosa,
Escherichia coli and Listeria monocytogenes biofilms, and assessed approaches to reduce
biofilm formation via cold plasma treatments. They emphasized that the nature of 3DP itself (i.e.,
the deposition of materials in consecutive layers) could introduce colonization and reproduction
of various microorganisms depending on the properties of the ingredients. Zhang et al. (2022)
noted that proper sanitation and storage practices remain a major issue when it comes to
commercialization of 3DFP, and that there is very limited data on microbiological safety of
3DFP in the current literature. Enfield et al. (2023) suggested that commercial 3DP must have
cleaning-in-place and cleaning-out-of-place systems and must be assessed using hazard analysis

with identifies critical control points to ensure the safety of 3DP produced foods.



The shelf life and safety of 3D printed foods can significantly hinder the implementation
of 3DFP development in the global market of food manufacturing. Verma et al. (2022)
emphasized the lack of any regulatory frameworks established by the United States Food and
Drug Administration (FDA) when it comes to 3DFP applications including topics such as food
safety, shelf-life, personnel, facilities, and allergen regulations. Safety of 3D printed foods will
also depend on the specific 3D food printing processes and the design of a printer. In addition to
material deposition pattern issues as mentioned earlier, the printing process sometimes involves
heating the food material prior to printing and cooling post-printing which can result in undesired
bacterial growth if contaminated food ingredients are used or due to any cross contamination
from the printer (Baiano, 2020). Another consideration is the design of 3D food printers is its
ability to be cleaned easily. The Canadian Food Inspection Agency (CFIA) (2014) states that
food equipment should be “accessible for cleaning, sanitation, maintenance and inspection” and
equipment food contact surfaces should be “smooth, non-corrosive, non-toxic, non-absorbent
and be able to withstand repeated cleaning and sanitation”. The majority of mass-produced 3DP
nowadays use relatively inexpensive systems and contain various parts and components that are
either single use (i.e., plastic syringes and tips meant to be loaded with food material and
discarded right after printing) or are reusable but may be hard to reach or difficult to fully clean
(such as a plunger). Ideally, a commercially used 3D food printer should be easy to take apart,
made with food safe materials, have a stainless-steel extruder, dishwasher or autoclave safe

syringes and nozzles, and have no cracks or inaccessible spaces (Sun et al., 2018).



2.4 Printing temperature

Room temperature extrusion is the most common method used in 3DP; however, this
process has a high risk for microbial contamination, especially with no post-processing of 3D
printed product (Kern et al., 2018). Sun et al. (2018) states that room temperature extrusion is
used for products that are naturally flowable and easy to extrude, such as doughs, jams, peanut
butter, purees, pastes etc. Extrusion at higher temperatures called “hot melt extrusion” is a
method where solid food material is melted (usually at the nozzle tip) before being deposited.
This technology is often used in chocolates and chocolate products due to their crystallization
behavior.

Thermal treatment of foods during 3DFP resembles a canning process. Conventional
canning aims to destroy pathogenic microorganisms, while striving to keep the nutrients and

quality parameters of the food intact (McHugh and Thai, 2020). The target microorganism of

canning processes is Clostridium botulinum, which is found in water, soil, fish and mammals all

over the world, and produces a lethal toxin causing paralysis (Featherstone, 2015). Inactivation

of C. botulinum toxins in canned products is achieved by a sterilization process in a retort at

121°C for several minutes. Different target microorganisms require different time and

temperature combinations. The canning process targets the anaerobic C. botulinum spores in the

cold spot of a can, which is the slowest heating area in a container that determines the rate of

heat penetration. Similarly, thermal treatment of foods during 3DP can target inactivation of any

aerobic bacterial pathogen at the cold spot of the syringe, which will enhance the microbial

safety of the final printed product. Fig. 1 shows the heat transfer and heating kinetics at the cold

spot of a syringe used in 3DFP, which is similar to the heat transfer and heating kinetics in a can

or jar during thermal treatment. Both processes operate through heat transfer, mainly by

conduction heat transfer inside the syringe or can. In canning, steam is used as the heating

10



medium through convection, while in 3DFP, an electrical heater inside the stainless-steel barrel
is used to heat the food from the outside via conduction. A small gap between the barrel and the
syringe allows for some convection as well. However, heating a food product at a high
temperature may influence its final structure and quality parameters. Therefore, focusing on
temperatures close to 60°C in this study will allow us to investigate the effect of heat generated
inside the 3D printed food product on S. Typhimurium in a semi-solid, high ay, printable food

product such as pudding.
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Figure 1. Comparison of heat transfer in conventional canning and 3D food printing processes.
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2.5 Salmonella spp. as pathogens of concern

Many foodborne illnesses occur due to unhygienic practices, improper processing and an
inadequate post-processing kill step, resulting in foodborne pathogen contamination (Sampson et
al., 2023; Santos et al., 2008). Salmonella enterica is known for outbreaks related to a variety of
commercially available products including peanut butter, poultry, eggs, ground beef, onions, and
nuts (CDC, 2022; Ford et al., 2018; He et al., 2011; Morton et al., 2019). Salmonella spp. can be
introduced from fresh and salt water, soil, and animal feces, and is spread via fecal-oral route
(Featherstone, 2015; Sampson et al., 2023). Because salmonellosis requires as little as 15 cells
for contamination, it is one of the most widespread foodborne infections worldwide and S.
enterica is the most common cause of foodborne outbreaks in Canada (Featherstone, 2015;
Korver and McMullen, 2017). S. enterica serovar Typhimurium has multiple virulent factors that
assist in inducing disease in a host, including the ability to tolerate stomach acids, several
pathogenicity islands, adhesins, flagella and biofilm formation elements (Fabrega and Vila,
2013). Its prevalence in our surroundings, virulent factors and ability to withstand food
processing makes Salmonella spp. a major pathogen of concern in the food industry. Meat,
specifically poultry harbor Salmonella, which results in outbreaks related to the consumption of
internal organs and eggs (Korver and McMullen, 2017; Porto-Fett et al., 2019). Meat analogue
products made from legumes like soy and peas, potatoes and fungi can also be contaminated with
Salmonella due to improper processing (Sampson et al., 2023) Dairy products like cheese, egg-
based products like pastries and in-shell pecans are also products of concern (Beuchat and Mann,
2010; Marquez-Gonzalez et al., 2022; Moura-Alves et al., 2020). Antunovi¢ et al. (2018)
successfully extracted S. Enteritidis from a variety of dairy products including pudding, yoghurt

and cheese spread indicating that dairy products are a favorable environment Salmonella growth.

12



The abovementioned products have a relatively high moisture content and, paired with a
possibility of Salmonella contamination introduced through the environment or processing,

present a food safety challenge.

2.6 Finite element analysis

Finite element analysis (FEA) is a numerical modeling method for solving complex
mathematical and engineering problems. FEA utilizes the finite element method (FEM) by
dividing a larger object into smaller simplified sections (finite elements) and giving an
approximate solution via simultaneous solving of algebraic equations. FEA was first utilized in
the field of aerospace engineering for aircraft stress analysis, and is currently applied in various
areas of engineering beyond solid mechanics (Bhavikatti, 2005). A basic FEA includes outlining
the problem, making assumptions, defining materials and their properties, building a model,
generating a mesh (finite elements), identifying boundary conditions, solving the problem, and
reviewing the results (Madenci, 2015). FEA has been used in conjunction with conventional 3DP
technology in various fields such as medicine (Ouldyerou et al., 2023), manufacturing
(Mashhood et al., 2023), construction (Tahmasebinia et al., 2023), digital restoration (Papas et
al., 2023) and, recently, food. Bareen et al. (2022) utilized FEA to assess printing variables such
as ingredient concentrations, nozzle diameter, layer pattern and infill on textural characteristics
of 3D printable formulations of RTE sweetmeats. The study demonstrated that modeling 3D
designs before the printing process can improve printing accuracy, definition, and stability,
resulting in high-quality personalized final printed products.

FEA has been applied to assess heat, moisture, and mass transfer in general food
applications such as microwaving potatoes (Pandit and Prasad, 2003), ripening salami (Fabbri

and Cevoli, 2015), microwave-infrared heating of zucchini (Yazicioglu et al., 2021), ohmic
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heating of orange juice (Choi et al., 2020), potato chips drying (Kumar and Prakash, 2023) and
freezing and thawing of meat and seafood (Fadiji et al., 2021). FEA can replace lengthy and
costly experimentation by stimulating various scenarios and concepts in any environment (Fadiji
et al., 2018). Heat transfer methods in food processing, such as microwave heating and canning,
result in uneven distribution of temperature in food products (Pandit and Prasad, 2003). 3DFP is
a similar process in terms of heat distribution and “cold spot” determination, as mentioned

above, which also results in non-uniform heat absorption and transfer.
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Chapter 3: Materials and methods

3.1 Sample preparation for 3D printing

The food product used in this study was Commercial Snack Pack™ brand vanilla
pudding made with skim milk (Conagra Brands Canada Inc., Mississauga, Ontario) which was
purchased locally. Each pudding pack consisted of 4 individual 99 g cups. One cup of vanilla
pudding was used per experiment. Even though the pudding was shelf-stable, it was stored in a
refrigerator at 4°C until usage. Prior to printing, it was taken out of the refrigerator the day prior
to the experiment and left at room temperature to warm up in order to ensure easy and

homogeneous blending.

3.2 Measurement of water activity and moisture content

Moisture content was determined by the oven drying method. Approximately 3 g of
pudding was placed in a convection oven (Heratherm OGS60, Thermo Scientific, MA, USA) at
105 °C for 8 hours. The average moisture content on a wet basis (MCw) of two duplicate

measurements was then calculated using the following equation:

MCw = 20
- m(H,0)+my

[1]
where m (H20) = mass of sample with water removed and mq = mass of dried sample.

Water activity of pudding was measured at room temperature using a water activity meter
in triplicates (Model 4TE Dew Point Water Activity Meter, Decagon Devices, Pullman, WA).

The water activity meter was calibrated before each measurement using water activity standards,

such as 13.41 mol/kg LiCl (0.250 aw) and 6.00 mol/kg NaCl (0.760 ay).
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3.3 Bacterial strain and inoculum preparation

S. enterica serovar Typhimurium (ATCC® 13311™) is a heat-sensitive strain that is
greatly affected when heated to 60°C (Mercer et al., 2017). Salmonella enterica subsp. enterica
serovar Typhimurium ATCC 13311 was obtained from -80°C glycerol stock culture stored in the
Food Microbiology Lab (Agriculture Forestry Center, Edmonton, AB) and streaked on labeled
Tryptic Soy Agar (TSAYE) plates with 0.6% yeast extract using an inoculation loop in order to
be resuscitated to 10° CFU/mL. Incubated TSA plates were stored at 37°C for 24 h. After that,
single colonies from the plates were transferred to 5 mL tryptic soy broth (TSB) with 0.6% yeast
extract (TSBYE) and incubated in a shaking incubator at 37°C for 24 h, followed by sub-
culturing with 100 pL inoculum and incubating again at 37°C for 18 h. After that 100 pL of
broth culture was spread plated on TSAYE agar plates and incubated at 37 °C for 24 h. The next
day, 2 mL of sterile 0.1% peptone water was added to each plate and the bacterial scraper was
used to gather the lawn in a microcentrifuge tube. Cells were collected by centrifugation (Sorvall
Legend Micro 21 Microcentrifuge, Thermo Fisher Scientific) at 10,000 RPM for 3 minutes,
washed twice in 1 mL fresh sterile 0.1% peptone water, and resuspended in 1 mL of 0.1%
peptone water for each microcentrifuge tube. Vortex mixer was used to homogenize the
suspensions. The resulting Sa/monella inoculum was mixed in a 15 mL Falcon tube. Overall, 6
mL of inoculum was prepared and serial dilution in a sterile 0.1% peptone water was performed,
then plated on TSAYE and incubated at 37°C for 24 h. Out of 6 mL inoculum 3 mL was used to
inoculate 99 g of pudding sample in a 400 mL beaker. The blend was vigorously stirred by hand
for at least 1 minute with a stainless-steel spatula to ensure homogenous mixing and then
covered with an aluminum foil and placed in a biosafety cabinet to avoid contamination. The
mixing procedure was designed by incorporating food coloring (ClubHouse, McCormick
Canada, London, Ontario) into the pudding sample until the color was homogenously distributed.
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The results showed that homogenous mixing was achieved after at least 1 min of vigorous
stirring by hand.

For each experiment, all the beakers, spatulas and tubes were sterilized for 1.5 hours at
121°C in an autoclave. All the syringes, tips and stoppers came individually wrapped in plastic,
were used only once, and discarded after each experiment to avoid contamination of equipment

and interference with the results.

3.4 Design selection and creation

Fig. 2 shows the steps involved in a general 3D food printing process. In order to create a
printable design for this study, first, a three-dimensional structure in a stereolithography interface
format file (.stl format) was created using the online 3D modeling program Tinkercad (Autodesk,
Inc., California, USA). A simple 45 mm x 45 mm square was chosen for the design. The 3D
model (.stl file) was then converted using “slicer” software into G-code which is a file format
used directly by the 3D printers. This step was done using Cura 2.4 software (Ultimaker B.V.,
Geldermalsen, Netherlands), and the resulting G-code file was transferred to the 3D food printer
using a flash drive.

The printed object was a 3D square (one layer) with actual dimensions of 42 mm x 43
mm. The print settings were 0.5 mm for the layer height, 50% fill density, 25 mm/s print speed,
40 mm/s retraction speed, 4.5 mm retraction distance, 30° support angle, 15% fill amount and 1

mm XY distance.
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1. Modeling

Development of 3D design in an online 3D modeling program, e.g. Tinkercad

&

2. Conversion

Conversion of a created in Step 1 .stl file to a G-code using a 3D printing software, e.g. Cura

P

3. Modification

Modification of specific printng parameters, e.g. number of layers, thickness, speed etc. in a
printing software

i

4. Transfer

A ready-to-go G-code file is transfered on a USB key and inserted into a 3D printer for reading

5. Extrusion

A 3D design is fulfilled by extrusion of a selected material on the printing platform by a 3D printer

Figure 2. Flow diagram of a general 3D food printing process protocol.

3.5 3D printing process
The extrusion-based 3DP used in the study was a FoodBot 3D-printer (Shyin Tech.,

Hangzhou, China) as shown in Fig 3. The printer was equipped with a control screen, which
allows the user to adjust the print settings, temperature, barrel, and platform positions, and to

import the 3D model for extrusion from a USB key.
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Figure 3. Diagram of FoodBot 3D food printer components.

The process of 3D food printing used in this study is outlined in Fig 4. First, the room
temperature pudding was transferred in a 400 mL beaker using a stainless-steel spatula. Three
milliliters of bacterial culture were added, and the mixture was stirred for at least 1 min. The
mixture was then transferred into a disposable PipingPal 12’ pastry bag (DayMark Safety
Systems, Bowling Green, OH). The disposable pastry bags were used to avoid air bubbles and
ensure consistent printing. A plastic syringe was then filled with pudding, and some pudding was
manually squeezed out of the filled syringe using a black default stopper to remove any initial air
bubbles. A filled plastic syringe (14.1 cm in length and 2.35 ¢m in diameter) and a 0.84 mm
nozzle was inserted into a stainless-steel chamber and pushed by a piston. An additional initial

extrusion by the printer was performed to avoid over extrusion during printing.
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Preparation stage

Filling and manual
extrusion
stage

Machine extrusion and
printing stage

Figure 4. Diagram of a 3D food printing process from product selection to printing used in this
study.

The average weight of the printed square was 1.7 g and average time to fully print it was
3 min. The weight and time fluctuated due to printer extrusion variations between each
individual extrusion. All the mixing and transfer procedures were performed in a biosafety
cabinet to avoid contamination. A Bunsen burner and 70% ethanol were used to sterilize the area

near the weight scale for any procedures involving weight measurements.
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3.6 Selection of temperature for thermal treatment during to 3D printing

The thermal treatment temperature profiles used in this study were determined by
preliminary experiments. The setpoint temperature during 3DP set-up was shown to be
approximately 2°C lower than the actual measured temperature. To reach the required (target)
temperature, specific printer temperatures were chosen. For example, when the printer
temperature was set at 55°C, the printer overshot and reached a stable temperature of 56.9°C. A
stable temperature was determined by measuring come-up time at 30 second increments until the
temperature reached a steady point for three consecutive values. Each printer temperature and
actual reached temperature combination was assigned a letter designating a temperature profile,
namely, A for 55/56.9°C, B for 58/60.3°C, C for 61/63.3°C and D for 64/66.7°C. For each
temperature profile (A, B, C and D), a 3D square was printed at 4 different time periods: 10, 20,
30 and 40 min. The countdown started after the button “start heating” to the set printer
temperature was pressed. For example, the printer temperature was set at 55°C, and once the
button to initiate heating was pressed, the countdown to the first printing at 10 min was started.
Subsequent samples were printed at the remaining time intervals (20, 30 and 40 min). The time
required to print each square was approximately 2.5 min. The average come-up times to reach
55°C, 58°C, 61°C and 64°C were 24.4 min, 26.4 min, 25.8 min and 22.5 min, respectively. Table

1 summarizes time and temperature parameters during 3DFP used in this study.
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Table 1. Time and temperature parameters used in 3D food printing.

Temperature Temperature | Printer set point | Time at which Average
profile reached in the temperature samples were come-up time
middle (°C) O printed (min) (min)
A 56.9 55 10, 20, 30, 40 244
B 60.3 58 10, 20, 30, 40 26.4
C 63.3 61 10, 20, 30, 40 25.8
D 66.7 64 10, 20, 30, 40 22.5

3.7 Salmonella recovery and enumeration

The absence of Salmonella in the original pudding package (control) was confirmed by
homogenizing 2 g of pudding sample in 6 ml of sterile 0.1% peptone water in a vortex mixer and
plating on tryptic soy agar plates with 0.6% yeast extract. From a 400 mL beaker of pudding
inoculated with 3 mL of inoculum, 4 g was added to two 15 mL Falcon tubes (2 g in each). 6 ml
of sterile 0.1% peptone water was added to each tube and homogenized in a vortex mixer before
plating on tryptic soy agar plates with 0.6% yeast extract by serial dilution. These inoculated,
untreated pudding samples were used to calculate the inoculum counts before printing. After
printing, each pudding sample (1 g) at every time and temperature combination was mixed with
100 mL sterile 0.1% peptone water. The homogenized suspension was transferred in a 15 mL
labeled falcon tube. A serial dilution of the supernatant was conducted in sterile 0.1% peptone
water, then plated on TSAYE in duplicate each and incubated at 37°C for 24 h. After a 24-hour
incubation, Salmonella colonies were counted, and the results were expressed as log CFU/g.

Logarithmic reductions were calculated by subtracting various temperature profiles and
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treatment time combinations log counts from the average of inoculated, untreated pudding

samples.

3.8 Dv and Zy value determination

Decimal reduction time (D value) is the time at a constant specific temperature
(isothermal conditions) required to reduce bacterial population by 1 log factor (Berk, 2008).
Since the 3DFP process features non-isothermal conditions, true D-values cannot be calculated.
Instead, this study used a subscript “v” to signify variable time and temperature conditions
involved in 3DFP process. Dy represents the time for 1 log (90%) reduction to be achieved at
non-isothermal conditions. Linear models of surviving bacterial population (Log CFU/g) versus
time were created for each temperature profile, and the reciprocal of the slope of the generated
curve was used to calculate Dy values. Dy values were determined using Excel linear regression
analysis. The Z value is a thermal resistance constant, and it is the temperature increase required
to reduce D value by 90% (Berk, 2008). Again, since the 3DFP process features non-isothermal
conditions, the Z value was substituted by Zy values which was determined by plotting each
temperature and log of their corresponding calculated Dy values. The resulting linear regression

line was used to obtain Zy value by calculating the negative inverse of the slope.

3.9 3D printer cylinder cross-section measurements

The dimensions of the printer’s stainless-steel barrel and the plastic syringe used to hold
and dispense the pudding were measured and used as input for the FEA model in section 3.11.
Fig. 5 shows the dimensions of the printer’s components. The 3D stainless-steel heater barrel
from the printer was 11.6 cm in length, and had an internal diameter of 2.5 cm and external
diameter of 5.7 cm. The length of the plastic syringe was 11.5 cm without the tip and 14.1 cm

with the tip. There was a slight gap of 0.15 cm between the stainless-steel cylinder and the
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plastic syringe. A rubber stopper was placed inside the top of the syringe to assist extrusion via

plunger motion from the 3DP.

With syringe
Without & rubber
syringe - stopper

Figure 5. Visual depiction of 3D food printer's stainless-steel barrel (with and without the

syringe).

3.10 Temperature measurements

Prior to all experiments, the printer was placed in the biosafety cabinet to avoid room
temperature fluctuations. According to the manufacturer, the heating source of the stainless-steel
cylinder was a plastic heating film wrapped around for an even heat distribution.

The temperatures of the pudding inside the syringe were measured using an Omega
HH25U thermometer and Type K thermocouple probe placed at three spots (as shown in Fig. 6):
at the geometric center (midpoint of syringe), 1/2 from top to center and 1/2 from bottom to

center. Only temperatures within the main body of the syringe were measured due to negligible
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amount of pudding in the nozzle hub. Temperature data was recorded once the heating was
imitated (i.e., when the “start heating” button was pressed), and was recorded every 30 s, starting
from room temperature until it was stabilized (i.e., when three consecutive measurements of the
same value were recorded). After that, the stabilized temperatures were measured every 30 s for
10 more min. The measurements were repeated in triplicate for each temperature profile (A, B, C
and D) and location, with quarter-point measurements taken only for profile B, as shown in
Table 2. In a separate set of experiments, the temperature at the gap was also measured by taping
a thin wire thermocouple to the outside of the syringe in the same three spots as shown in Fig. 6
and placing the syringe inside the stainless-steel barrel. Temperature data recordings at the gap
were taken at the same time intervals as the internal temperatures of syringe. Similar to the
pudding temperature measurements, the measurements at the gap were repeated in triplicate for
each temperature profile (A, B, C and D), with quarter-point measurements taken only for profile

B, as shown in Table 2.

Table 2. Interior and exterior temperature measurements taken for each temperature profile.

Temperature | Interior (pudding) measurements Exterior (gap) measurements
profile Center Top Bottom Center Top Bottom
A X X
B X X X X X X
C X X
D X X
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Figure 6. Diagram of temperature interior and exterior measurement points, as summarized in
the legend below.
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3.11 Finite element model creation

To supplement microbiological analysis of pudding inoculated with S. enterica and to
demonstrate heating behavior of pudding in a cylinder, an FEA model of a plastic syringe
containing pudding was developed. The temperature profiles generated by FEA were compared
to temperature profiles obtained experimentally, and heat distribution was analyzed using

Fourier's law of heat transfer rate for cylindrical geometries:

_ 2m K L (AT)

Q o [2]

where K = thermal conductivity, L = length, AT = temperature difference, r, = outside radius, and
ri = inside radius

ANSYS Student 2023 R2 (Ansys Inc., Canonsburg, PA, USA) was used to create a 2D
axisymmetric model of a plastic syringe filled with pudding. A transient thermal analysis system
with a 2D analysis was selected. Engineering data included polypropylene type of plastic as
syringe material (per manufacturer’s declaration), with properties imported from ANSYS
material database. No values for the thermophysical properties of pudding were directly found in
the literature or online, so they were calculated by using established empirical formulas using the
nutritional composition indicated on the label. Specific heat capacity and thermal conductivity of
the pudding were determined using Equations 2 and 3, respectively, which are commonly used to
estimate the properties of foods with known compositions (Berk, 2008; Singh and Heldman,
1984):

Cp = 1.424Mc + 1.549Mp + 1.675Mf + 0.837Ma + 4.187Mw [3]

K = 0.25Xc + 0.155Xp + 0.16Xf + 0.135Xa + 0.58Xw (4]
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where X = is the mass fraction, and the subscripts are ¢ = carbohydrate, p = protein, f = fat, a =
ash, and w = water.

The density of the pudding sample was measured by water displacement method, where a
100 mL graduated cylinder was filled with 50 mL of water, and a known mass of pudding was
added. The initial volume of water was subtracted from the volume displaced by the pudding,
and the known mass of pudding was divided by that number to get the density of the sample. The
measurement was repeated seven times. The abovementioned plastic syringe measurements were
used to create a geometry of a syringe half in Design Modeler. The geometry was then imported
into Ansys Mechanical where the rest of the analysis was conducted. Symmetry boundary
conditions were added to geometry and the model was meshed. The actual measured
temperatures over time at the syringe-barrel gap (see the preceding section) were used as the
boundary conditions at the exterior of the syringe cylinder for the FEA model. The initial
temperature was matched with the average measured room temperature for each individual
temperature profile. A convection term was added at the top of the syringe to indicate some loss
of heat through a rubber stopper. Total analysis time was selected to be 3000 s (50 min) with 30 s
intervals to match experimental temperature measurements. The solution contained the average
temperature distribution values, as well as middle and quarter points of the syringe. Table 3

summarizes the thermo-physical properties used in the FEA model and their sources.
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Table 3. Thermo-physical properties used in the finite element model to predict heat transfer.

Parameter Value Units Source

Pudding density 879 £ 0.04 kg/m® | Measured by water displacement

Pudding thermal 0.499 W/m°C | Calculated from nutrition label (Berk,

conductivity 2008; Singh and Heldman, 1984)

Pudding specific heat 6852.6 J/kg°C | Calculated from nutrition label (Singh and
Heldman, 1984)

PP plastic density 903.4 kg/m® | Ansys material database

PP plastic thermal 0.209 W/m°C | Ansys material database

conductivity

PP plastic specific heat 1600 J/kg°C | Ansys material database

Mesh, element size 0.001 m

Temperature, initial - - Matched with initial experimental
temperature for each temperature profile

Temperature, applied at the - - Temperature measured at the gap for each

external plastic face temperature profile

Convection term - - Applied at the top of the syringe

Convection film coefficient 50 W/m?°C | Ansys default value

Analysis time 3000 S
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3.12 Statistical analysis

The experiments were performed independently in triplicates. The statistical analysis was
performed using SAS Studio 9.4 University Edition (Proc Glimmax, SAS Institute Inc., Cary,
NC, USA). Tukey’s LSD test (p < 0.05) to assess significant differences between means. A two-
way analysis of variance ANOVA was used to evaluate the effects of both time and temperature

on the pudding samples.
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Chapter 4: Salmonella inactivation results and discussion
4.1 Effect of time-temperature combinations on inactivation of Salmonella

The main goal of food preservation and processing technologies is to ensure a maximum
threshold of safety without compromising the product’s physicochemical attributes like color and
texture. Many of these technologies eliminate, inhibit the growth, or reduce the number of
microorganisms to levels safe for consumption (Silva and Evelyn, 2023). Microbial inactivation
is strongly dependent on the product’s physicochemical characteristics, such as moisture content,
number of ingredients and their individual characteristics, temperature and storage time,
presence of preservatives, etc. Antunovic et al. (2018) states that since milk is rich in nutrients,
high in water content and has close to neutral pH, dairy products like pudding are an excellent
medium to support growth of bacteria like Sa/monella Enteritidis. Snack Pack™ pudding is a
shelf-stable product with a measured moisture content of 77% and 0.996 + 0.003 ay, it is
considered a good medium for Salmonella spp. inactivation.

The two-way ANOVA analysis revealed that time and temperature had a strong
interaction between each other, and they both had an effect on resulting log reductions in
Salmonella population. Fig. 7 demonstrates the results of time-temperature combinations on the
survival of Salmonella population, with Table 4 providing log reduction numbers. The 10 min
treatment was shown to be ineffective for all temperature profiles, with no log reductions across
all experiments. The initial average microbial load was 10.30 CFU/g, 10.38 CFU/g, 10.32 CFU/g
and 10.24 CFU/g for temperature profiles A, B, C and D, respectively. The microbial load
increased slightly after 10 min for profiles A and C, indicating slight bacterial growth. The 10-
and 20-min treatments for temperature profiles A and B had little influence on persistence of

Salmonella in 3D food printed samples. The 20 min treatments in temperature profiles C and D
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started showing a positive trend for bacterial inactivation due to an increase in temperature. A
sharp contrast was observed between 20 and 30-min treatments in the temperature profile B, with
an almost 3-log difference in reduction. Below detection limit (BDL) of 2.48 log CFU/g
indicated that there was >7 log reduction in Salmonella population. BDL was observed in the 40
min treatments profiles C and D, which had the strongest effect on bacterial load and were
significantly different from all other combinations. The 40 min treatments in temperature profiles
C and D exhibited BDL log reductions, confirming that longer time and higher temperature
combinations are the most effective treatments. From a food safety standpoint, a treatment time
of 30 min or longer was required to reduce the Sa/monella counts at lower temperatures, e.g.,
56.9 to 60.3°C. According to data from the temperature profiles A and B, a 40 min treatment
yielded a log reduction of 2.43 for A and a 30 min treatment yielded a higher reduction of 3.55
log for B. Higher temperatures of profiles C and D, namely 63.3-66.7°C require shorter treatment
time of 20 min to achieve the same results. Temperature profile C had a similar reduction effect
at 20 min compared to 40 min for profile A. The log reductions at 20 min for temperature profile

D were comparable to that at 30 min for time-temperature profile B.

32



—_
o
|

Salmonella population (Log CFU/Q)

A B

B 10 min
in
] 30 min
[ 140 min

C D
Temperature profile

Figure 7. Effect of temperature profiles A (55/56.9°C), B (58/60.3°C), C (61/63.3°C) and D

(64/66.7°C) and time (10 min, 20 min, 30 min and 40 min) combinations on Sa/monella

population. DL means detection limit (> 7 log reduction). Data is the means of 3 independent

experiments. Means with different letters are significantly different (p < 0.05).
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Table 4. Log reductions in Sa/monella population influenced by combinations of temperature
profiles A (55/56.9°C), B (58/60.3°C), C (61/63.3°C) and D (64/66.7°C) and time (10 min, 20
min, 30 min and 40 min). Data is the means of 3 independent experiments + standard deviations.

Below detection limit (BDL) indicates >7 reductions in Salmonella population.

Time (min) Salmonella reduction (log CFU/g) corresponding to selected
temperature profiles
A B C D
10 -0.12+£0.17 0.07 +0.08 -0.01 £0.04 0.06 +0.22
20 -0.01 +£0.07 0.60 +0.18 2.18+0.71 3.47+0.49
30 0.51+0.04 3.55+0.15 4.80 +0.57 4.82+1.32
40 2.43+£0.70 4.80+0.39 BDL (>7) BDL (>7)

While it might be challenging to compare the results of this study with other publications
due to differences in products’ physicochemical characteristics and experimental conditions,
other semi-solid foods as well as meat-based products with similar inactivation temperature
ranges can be discussed. Porto-Fett et al. (2019) studied the effect of holding times (3 to 30 min)
and target temperatures (60°C to 73.9°C) on Salmonella inactivation in chicken liver pate cooked
in a water bath. Higher cooking temperatures and longer come-up times, as well as holding times

ensured greater inactivation rates, ranging from 0.3 log CFU/g at 60°C to 4.9 log CFU/g at
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71.1°C. When a water bath was stabilized at 1°C above each target temperature as opposed to
being stabilized at 74.9°C, bacterial reductions showed an increase up to 2.6 log CFU/g due to
longer come-up times. When pate was held for 3 to 30 min after being cooked to target
temperature, there was also an increase in pathogen reduction. The results provide a valuable
combination of treatment temperature and time options for delicate products like pate.

Dhaliwal et al. (2021) worked with the same strain of S. enterica serovar Typhimurium
(ATCC® 13311™) wet inoculated in skim milk powder, equilibrated to aw 0.33 and 0.75 and
treated in thermal death time cells in a 70°C water bath. Samples were taken at 5-minute
increments until 25 min. Snack Pack™ pudding also contains skim milk from concentrate in the
list of ingredients. The bacterial load after thermal treatment was reduced by 0.04 log CFU/g in
aw 0.33 sample and 1.55 log CFU/g in aw 0.75 sample. Higher aw allowed for greater reduction in
pathogen counts, and the study also indicated that S. Typhimurium is less heat resistant than
other serovars used.

Hamilton and Gibson (2023) examined transfer rates of Tulane Virus, Salmonella
Typhimirium and Listeria monocytogenes from the spot inoculated stainless-steel food ink
capsule (syringe) to the extruded in a 3D food printer pure butter, a powdered sugar solution, a
protein powder solution, and a mixture of all three. Sa/monella recovered from printed foods
ranged from 6.5 to 8 log CFU in sugar and butter, respectively, and 7.7 log CFU in the mixture.
Hamilton and Gibson (2023) point out that surface-to-food transfer of pathogens is one of the
most common causes of foodborne illnesses in consumer homes and food service establishments,

therefore, further assessment of pathogen transfer and biofilm formation in 3DFP is needed.
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4.2 Dv and Zy values

Using the microbial population reduction data from the previous section, the Dy values
for temperature profiles A, B, C and D were determined to be 18.18 min, 7.65 min, 4.88 min and
4.93 min, respectively (Table 5). At lower temperatures, microbial inactivation rate was less
compared to higher temperatures. An increase of 6.4°C in the printer temperature in profile C
resulted in a decrease in time for 1 log reduction from 18.9 to 4.88 min compared to profile A.
This 13.3-minute difference is significant considering the stability of heat sensitive nutrients and
quality characteristics of food. The R? value increased with increasing temperature, indicating
that treatment time plays a bigger role at higher temperatures when it comes to reducing
Salmonella population in a food sample (Fig. 9). At temperature profile A the R? value was
0.6556, meaning that other factors account for the variation in Salmonella population at lower
temperatures, such as possible heat resistance at lower temperatures during treatment before the
come-up time was reached. The Dy values of C and D were very similar, unlike the difference
between Dy values of A and B, indicating that Salmonella was more heat sensitive at a lower
temperature range, namely the 56.9-60.3°C range. Fig 8 shows a steep decline of the curve
between 56.9°C and 60.3°C, and a relatively flat curve at 63.3°C and 66.7°C. It’s important to
note that an average come-up time for all temperature profiles (see Table 1) was 24.8 min, with
B having the longest come-up time of 26.4 min and C having the shortest come-up time of 22.5
min. Since a sharp decrease in microbial population happened at 20 min for temperature profiles

C and D, come-up time accounts for most of the inactivation at higher temperatures.
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Table 5. Dy values, slope and R? obtained from linear regression for Salmonella enterica

inoculated into pudding at temperature profiles A (55/56.9°C), B (58/60.3°C), C (61/63.3°C) and

D (64/66.7°C).
Temperature profile Slope Dy-value (min) R?
A -0.05 £0.0231 18.18 0.6556
B -13.08 £ 0.0296 7.65 0.8669
C -0.2049 + 0.0337 4.88 0.9249
D -0.2029 + 0.0286 4.93 0.9437
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Figure 8. Linear regression plots of temperature profiles A (55/56.9°C), B (58/60.3°C), C
(61/63.3°C) and D (64/66.7°C) for pudding during heating+3D printing. Come-up time lines indicate
an average time to reach the set printer temperature. Data points are the means of 3 independent

experiments for each temperature profile.
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Since Dy values are based on non-isothermal conditions and are not true D values, the
actual z-values could not be calculated. Instead, this study used a proxy Zy value to define a

thermal death time at non-isothermal variable conditions (Fig. 9). The Z, value was determined

as 17.09°C, which is the increase in treatment temperature (°C) to reduce the Dy value by 1 log.
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Figure 9. Z, values (temperature increase required for 1 log reduction in Dy value

of S. Typhimurium in pudding during heating + 3D printing) slope and R? value.
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Mirquez-Gonzalez et al. (2022) investigated the effect of thermal treatment on the
inactivation of Salmonella enterica in quesillo, a soft cheese made from raw milk. They used
five different temperatures (48, 54, 60, 65, and 70°C) and specified time intervals for each
individual temperature, ranging from 20 s at 70°C to 10 min at 48°C. The aw of quesillo (0.980 +
0.01) was similar to pudding used in this study (0.996 + 0.003). The experimental conditions
from Marquez-Gonzaélez et al. (2022) included a water bath and constant temperature; hence the
reaction was isothermal and true D-values were calculated. The D-values were comparable to Dy
values for profile A (55/56.9°C) and 54°C, with Dy and D values of 18.18 and 16.05 min,
respectively. D-values for 54°C, 60°C and 65°C exhibited similar intervals to profiles A, B and
C, with overall percentage decrease of 89.9% and 73.2% from the lowest to the higher
temperature. Angelotti et al. (1961) evaluated the effects of 54-66°C treatments in custard on
heat-resistant Sa/monella senftenberg strain 775W and non-heat-resistant Sa/monella manhattan.
The D-values for S. senftenberg and S. manhattan at 60°C were 11.3 and 2.44 respectively, with
z-values calculated to be 12.1 and 14.4. The Dy-value for temperature profile B (58/60.3°C) from
this study fell between both ranges, being determined at 7.65. Angelotti et al. (1961) stated that
determining thermal resistance using D-values is more flexible compared to F-value, because F-
value heavily relies on bacterial concentrations being identical, while D-values allow comparison
and extrapolation of data of various bacterial concentrations. The study also mentioned the term
“lethality during lag” in the context of thermal death time tubes, meaning that bacterial
inactivation happened during the time required for food to reach the target internal temperature.
This is an important point to consider for future work in 3DFP thermal inactivation experiments,
as inactivation might happen before the set temperature is attained, and it will result in poorer

quality characteristics of a printed product.
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Since microbial contamination is one of the biggest contributors to foodborne illnesses, it
is important to consider some mitigation techniques related to 3DFP. Muro-Fraguas et al. (2020)
showed that plasma-polymerized treatments can decrease the amount of biofilm production and
bacterial attachment in 3D printed kitchen tools. This can also be applied to items involved in
3DFP like plastic syringes and rubber stoppers. Baiano (2020) also mentioned coating 3D
printer’s parts with food grade epoxy or resins to avoid bacterial growth in the cracks and
inaccessible parts of the printer. In order to be considered food safe in an industrial setting, FP
need to have a better design, critical control points system needs to be implemented and heating
as a mitigation technique in 3DFP needs to be investigated further, encompassing a wider variety

of pathogens and food products.
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Chapter 5: Finite element analysis results and discussion
5.1 Experimental time-temperature measurements

There were no significant differences between the top quarter, middle and bottom quarter
point of the syringe in the analyzed profile B, meaning the loss of heat through the rubber
stopper or syringe nozzle tip was negligible to affect the heating rates of pudding. Fig. 10
showed that while the come-up temperature of the bottom quarter point slightly overshoots in the
beginning and the top quarter point temperature slightly lags, they both match the middle point
and exhibit lower reached temperatures towards the end. After 10 min of heating, the
temperature for the top, middle and bottom points were 44.8°C, 45.2°C and 46.2°C, respectively,
for the temperature profile B. Since the 44.8-46.2°C range did not influence the Salmonella
population, there was no notable microbial inactivation at that time across all temperature
profiles. Significant bacterial reduction of 3.55 log CFU/g for profile B started at a 30 min mark,
with an average temperature of 58.5°C, increasing it to 4.80 log CFU/g at 59.4°C. Temperature
profiles B, C and D display similar log reduction values of 4.80 log CFU/g at 40 min, 4.80 log
CFU/g at 30 min and 4.82 log CFU/g at 30 min, respectively. These time increments correspond
t0 59.9°C, 62.1°C and 66.1°C, respectively (Table 6), suggesting that the same inactivation can

be achieved at temperatures as low as 59.9°C for a shorter period of 30 min.
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Figure 10. Comparison of the experimentally measured temperature profile B (58/60.3°C)

at the top quarter, middle and bottom quarter points down the centerline of the syringe.

Table 6. Experimentally measured midpoint temperature of pudding in a syringe for temperature
profiles A (55/56.9°C), B (58/60.3°C), C (61/63.3°C) and D (64/66.7°C) at 10 min, 20 min, 30
min and 40 min increments. Data are the means of 3 independent results + standard deviations.

Time (min) Reached middle temperature (°C)
A B C D
10 442 +1.22 452 +1.49 47.7+0.84 49.7+1.17
20 53.4+1.34 554+ 0.54 58.5+0.54 62.8 £1.42
30 56.1+0.58 58.9 £ 0.42 62.1+0.38 66.1+0.72
40 56.7£0.21 59.9+0.34 63.2+0.26 66.8 £0.38




5.2 Finite element analysis generated time-temperature graphs

The gap temperatures were measured to obtain the actual heat transfer temperature values
at the outside of the syringe and were used as time-dependent boundary conditions for the finite
element model. Fig. 12 shows the temperature comparison at the midpoint between the
experimentally measured pudding in the syringe, FEA simulated temperature inside the pudding
in the syringe, and experimentally obtained gap temperature between the plastic syringe and the
printer barrel. The gap temperature data show the heating trend of the outside of the syringe due
to the printer’s electrical heater, with the rapid initial rise in temperature and a slower lagging
curve afterwards. Profiles A and D had a slight dip in the curve when the printer overshot the
temperature, namely, from 47.6°C to 47.3°C at 2 min for profile A and from 59.1°C to 58.7°C at
2.5 min for profile D. The heating rate continued in a smooth manner after that. Profiles B and C
didn’t have a dip, but a small lag instead, namely, 49.5°C at 2 and 2.5 min for profile B and from
49.2°C to 49.4°C at 2.5 min for profile C. Pudding temperature lines had a slight lag in the
beginning but appeared continuously steady afterwards, until a relative plateau towards the end
of the heating process.

FEA simulated temperature results were in good agreement with the experimentally
obtained lines for all temperature profiles. The FEA models for profiles A and B overestimated
the experimentally measured temperature slightly, while C and D were underestimated (with
profile C showing the greatest difference). The highest deviation was 0.46 at 16 min mark for
profile A, 0.48 at 4 min for profile B, 1.36 at 5.5 min for profile C and 0.67 at 9 min for profile
C. There was a trend of increasing deviation before the come-up time was reached and
decreasing deviation towards the end of the heating process. Differences between initial (room)

temperature values at the start of each analysis might be accountable for that.
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Figure 11. Time-temperature graphs comparing experimentally measured interior temperatures
(pudding) and exterior temperatures (gap) with the FEA simulated temperature results for

profiles A (55/56.9°C), B (58/60.3°C), C (61/63.3°C) and D (64/66.7°C).
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Yang and Rao (1998) studied starch gelatinization and compared a thermo-rheological
FEA model of 3.5% cornstarch dispersion in a can with an experimental center of a can time-
temperature profile. Starch-filled cans were subjected to saturated steam at 121°C until the
geometric center temperature was within 1.5°C of 121°C, as measured by type T thermocouple.
The FEA modelling was based on a heat transfer in a 2D cylindrical container using a Fluid
Dynamics Analysis Program at 10 s intervals. Heat penetration data showed that predicted
transient temperatures were overall a good fit with the experimental values. The highest
deviation was shown to be 20% during initial heating, which corresponds with the high deviation
leading up to come-up time for all temperature profiles in this study.

Kiziltas et al. (2010) simulated temperature changes of canned in water peas in a 2D
axisymmetric analysis. The study measured the temperature in the geometric center of the can
(peas) as well as off-center (water) while heated in a vertical retort at 98°C. The comparison
showed that simulation overestimated the temperature in the center by approximately 2°C and
underestimated the temperature on top and bottom of the can by approximately 5°C. The results
from this study displayed a similar pattern, with simulation underestimating the temperature by
maximum of 0.9°C, 1.0°C and 2.7°C for profiles A, B and C, and overestimating the temperature
for profile D by 1.3°C. The variability of the gap temperature measurements was greater than the
interior (pudding) measurements likely due to some variability in how the syringe sat in the
heating barrel. The gap between the syringe and barrel was approximately 0.15 cm, which can
allow for some movement of the thermocouple relative to the inside wall of the heating barrel.
This variability in positioning between replicate tests may be the main cause of the variability in

temperature measurements at the gap.
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5.3 Contour plots

Fig. 12 shows the contour plots (i.e., heat maps) demonstrating the heating rate of the
pudding in the syringe over time. Each contour plot represents a cross-section of the upper half
of the syringe cylinder with the origin placed at the midway point along the cylindrical axis (z-
axis in the figure). Initial heating started from the outside walls of syringe, moving into the
center of the pudding. There was a noticeable visual temperature difference at the 20 min mark
for all temperature profiles, indicating a cold spot. The temperature increased first on the outside
walls of the syringe, heated down to the center, and finally migrated through to the top of the
syringe. There was still uncertainty about the loss of heat through convection at the top, which
requires further experiments closer to the rubber stopper to determine more accurate values.
Rapid temperature increase is more pronounced in profile D due to higher initial temperature,
with the hottest temperature of 66.8°C in the middle of the pudding and the lowest temperature
0f 49.4°C at the top at 50 min.

Kiziltas et al. (2010) also showed the temperature contour plots of canned peas at 30 s
and 300 s, demonstrating the movement of the slowest heating zone from the center of the can
towards the bottom, as natural convection heating was expanding from the top towards the
middle of the can, pushing the cold spot downwards. Shafiekhani et al. (2016) modeled the
pasteurization of canned apple puree in an aluminum-based container via retort. The results of
the predicted (simulated) average temperature values were not significantly (p <0.01) different
from experimental temperature values. The study noted that the slowest heating zone expanded
when there was less headspace in the container, which can be seen in Fig. 12 with the cold spot
located vertically through the cylinder across all temperature profiles.

Overall, numerical modeling is a useful tool to pair with novel technologies like 3DFP. It
allows to study a variety of container shapes and products in a less time consuming and costly
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way than measuring the temperature changes experimentally, like in a case of heat transfer.
Validation of simulation results is important in the initial stages of research, however, once a
protocol is established for a certain food medium and pathogen, a system can be designed to

predict temperature changes and bacterial inactivation across various scenarios.
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Figure 12. Contour plots of the heating rate of the pudding in the syringe upper half over time increments of 30s, 5 min, 10 min, 20

min, 30 min, 40 min and 50 min for temperature profiles A (55/56.9°C), B (58/60.3°C), C (61/63.3°C) and D (64/66.7°C).
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Chapter 6: Conclusions and recommendations
6.1 Summary of key findings

The main objective of this study was to determine the effect of four temperature profiles
(A, B, C and D) and four time (10, 20, 30 and 40 min) combinations on Salmonella inactivation
in a 3DFP high moisture pudding samples. Temperature profiles indicated the set printer
temperature and the actual reached temperature, i.e. A was 55°C/56.9°C, B was 58°C/60.3°C, C
was 61°C/63.3°C and D was 64°C/66.7°C, respectively.

There is limited research related to microbiological safety of 3D printed foods with most
of the studies focusing on printability and qualitative analysis. This study offers an insight into
inactivation of heat sensitive strain S. enterica serovar Typhimurium via heated extrusion of a
commercial RTE pudding in a 3DFP. Significant reductions in Salmonella populations were
achieved with 2-4 log at lower temperatures and longer time combinations, as well higher
temperatures-shorter time combinations. Up to 7 log reductions were observed for temperature
profiles C and D at 40 min treatment time. 10 min treatments time did not affect Salmonella
population for all temperature profiles, indicating some heat resistance of the strain at lower
temperatures. The Dy values were introduced to account for non-isothermal variable printing
conditions and were calculated to be 18.18 min, 7.65 min, 4.88 min and 4.93 min for profiles A,
B, C and D, respectively. Zy was determined to be 17.1°C. Temperature profiles C and D had
similar Dy values, indicating bacterial heat sensitivity at higher temperatures. Since the quality of
food product might be affected at higher temperatures and combinations B-40 and C-30 had the
same log reduction values, it might be beneficial to heat the product for a longer period of time at
a lower temperature. If higher temperature is chosen, profile C was comparable to D in terms of
time needed for 90% reduction of Sal/monella population. Thermal inactivation of S. enterica in

50



3DFP pudding samples was found to be non-linear, so a better fitting model like Weibull should
be used in the future for accurate data fitting. Overall, microbial inactivation results showed that
3DFP with hot extrusion can be used to mitigate pathogens with proper selection of a
temperature-time profile.

Finite element analysis (FEA) modeling was used to supplement obtained
microbiological data. Since there has been limited use of FEA in 3DFP area, this work
demonstrates possible use of numerical model in conjunction with novel technologies for
mitigation of pathogens. The simulation results were validated by experimentally obtained
temperature change values and were overall a good fit. Gap temperature measurements provided
an insight into how the food printer’s heating mechanism works. The contour plots demonstrated
the position of cold spot inside the pudding and its movement upwards, revealing the need for
more accurate measurements of the convection term near the syringe top. Paired with the
inactivation results, FEA can be useful for designing a system of pathogen mitigation during the

3DFP process, possibly extending to more pathogens and food products in the future.

6.2 Recommendations for future research

Areas of future research:

1. Accurate measurements of true D and z-values are needed to better understand the
thermal destruction of Sa/monella in an extrusion-based 3DP featuring a heating element.
Utilizing a Weibull model can provide a better understanding of thermal inactivation
kinetics since the heating process in a 3DFP was non-isothermal.

2. More experimental temperature measurements are required at the top quarter point of the

syringe closer to the rubber stopper to investigate more accurate heat loss via conduction.
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3. The quality of pudding, as well as other extrudable products, might be impacted at higher
temperatures and longer times, therefore, a qualitative analysis is necessary. This is more
crucial in the case of foods fortified or encapsulated with vitamins and bioactive
compounds. Color change measurements, textural and rheological properties like
viscosity and cohesiveness, post-processing stability and vitamin retention are some of
the qualitative tests recommended.

4. Other foodborne pathogens need to be studied in conjunction with a variety of extrudable
food products to expand the field of microbiological safety in 3DFP.

5. Integrating non-thermal technologies like cold plasma for surface decontamination and

sterilization of food printers.
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