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ARTICLE INFO ABSTRACT
Keywords: Organoleptic evaluation plays a crucial role in our perception of food. Our sensory experiences are not solely
3D food printing determined by taste, but rather by the integrated inputs from all of our senses—taste, sight, smell, hearing, and

Additive manufacturing
Laser cooking

Food texturization
Thermal processing
Multi-material

touch. Multi-ingredient food printing is an emerging technology that enables the creation of novel flavors and
unique food combinations. While this technology shows potential for developing customized, nutritious meals
and plant-based meat analogues, it faces challenges in replicating textures that are perceived as ‘crunchy’
or firm, which are key factors influencing consumer acceptance. This study investigates the use of blue (1
= 445 nm), near-infrared (4 = 980 nm), and mid-infrared (4 = 10.6 pm) lasers as thermal processing tools
for texturizing 3D-printed foods in situ. We found that modulating the frequency of laser exposure across
printed layers allows for precise control over elasticity and chewiness throughout the printed product. Firmer
textures were achieved with more frequent laser exposure, and compression testing validated that laser-cooked
samples exhibited peak elasticity at mid strain (5%-10%), while oven-baked samples were firmer at high strain
(20%-30%). Additionally, we demonstrate in situ cooking of a complex, multi-ingredient 3D-printed three
course meal (14 ingredients). Our findings highlight the importance of controlling food texture to enhance the
sensory experience of 3D-printed foods, which remains a critical challenge for broad consumer adoption.

1. Introduction laser cooking aims to meet consumer expectations by replicating the
sensory qualities of traditional cooking while enabling personalization.
Since 2007, additive manufacturing (AM) of food has progressed

from printing with one ingredient (Periard et al., 2007), to printing

Our first impressions of food are heavily influenced by visual aes-
thetic and color (Spence et al., 2022; Suzuki et al., 2017; Tang et al.,

2014), but texture and flavor often play an even more critical role in
determining an individual’s preference for a food product (Pellegrino
and Luckett, 2020; Jeltema et al., 2016). Texture, in particular, is a
key factor (Pellegrino and Luckett, 2020; Christensen, 1984; Jaworska
and Hoffmann, 2008; Wilkinson et al., 2000), which for printed foods,
is largely limited to pastes (Liu et al.,, 2017; Hertafeld et al., 2019;
Blutinger et al., 2021; Zoran, 2019), liquids (De Grood and De Grood,
2013; Willcocks et al., 2011), and powders (Gray, 2010). Due to
the implicit liquid-like flow characteristics of 3D-printable formula-
tions (Cheng et al., 2022; Maldonado-Rosas et al., 2022), controlling
texture for 3D-printed foods is especially important for consumer ac-
ceptance (Huang et al., 2019; Stokes et al., 2013). Foods that exhibit
crunchy, brittle, or firm textures require additional post-processing
after printing (Noort et al., 2017; Renzetti and Jurgens, 2016). Achiev-
ing these textures during printing remains a challenge, driving the
development of innovative technologies like laser cooking (Blutinger
et al., 2018; Fukuchi et al., 2012). With its tunable heating capabilities,

with multiple ingredients (Hertafeld et al., 2019), to printing and
cooking with lasers in tandem (Blutinger et al., 2021, 2023, 2024).
These hardware developments, accompanied by improvements in soft-
ware, have expanded the applications of this technology to include
plant-based meat replication (Meat, 2025; Foods, 2023), medical drug
release (Zhang et al., 2021), customized vitamins (Vitamins, 2025),
cake decorating (Automation, 2025), chocolate printing (Edge, 2021;
Press, 2025), pasta printing (Egbert-Jan et al., 2015), and ice cream
mold-making (Pops, 2022). In each of these applications, desired food
textures are achieved with some form of post processing or food phase-
change due to cooling or heating of the substrate. To achieve variable
texture within the same food product, however, a precise targeted heat
source is required to enable controlled cooking.

One possible solution to this problem is to vary the infill structure to
create a different mouthfeel and perceived texture in the food (Derossi
et al., 2021). Alternatively, thermal processing can be used since—aside
from the nutritional changes that may result—it tends to cause textural
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Table 1

Food formulations for the printed courses, with ingredients grouped by se-
quentially numbered food “inks” (or f.inks). A total of 14 f.ink cartridges were
used for the print.

Course Ingredients by F.ink

Appetizer F.ink 1 (Base): 140 g Carr’s Rosemary Crackers, 2.5
tbs. Butter, 55 g Water

F.ink 2 (Filling): 55 g Just Egg, 225 g Spinach (dried),
225 g Heavy Cream, 8 oz. Mascarpone Cheese

F.ink 3 (Topping 1): 225 g Mushrooms (dried), 30 g
Sour Cream

F.ink 4 (Topping 2): Pinch of Salt

F.ink 5 (Topping 3): Pinch of Pepper

Main F.ink 6 (Base): Cauliflower Dough
F.ink 7 (Filling): Tomato Paste
F.ink 8 (Topping 1): Ricotta Cheese
F.ink 9 (Topping 2): Basil Pesto
F.ink 10 (Topping 3): Parsley Flakes

F.ink 11 (Base): 140 g Graham Crackers (8 sheets), 2.5
tbs. Butter, 85 g Water

F.ink 12 (Filling): Key Lime Pie Filling, 55 g Just Egg,
70 g Water

F.ink 13 (Topping 1): Frosting (green)

F.ink 14 (Topping 2): Whipped Cream

Dessert

and visual changes in foods as well (Almeida and Chang, 2013; Nashat
and Abdullah, 2016; Ahrné et al., 2007). Bulk heating with stovetops,
ovens, or grills do not lend themselves well, however, to printed
foods since their heating is fairly low resolution (Datta and Rakesh,
2013) and cannot be controlled with millimeter precision. Conversely,
lasers offer exceptional versatility as a heating method since they offer
high resolution heating at shallow penetration depths (Blutinger et al.,
2019a,b, 2021) yet the resultant textural changes of laser-heated foods
have not been analyzed.

In this study, we investigate the textural changes in 3D-printed
foods processed with lasers and compare them to conventionally
cooked samples (Supplementary Video 1). Using graham cracker paste
as a model food system, we assess changes in material elasticity caused
by blue lasers (4 = 445 nm), near-infrared lasers (4 = 980 nm), and
mid-infrared lasers (4 = 10.6 pm), alongside an oven-baked reference
sample. Finally, we demonstrate the versatility of 3D food printing and
laser processing by designing, printing, and cooking a full-course meal
consisting of 14 unique ingredients (Supplementary Video 2)—as far as
the authors are aware, the most ingredients ever printed in a single food
product, surpassing the previous record set in prior work (Blutinger
et al., 2023).

2. Materials & methods
2.1. Sample preparation

All ingredients used for printing were sourced from a local bodega
(Appletree Market, New York City, USA) or a grocery store (Whole
Foods Market, Austin, Texas, USA) and prepared using either a Food
Processor (Cuisinart, Stamford, Connecticut, USA) or high-powered
Blender (Vitamix, Olmsted Falls, USA). Table 1 provides an itemized
list of the ingredients for each of the three courses. A total of 14 unique
food “inks”—also referred to as f.inks—(pastes and powders) were used
for this print.

The appetizer was inspired by a quiche. The crust was created with
a mixture of 140 g of Rosemary Crackers (Carr’s, Carlisle, United King-
dom), 2.5 tbs. of butter, and 55 g of water. These were blended in a food
processor until a creamy texture was achieved. The internal mixture
consisted of 55 g of Just Egg (Eat Just, San Francisco, California, USA),
a vegan alternative to regular eggs, blended with fresh spinach and
heavy cream; this mixture needed to be blended until the spinach fibers
were broken down to prevent nozzle clogging. Mascarpone (cheese)
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was the final ingredient added to this mixture. This mixture was used as
a filling, which rested in the laser-crusted exterior. The residual liquid
from a handful of white mushrooms was mixed into sour cream and
dolloped atop the structure, along with a pinch of salt and pepper.

Gluten-rich ingredients can often be difficult to extrude due to their
elasticity, which is why we opted for an organic cauliflower dough
(Navitas, Novato, California, USA) as the base for our main course
(inspired by a pizza). Additionally, a recipe using fresh mozzarella was
attempted, but it was difficult to extrude due to clumping. Ingredient
toppings used in the final print included tomato paste, ricotta (cheese),
basil-pesto, and parsley flakes.

Our printed dessert was inspired by a key lime pie. The crust
followed the same recipe as the quiche crust, substituting Honey Maid
Graham Crackers (Nabisco, East Hanover, New Jersey, USA) for the
Rosemary Crackers to give it a sweeter taste. A Key Lime Pie Filling
mixture (Dr. Oetker, Bielefeld, Germany), combined with Just Egg and
water, was used to create the filling layers, based on the recipe from
the dessert mix. Freshly whipped cream and some green frosting was
used to make the intricate lime pattern atop the filling.

2.2. Food design

Similar to conventional cooking, a successful 3D-printed food de-
sign considers many factors, such as structure, aesthetics, and flavor
profiles. The motivation behind our 3-course meal was to showcase a
variety of ingredients that can be printed, while creating foods that
look appetizing and palatable. The printed courses were inspired by
a spinach-mushroom quiche (appetizer), a margherita pizza (main),
and a key lime pie (dessert). Each course was chosen for its variety
of ingredient textures, compositions, colors, and flavors. Fig. 1 shows
the CAD assembly design of the full print.

Typical additive manufacturing (AM) requires support material to
achieve complex three-dimensional structures. Conversely, food AM
designs must consider food rheology and viscoelastic properties for
structural stability (Blutinger et al., 2023). To print with softer ingre-
dients, such as jellies or pudding, we found success with dish designs
that use stronger materials to first create a structure into which the
softer ingredients are deposited. The quiche portion of our design uses
a savory cracker paste to form a bowl shape with a 45° inner taper.
The paste is then cooked with a blue laser (41 = 445 nm) to stiffen its
structure. Once the cracker-paste crust is printed, the softer spinach-
cheese-egg mixture is deposited onto it. Fig. 1 shows an exploded
CAD view of the quiche layers. Note that in the actual print, the egg,
spinach, and mascarpone are combined into a variegated mixture to
better resemble a traditional quiche dish.

The margherita pizza and key lime pie are designed with a similar
philosophy. The pizza uses dough to create a shallow cavity for the
tomato sauce filling. The cheese topping layered on top also has built-
in cavities to hold tomato dollops. The structure and layering give the
pizza a more natural appearance in the final print.

Similar to the quiche, the key lime pie uses a sweet cracker paste for
the crust. The layer frequency of laser cooking allows us to control the
texture of the crust, making it soft or chewy depending on the cooking
process. For example, if the crust is laser-cooked after each printed
layer, it will be chewier than if it is cooked every two or three layers.
The key lime pie filling also exhibited better cohesive strength than the
quiche mixture, and the crust was designed to be open on two sides,
more closely resembling a traditional pie slice.

2.3. Printing and cooking apparatus

An off-the-shelf Cartesian screw gantry was purchased (Alibaba
Group, Hangzhou, China) and retrofitted with a custom-designed ex-
trusion head and tool rack for the automated swapping of ingredient
cartridges. All motion axes were driven by ClearPath brushless ser-
vomotors (Teknic, Inc., Victor, New York, USA) and controlled by a
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Fig. 1. Computer-aided design models of the 3-course meal. The upper image presents an exploded view of the fully assembled course below. The (a) appetizer
consists of a (1) savory crust, (2) spinach-egg cream mixture, (3) mushroom-sour cream, (4) salt and (5) pepper. The (b) main course included (6) dough, (7)
tomato paste, (8) ricotta, (9) pesto, and (10) parsley. The (c) dessert includes a (11) sweet crust, (12) key lime filling, (13) frosting, and (14) whipped cream.

Duet 2 WiFi board, an open source hardware platform used to drive
3D printers. Our extruder accommodates custom-printed cartridges that
house a 30 mL syringe barrel (PN: 7012134) and a 14-gauge flexible
nozzle tip (PN: 7018052).

Cooking was carried out with a variable power blue laser (similar
to the one used by Blutinger et al. (2021)). The power for the blue laser
was set to 5 W for all of the experiments. Two other lasers were used
for the texture analysis trials: (1) a near-infrared (NIR) laser operating
at a wavelength of 980 nm and a power of 8 W, and (2) a mid-infrared
(MIR) laser operating at 10.6 pm and a power of 8 W.

2.4. Texture analyzer

Similar to our custom food printer, we used another off-the-shelf
Cartesian screw gantry (Alibaba Group, Hangzhou, China) with cus-
tom hardware to create a high-fidelity compression testing machine.
This machine features a 3-axis force gauge (PN: FNZ-20N) and load
cell amplifier (PN:LC3A(-10-10 V)-24 V) (Forsentek Co., Hangzhou,
China) to capture texture data on food samples. Information from
the load cell is recorded via USB Data Acquisition (USB-6009) (Na-
tional Instruments, Austin, Texas, USA) and read directly into MATLAB
(Mathworks, Natick, Massachusetts, USA) for efficient data capture.

A custom laser-cut mount was designed for the load cell to accom-
modate various attachments for “poking” food products for texture
analysis. Using a 1/8” in stainless steel dowel rod as an end-effector
for the load cell, we crafted a 10 mm diameter circular attachment to
place at the end of this rod. The flat circular attachment was 3D-printed
out of PLA (visible in Fig. 2a) and mounted to the pushing dowel.

2.5. Compression testing

Graham cracker paste (Ink 11 from Table 1) was selected to in-
vestigate laser-induced textural changes. Rectangular samples (approx-
imately 50 mm x 20 mm X 10 mm) were 3D-printed and served
as test specimens for compression analysis. Each sample underwent
three separate compression tests, spaced 15 mm apart (center-to-center)
to avoid any overlap or interference from previous tests. The laser
wavelength and layer frequency were varied for each exposure to assess
their impact on textural properties. All experiments were conducted in
triplicate to ensure reproducibility, producing three identical samples
for comparison and analysis. Fig. 2a shows a food sample before and
after compress ion testing.

2.6. Machine calibration

Various known masses (10 g to 1 kg) were fixed to the end of the
poking tool and the voltage reading was measured. This was done for
each of the axes. The X and Y axes required the use of a pulley system
such that the force created by the masses was at a right angle to the Z
axis. A linear regression was performed on the captured voltage data
at distinct force measurements and converted into equations for each
axis of motion (Egs. (1), (2), and (3)). This allowed us to determine the
force applied by the load cell based on a given voltage.

V,+1.32
V= 132 O+ % ) €h)
(V, +1.35)
y= y0.382 &)
(V414D
270483 ®

2.7. Data processing

Raw data from the load cell came in the form of a continuous data
stream of force in the X, Y, and Z direction. Additionally, output from
a limit switch was recorded that was triggered each time the load
cell was moving downward to engage with the food sample. Because
the machine is “open-loop”, this piece of information was crucial for
determining the thickness and extent of the strain exhibited by the food
sample for each sampling.

Various scripts were written to gather elasticity data from the com-
pression analysis. Force data was captured in all three axes of motion,
but the Z axis information was used primarily to calculate the local
Young’s modulus (Eq. (4)). As soon as the force changed by some user-
inputted threshold, this point was registered as /, and F = 0. From this
point forward, an increase in force was registered as strain progressed
linearly in the Z axis. The area (A) corresponds to the pushing arm
circle.

o F/A

T T Bl @

2.8. Statistical analysis
To evaluate the mechanical differences between different thermal

processing methods, we analyzed the Young’s modulus of the various
methods across four distinct regions (2%-5%, 5%-10%, 10%—-20%,
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Fig. 2. Compression analysis and thermal processing schematic. a A 3D-printed graham cracker sample before (left) and after (right) compression testing. b A
3D model of the graham cracker sample showing a cross-sectional cut (blue shaded plane). Each cross-sectional cut from b is shown with the approximate heat
distribution (shown in red) from (c¢) oven heating, (d) laser heating every layer, (e) laser heating every two layers, and (f) laser heating every three layers.

and 20%-30% strain) using a one-way ANOVA followed by Tukey’s
HSD post-hoc test. Each thermal processing method was repeated in
triplicate using printed food models (n = 3), and within each sample,
three compressive tests were conducted at different locations to account
for spatial heterogeneity (Fig. 2). Results from the ANOVA test showed
statistically significant differences across cooking methods in all four
strain regions (p < 0.0001 for each), indicating that cooking method has
a measurable impact on elasticity. Additionally, the one-way ANOVA
proved that repeated trials of the same cooking test on different food
models revealed no significant differences among samples that were
cooked using the same heating conditions.

3. Results and discussion

Thermal processing of dough products often induces textural
changes (Faridi and Faubion, 2012), which vary depending on exposure
time and the depth of heat penetration. As part of our comparative
analysis, we exposed graham cracker paste to blue light, near-infrared
(NIR) light, and mid-infrared (MIR) light at varying levels of exposure.
For each laser type, scan patterns and speeds were kept constant,
while the interval of layers between cooking cycles was adjusted. This
modulation of layer intervals enabled precise control over the textural
properties of the 3D-printed food structures while ensuring relatively
uniform heat distribution.

3.1. Laser-induced food texturization

Baseline measurements indicated that raw, 3D-printed graham
cracker samples exhibited an elasticity range of 2-17 kPa across all
strain regions (Table 2). These raw samples were stiffer at lower strains
and softer at higher strains (Fig. 3H and I). Although dehydration
slightly increased stiffness, it did not significantly alter mechanical
properties. However, heating caused a distinct shift in these patterns.
Oven-baked samples displayed a progressive increase in stiffness with
strain, reaching a maximum elasticity of 245.1 kPa at high strain levels
(20%-30%). These samples, baked at 365°F for 10 min in a convective
toaster oven, experienced sufficient dehydration and stiffening. This
pronounced increase in E suggests robust structural reinforcement due
to starch cross-linking, protein denaturation, and sugar carameliza-
tion (Mondal and Datta, 2008; Scanlon and Zghal, 2001). Collectively,
these processes yield a more rigid and homogeneous structure resistant
to deformation.

In the low to moderate strain range (2%-20%), laser-cooked gra-
ham cracker samples achieved stiffness values comparable to oven-
baked counterparts. Notably, at strains below 10%, laser processing
demonstrated particularly high stiffness, though this may be partially
attributed to differences in oven settings used during comparative
tests. More broadly, the highest stiffness for laser-cooked samples was
observed in the mid-strain region (5%-10%), potentially due to more
evenly distributed layer heating.

Oven-based heat propagation differs fundamentally from irradiated
heat within additively manufactured food products (Datta and Rakesh,
2013) (illustrated in Fig. 2). Oven heating primarily relies on hot-air
convection and is controlled by two main variables—temperature and
time—to achieve the desired level of “doneness”. In contrast, laser
cooking offers multi-dimensional thermal control, allowing for the pre-
cise tuning of parameters such as power, exposure time, cooking path,
wavelength, laser flux, and—specific to this context—layer frequency.
Limitations in laser cooking heat penetration depth can be mitigated
by adjusting the frequency of laser-cooked layers, as depicted in Fig. 2.

3.2. Energy thresholds for food texturization

For the strain regions measured, there was a direct correlation
between total energy input and the elastic modulus, particularly for
laser-cooked samples. A clear energy threshold appears to be nec-
essary to induce significant structural changes, such as stiffening or
cross-linking. “Noticeable textural changes” were defined as a fivefold
increase in elasticity compared to the raw food product (control). For
low to moderate strain, a total energy input of >3 kJ was required to
achieve such changes, while high strain levels necessitated upwards of
4 kJ. These findings are visualized in Fig. 4, which presents distilled
data from Table 2.

To further illustrate these thresholds, we classified the laser cooking
trials into three energy categories: low energy (0-2 kJ), moderate en-
ergy (2.1-4 kJ), and high energy (4.1-6 kJ). Low energy trials resulted
in minimal structural changes, likely due to insufficient energy to initi-
ate significant cross-linking or dehydration. Moderate energy exposure
promoted structural reinforcement, with stiffness increases observed
predominantly in the low and mid-strain regions, likely due to localized
cross-linking and dehydration. High energy trials exhibited pronounced
increases in stiffness across all strain regions, peaking in the mid-
strain range. The observed decrease in elasticity at higher strains may
indicate a dominance of localized stiffening (e.g., crust formation) that
is insufficient to maintain rigidity under high deformation.
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Table 2

Local elasticity (Young’s modulus, E) measurements for different strain regions, obtained via compression testing using a 10 mm diameter probe. Graham cracker
samples experienced mild plastic deformation during testing. The color of the laser light as well as the frequency of the cook cycles is noted in the left column
(e.g., “Blue per 3L” denotes that a blue laser was used every three print layers). For the samples listed as “Raw”, the time denotes how long they were left
out before testing. Standard error (SE) measurements are calculated from the error in the slope calculations for ‘E. As a more useful means of comparison, laser

processing methods are organized in order of increasing total laser energy supplied to the food sample.

Thermal processing Total laser Low strain Mid strain Moderate strain High strain
method energy (2%-5%) (5%-10%) (10%-20%) (20%-30%)
[kJ] E [kPa] SE [kPa] E [kPa] SE [kPa] E [kPa] SE [kPa] E [kPa] SE [kPa]
Raw, 15 min - 12.6 0.10 8.3 0.08 4.7 0.03 2.4 0.02
Raw, 30 min - 16.8 0.13 10.5 0.07 5.4 0.05 2.4 0.02
Oven - 43.9 0.99 109.1 0.79 197.5 0.97 245.1 0.15
MIR on top L 1.0 7.4 0.01 7.97 0.01 5.7 0.02 6.7 0.08
Blue per 3L 2.0 30.6 0.05 31.9 0.02 25.7 0.09 18.5 0.10
Blue per 2L 2.6 46.9 0.37 56.1 0.06 51.9 0.24 35.0 0.13
NIR per 3L 3.1 82.0 0.80 106.7 0.07 73.4 0.50 19.4 0.39
NIR per 2L 4.2 98.5 1.40 157.4 0.15 112.9 0.62 44.8 0.44
Blue per 1L 5.9 148.7 2.38 204.6 0.97 196.8 0.63 131.2 0.32
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Fig. 3. Stress-strain data from compression testing of thermally processed food samples with a graham cracker structure subjected to various cooking methods.
Results are presented for: a blue laser applied in increments of (A) three layers, (B) two layers, and (C) one layer; an NIR laser applied in increments of (D) three
layers and (E) two layers; an (F) MIR laser applied to the top surface; and (G) a convection oven. Additionally, raw control samples were tested after being left
out for (H) 15 min and (I) 30 min. The shaded regions around each curve represent the 95% confidence interval, with darker regions indicating segments where

more data contributed to the calculation.

These energy thresholds are highly dependent on the geometry of
the food sample being cooked. Considering the rectangular shape of the
bar (Fig. 2b), with an approximate total volume of 9.1 x 10~® m3, and
the energy requirements for pronounced food texturization (3-4 kJ),
the calculated requirement for texturization is approximately 330-440
MJ/m?3. Additionally, the laser parameters differed slightly across trials,
with the MIR and NIR lasers operating at 8 W and the blue laser at
5 W. Variations in beam flux and wavelength could also influence the
efficiency of laser-induced textural changes.

Oven-cooked samples, likely exposed to higher total energy inputs,
exhibited much greater stiffness across all strain regions. This is poten-
tially due to the uniform heating provided by convective oven heating
over a longer duration, facilitating more extensive cross-linking and
moisture loss. Fig. 2c illustrates heat dispersion in an oven-cooked
sample, compared to Fig. 2d, e, and f, which depict heat dispersion from

laser cooking. These differences in thermal propagation likely account
for the observed disparities in elasticity across strain regions.

Despite delivering highly localized energy, pulsed heating often
results in less uniform textural changes because the energy is con-
centrated on selective printed layers and may not penetrate deeply
enough to achieve the same degree of textural transformation. While
laser-irradiated food may exhibit lower stiffness than oven-baked food
in certain strain regions, laser processing nevertheless demonstrates
significant increases in elasticity with relatively small increases in
energy input.

3.3. Practical demonstration: printing a three-course meal
Up to this point, our investigation of laser cooking technology

has focused on texturization using single-ingredient printing. However,
to fully explore its potential applications, we extended this work to
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Fig. 4. Elasticity as a function of total laser energy. Icons are colored based
on the laser that was used for cooking at the particular total energy (visible in
the legend below the graph). The dotted orange lines mark the strain regions
for oven-cooked samples, which can be used as a reference.

a practical demonstration by designing and assembling a fully 3D-
printed, selectively cooked three-course meal (Fig. 5). This meal was
composed of 14 distinct food formulations, or “f.inks”, as detailed in
Table 1. Except for three solid ingredients (salt, pepper, and parsley),
all f.inks were prepared as pastes. Drawing inspiration from previous
work (Blutinger et al., 2023), we strategically arranged the ingredients
to optimize structural stability and functionality. Thicker f.inks served
as foundational elements for crusts and exterior supports, while softer,
shear-thinning formulations were utilized as fillings to enhance layering
and cohesion.

Visual perception of the printed food is a critical factor for consumer
acceptance of this technology (Spence et al., 2022). Earlier iterations of
the three-course meal featured extruded circular bites stacked and lay-
ered in a way that obscured distinctions between courses (Supplemen-
tary Video 2). For example, respondents in a casual survey struggled to
differentiate the quiche-inspired appetizer from the ratatouille-inspired
main course. While vibrant colors can evoke associations with healthy
ingredients (Spence et al., 2022), the visual appeal and flavor of the
printed food must also align with consumer expectations. Additionally,
portion size was a key consideration; the earlier designs were overly
large and lacked the visual engagement achieved by the final design
(Fig. 5), which divides a circular format into distinct thirds for each
course.

A notable advantage of in situ thermal processing of 3D-printed
foods is the ability to retain the shape of softer ingredients after
cooking (Zhang et al., 2022). Raw printed ingredients tend to deform
as successive layers are deposited, as shown in Fig. 6a and b, where the
graham cracker paste visibly sags without cooking. The weight of upper
layers often causes lower layers to buckle or bulge under stress (Cheng
et al., 2023; Zhu et al., 2019). However, tandem laser cooking on a
multi-layer basis induces sufficient stiffening of ingredients, allowing
them to maintain their structural integrity and shape during printing
(Fig. 6¢ and d). This feature provides greater design flexibility, enabling
the creation of complex and visually appealing food geometries.

Another valuable feature of laser cooking is the ability to selectively
cook specific layers while leaving other components raw (Blutinger
et al,, 2024). This selective processing enables the fortification of
certain elements of a printed structure to ensure that the final product
adheres to its digital twin. Additionally, laser-cooked food exhibits
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minimal shape changes post-cooking, an attribute previously observed
with mid-infrared lasers in similar contexts (Blutinger et al., 2019a).

3.4. Limitations and future work

A few inherent limitations of this study pertain to the laser cooking
apparatus, the model food system used for experimentation, and the
overall study design. First, the time-intensive nature of each cooking
trial made testing all samples in triplicate a laborious task. Conse-
quently, we prioritized repeated trials across a narrow range of thermal
processing conditions, rather than a broad exploration of laser pa-
rameters with singular cooking trials. Second, the use of a single
model food system limits the extensibility of the observed laser-induced
textural changes to other foods. Ingredients with differing macro- and
micronutrient compositions may exhibit substantially different thermal
responses, particularly in terms of texture development. Third, the
geometry of the printed food plays a critical role in radiative and
conductive heat transfer during cooking. Designs with thinner cross-
sectional areas or varying infill densities may respond differently under
equivalent thermal conditions. Last, this study did not include sensory
or consumer testing. Since consumer acceptance of novel food tech-
nologies—such as laser cooking—is pivotal for broader adoption, future
work must incorporate organoleptic evaluation.

Consumer preferences for food mouthfeel can be very subjective
(Jeltema et al., 2016). Laser-based texturization techniques would
therefore benefit from integration with sensory panels to optimize
cooking parameters according to user-centric preferences. The abil-
ity to customize food texture may enhance palatability and increase
consumer willingness to consume novel or reformulated foods as a
result (Kamei et al., 2024). Tailored texture control could have wide-
reaching implications: improving the mouthfeel of softer foods to ad-
dress sensory or functional deficits, enabling greater culinary creativity
through spatially localized texture variation, and offering an alter-
native to bulk thermal processing methods that may reduce nutrient
degradation.

Lasers are already recognized as a viable thermal processing method
for achieving targeted texture, non-enzymatic browning (Blutinger
et al., 2019a; Chen et al.,, 2019), and internal temperature control
(Blutinger et al., 2021); but the nutritional implications of laser cooked
foods remain largely unexplored. Understanding nutrient retention in
lased foods is a critical next step—not only for informing consumer
trust and regulatory guidance, but also for optimizing food quality and
shelf-life. Future investigations could explore how ingredient compo-
sition (e.g., fat content, water activity, particle size) influences laser
absorption and resultant texture; develop physics-based models to sim-
ulate the structural changes induced by laser exposure; and implement
closed-loop systems using thermal imaging to dynamically adjust laser
parameters and deliver user-defined texture profiles in real time.

4. Conclusions

Developing an appetizing and visually engaging 3D-printed meal is
a multidimensional challenge, requiring the careful integration of all
five senses into a single food item. While visual appeal may entice
consumers, it is the flavor and texture that leave a lasting impression.
These sensory elements must therefore be meticulously tailored to
individual preferences to maximize satisfaction.

In this study, we have demonstrated the texturization capabilities of
laser cooking technology and compared it to oven baking as a thermal
processing method. Although textural development varied across strain
regions, we successfully showcased the selective cooking potential of
laser processing by employing different wavelengths of light and expo-
sure levels. This research establishes a benchmark for future studies on
selective cooking and food texturization, where further investigation is
required.
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Fig. 5. A 3D-printed 14-ingredient 3-course meal. a, b Isometric view and top view of the final printed meal, respectively. ¢, d Isometric and top view of the

computer-generated digital rendering, respectively.

Fig. 6. Effects of laser cooking on the geometry of graham cracker crust. a, b Side and top view of raw 3D-printed graham cracker paste, respectively. ¢, d Side
and top view of 3D-printed key lime with in situ laser cooking via blue laser for the graham cracker layers, respectively.

Notably, laser cooking offers a unique advantage in fortifying 3D-
printed food structures during cooking, helping to preserve the integrity
of the intended digital twin. Combining laser cooking with a bulk
heating source, such as convection or conduction, may yield a more
versatile cooking process, enabling customizable Maillard browning
and precise textural expression. This hybrid approach holds promise
for advancing the design and culinary potential of 3D-printed foods.
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