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 A B S T R A C T

Institutional dining halls increasingly serve plant-based meat products, yet it remains unclear how consumers 
perceive these products relative to animal-based options in real-world settings. This study compares consumer 
sensory perceptions of two plant-based meatballs (soy, soy-wheat) and two animal-based meatballs (beef, beef–
mushroom) among university dining hall patrons (𝑛 = 116), complemented by instrumental Texture Profile 
Analysis. Animal-based meatballs received significantly higher ratings for moistness, meatiness, fattiness, and 
tastiness (all 𝑝 < 0.001), with the meatiness gap being the largest (𝛥 = 1.40 on a 5-point scale). Texture 
analysis revealed that animal-based samples were significantly harder, more cohesive, and chewier than plant-
based samples. In contrast, consumers perceived no differences in chewiness or hardness between categories, 
revealing a disconnect between instrumental and sensory measures. Just-About-Right penalty analysis identified 
insufficient savoriness as a universal improvement target across all products, including beef. Flavor and texture 
emerged as the dominant drivers of dining choice, while sustainability and animal welfare ranked lowest in 
importance. These findings suggest that sensory parity – particularly in moistness, meatiness, and savoriness 
– may drive acceptance of plant-based meat more strongly than sustainability messaging. Data and code are 
available at https://github.com/LivingMatterLab/AI4Food.
 

1. Introduction

The global plant-based meat market was valued at approximately 
6.1 billion (USD) in retail sales in 2024, with the United States repre-
senting the largest single market at $1.2B (Good Food Institute, 2025). 
Despite this substantial market size, plant-based meat and seafood 
account for only 1.7% of total US retail packaged meat dollar sales, and 
household penetration has stabilized at approximately 13% (Good Food 
Institute, 2025). US retail sales declined 7% in 2024 (SPINS Retail Data, 
2025), raising questions about whether sensory quality limitations are 
constraining broader adoption (Peacock, 2026).

Plant-based meat alternatives are designed to replicate the sensory 
experience of conventional meat products, yet achieving sensory parity 
remains a significant technical challenge (He et al., 2020; Kumari 
et al., 2024). Plant-based products are frequently perceived as failing to 
meet the expectations set by ‘‘tastes like meat’’ marketing, particularly 
among flexitarian consumers who still consume traditional animal-
based foods (Fiorentini et al., 2023). The sensory gap is especially 
pronounced for texture (van den Bedem et al., 2026): plant-based prod-
ucts are generally softer and less chewy than animal-derived meats, and 
replicating the fibrous, anisotropic protein structure of muscle tissue 
remains difficult using plant proteins (McClements & Grossmann, 2021; 
St. Pierre & Kuhl, 2024a).
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University dining halls represent a strategically important context 
for plant-based meat adoption. Approximately 14% of Gen Z con-
sumers actively limit meat consumption, and young adults aged 18–24 
demonstrate higher openness to plant-based alternatives compared to 
older demographics (Bryant, 2019; Green et al., 2026). However, most 
existing sensory research on plant-based meat has been conducted in 
controlled laboratory conditions rather than real-world dining envi-
ronments (Bakhsh et al., 2021; Fiorentini et al., 2023). Additionally, 
all-you-can-eat meal plans remove fiscal barriers to choosing healthier, 
more expensive food options (Strong et al., 2008).

Texture is a critical determinant of meat acceptability (Kuhl, 2025). 
Texture Profile Analysis (TPA) provides objective instrumental mea-
sures of mechanical properties including hardness, cohesiveness,
springiness, and chewiness (Bourne, 2002). Plant-based meat alterna-
tives consistently exhibit lower hardness and chewiness than animal-
derived counterparts in TPA studies, but it is unclear to what extent 
these instrumental differences translate to consumer perception (Bakhsh
et al., 2021; Kamani et al., 2023). Using small untrained tasting groups 
(𝑛 = 16–18), we have previously found that sensory brittleness is 
correlated with mechanical stiffness in deli slices (St. Pierre et al., 
2025) and sensory hardness is associated with mechanical stiffness 
in minced meat products (St. Pierre et al., 2024b) and fungi-based 
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Fig. 1. Dining hall sensory survey and texture profile analysis. Left: Four 
meatball products with a small serving of pasta and labeled with flags for 
Soy (1), Soy-Wheat (2), Beef (3), and Beef-Mushroom (4) meatballs. Right: 
A cylindrical 8 mm by 10 mm meatball sample during double-compression 
testing in the rheometer.

steaks (Vervenne et al., 2025). Understanding the relationship between 
instrumental texture properties and consumer perceptions is essential 
for guiding product development (Datta et al., 2026).

The Just-About-Right (JAR) scale methodology identifies specific 
product attributes requiring reformulation by quantifying the impact 
of attribute deviations on overall liking (Rothman & Parker, 2009). 
This diagnostic approach is particularly valuable for comparing mul-
tiple products and prioritizing improvement opportunities based on 
actionable penalties. Consumer food choices are influenced by multiple 
factors beyond sensory properties, including health perceptions, envi-
ronmental concerns, familiarity, and social context (Onwezen et al., 
2021). Students in university dining settings respond more favorably 
to plant-forward dishes presented by taste-focused labels rather than 
health-focused or basic labels (Turnwald et al., 2019). The relative 
importance of hedonic versus ethical factors in real-world dining hall 
settings has not been systematically quantified.

The objective of this study is to quantify sensory and mechanical gaps 
between plant-based and animal-based meatballs and identify attributes that 
limit consumer adoption.

We compared consumer sensory perceptions of plant-based and 
animal-based meatballs in a university dining setting, characterized in-
strumental texture properties using TPA, and examined their correspon-
dence with consumer perception. We then identified product-specific 
reformulation priorities through JAR penalty analysis and assessed the 
relative importance of hedonic, health, and ethical factors in dining hall 
food choices.

2. Materials and methods

2.1. Participants

We recruited participants from a dining hall at Stanford University 
during regular meal service. Inclusion criteria were: (i) age 18 years 
or older, (ii) current dining hall access, and (iii) no allergies to soy or 
pea protein. Stanford University Institutional Review Board approved 
the study (eProtocol #82951) classified as exempt under taste and 
food quality evaluation (45 CFR 46.104(d)(6)). Participants provided 
electronic informed consent via Qualtrics and received a $10 gift card 
upon survey completion.

2.2. Meatball products

We evaluated four meatball products, two plant-based formulations 
labeled as Soy and Soy-Wheat, and two animal-based formulations 
labeled as Beef and Beef-Mushroom (Table  1). The Soy and Soy-Wheat 
2 
Table 1
Meatball products. This study evaluated two plant-based and two animal 
meatballs listed with product information and ingredients.
 Product Ingredients  
 Soy   
 Impossible Meatballs 
(Impossible Foods, Inc., 
Redwood City, CA)

Water, soy protein concentrate, sunflower oil, 
coconut oil, 2% or less of: methylcellulose, 
dried onion, dried garlic, soy protein isolate, 
yeast extract, spices, food starch modified, 
natural flavors, cultured dextrose, salt, dextrose, 
soy leghemoglobin, citric acid, hydrolyzed soy 
protein, mixed tocopherols (antioxidant), 
L-tryptophan, vitamins and minerals.

 

 Soy-Wheat   
 Gardein Meatless 
Meatballs (Conagra 
Brands, Chicago, IL)

Water, textured soy protein concentrate, canola 
oil, vital wheat gluten, soy protein isolate, 
enriched wheat flour (wheat flour, niacin, 
reduced iron, thiamine mononitrate, riboflavin, 
folic acid), 2% or less of: methylcellulose, yeast 
extract, onion powder, salt, barley malt extract, 
spices, garlic powder, sugar, fennel, natural 
flavors, crushed red pepper, yeast.

 

 Beef   
 American Wagyu Beef 
(Snake River Farms, 
Boise, ID)

American Wagyu Beef coarse-grind beef, 80/20 
lean-to-fat ratio.

 

 Beef-Mushroom   
 Beef-Mushroom Blend 
Meatballs (prepared 
in-house)

45% Australian lean beef, 20% mushroom, 
25% breadcrumbs, 10% egg (by weight).

 

meatballs represent leading commercial brands with different pro-
tein bases. The Beef-Mushroom meatball is prepared in-house by the 
Stanford Dining Halls and commonly served on campus.

2.3. Sample preparation

Culinary staff prepared all meatballs according to manufacturer 
package instructions (plant-based products) or standard institutional 
preparation protocols (beef products). Plant-based meatballs were
baked at 190 ◦C for 18–20 min. Beef meatballs were formed to approx-
imately 30 g portions and baked at 180 ◦C until internal temperature 
reached 74 ◦C. Samples were served warm and offered with optional 
pasta accompaniments, consistent with typical dining hall presentation 
(Fig.  1, left). We labeled all meatballs with colored and numbered flags 
to comply with standard university labeling of vegetarian/vegan dishes 
and to facilitate rapid product identification while maintaining brand 
anonymity. We also displayed all allergens.

2.4. Consumer sensory evaluation

2.4.1. Procedure
We collected data during a single lunch service period. We kept 

all four meatball samples on warming plates and served them simul-
taneously in a single bowl with a small amount of pasta in addition 
to regular dining options. We invited participants who selected the 
meatball samples to participate via table signage that displayed a QR 
code linked to the survey. The survey proceeded in the following order: 
(1) demographics and dietary habits, (2) Meat Attachment Question-
naire, (3) sequential sensory evaluation of each meatball with attribute 
ratings and JAR scales, (4) dining hall choice factor importance ratings, 
and (5) open-ended feedback. Participants completed the survey on 
personal mobile devices while consuming the samples. A total of 𝑛 =
116 participants completed the survey for all four meatballs.
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2.4.2. Sensory attribute ratings
Participants rated each meatball on eight sensory attributes using 

5-point category scales (Lawless & Heymann, 2010): chewiness (1 = 
breaks down instantly; 5 = requires repeated chewing), hardness (1 = 
extremely soft; 5 = very hard), moistness (1 = very dry; 5 = very juicy), 
fibrousness (1 = completely uniform; 5 = clear directional fibers), 
meatiness (1 = no resemblance to meat; 5 = very close to real meat), 
fattiness (1 = not fatty at all; 5 = very fatty), tastiness (1 = very 
unpleasant; 5 = delicious), and softness (1 = very hard; 5 = extremely 
soft). We selected these attributes in line with prior literature that 
identified key textural attributes (Nishinari & Fang, 2018; Szczesniak, 
2002), key sensory attributes (Onwezen et al., 2021), and overall 
hedonic response such as tastiness.

2.4.3. Just-About-Right analysis
For each meatball, participants rated five attributes on 3-point 

Just-About-Right scales: moistness, chewiness, savoriness, fattiness, and 
fibrousness (1 = not enough, 2 = just about right, 3 = too much). We 
selected a 3-point scale, because it directly identifies actionable product 
improvement directions (too much/not enough), and its simplicity 
reduces respondent burden in a real-world dining context.

2.4.4. Meat Attachment Questionnaire
We assessed psychological attachment to meat using the 5-item 

subset of the Meat Attachment Questionnaire (MAQ) focused on de-
pendence on meat (Graça et al., 2015). The questions are: (1) I don’t 
picture myself without eating meat regularly, (2) if I couldn’t eat meat 
I would feel weak, (3) I would feel fine with a meatless diet [reverse-
scored], (4) if I was forced to stop eating meat I would feel weak, and 
(5) meat is irreplaceable in my diet. Items were rated on 5-point Likert 
scales (1 = strongly disagree; 5 = strongly agree). The composite score 
was computed as the mean of all five items.

2.4.5. Choice factor importance
Participants rated the importance of eight factors in their typical 

dining hall food choices using visual analog sliders (0–100): flavor, 
texture, health/nutrition, social/cultural norms, climate sustainability, 
animal welfare, familiarity/comfort, and availability. We adapted these 
factors from prior research on plant-based meat choice motivation and 
tailored them to a university dining hall context (Estell et al., 2021; 
Onwezen et al., 2021; Szenderák et al., 2022).

2.5. Texture profile analysis

We prepared 𝑛=10 samples per meatball type. We extracted the 
cores of each meatball and used an 8 mm diameter biopsy punch to 
create a total of 𝑛=40 cylindrical samples with approximately 10 mm 
height. Instrumental texture analysis was conducted using a Discovery 
HR 20 Rheometer (TA Instruments, New Castle, DE) (Fig.  1, right). 
Cooked meatballs were equilibrated to room temperature (22 ± 1◦C) 
prior to analysis. Each sample was compressed twice to 50% of its 
original height at a strain rate, 𝜆̇, of 25%/s in loading and unloading 
resulting in a total test time of 8 s.

From the recorded force-time curves, we calculated six TPA pa-
rameters: stiffness [N/mm], hardness [N], cohesiveness, springiness, 
resilience, and chewiness [N] (St. Pierre & Kuhl, 2024a). Three samples 
were excluded from analysis due to slippage during testing. Following 
standard definitions (Bourne, 1978; Friedman et al., 1963), we denote 
the peak forces of the first and second loading cycles as 𝐹1 and 𝐹2, 
the associated loading times as 𝑡1 and 𝑡2, the areas under their loading 
paths as 𝐴1 and 𝐴3, and the areas under their unloading paths as 𝐴2 and 
𝐴4 (Dunne et al., 2025). From these characteristic values, we extract 
six texture profile analysis parameters (Nishinari et al., 2013): The 
stiffness 𝐸 = 𝜎∕𝜀 refers to the slope of the stress–strain curve during 
the first compression. The hardness 𝐹1 is the peak force during the first 
compression cycle. The cohesiveness (𝐴 + 𝐴 )∕(𝐴 + 𝐴 ) characterizes 
3 4 1 2

3 
Table 2
Participant demographics. The study population were predominantly young 
adults with balanced gender representation (𝑛 = 116).
 Characteristic n % Characteristic n %

 Age Gender

  18–24 111 95.7  Male 60 51.7
  25–34 1 0.9  Female 55 47.4
 > 34 4 3.4  Non-binary 1 0.9

 Ethnicity Diet Type
  Asian 53 45.7  Omnivore 109 94.0
  White 20 17.2  Flexitarian 5 4.3
  Hispanic/Latino 18 15.5  Pescatarian 2 1.7
  Other/Multiracial 25 21.6  Vegetarian 0 0.0

 Meat Dependence  
  Mean (SD) 4.03/5 (0.80)

the material integrity during the second loading and unloading cycle 
compared to the first. The springiness 𝑡2∕𝑡1 describes how much the 
material springs back to its original state after the second cycle com-
pared to the first. The resilience 𝐴2∕𝐴1 measures how well a sample 
recovers between the first unloading and loading paths. The chewiness 
𝐹1 (𝐴3 + 𝐴4)∕(𝐴1 + 𝐴2) 𝑡2∕𝑡1, is the product of hardness, cohesiveness, 
and springiness.

2.6. Statistical analysis

We conducted all analyses using custom Python scripts. We set 
the significance threshold to 𝛼 = 0.05 for omnibus tests. For post-
hoc pairwise comparisons, we applied Bonferroni correction (adjusted 
𝛼 = 0.0083 for 6 comparisons). We used Friedman’s test for repeated-
measures comparisons across the four meatballs and reported the effect 
size as Kendall’s 𝑊 . Pairwise comparisons used Wilcoxon signed-rank 
tests with effect size 𝑟 = 𝑍∕

√

𝑁 . Between-group comparisons used 
Mann–Whitney 𝑈 tests (2 groups) or Kruskal–Wallis 𝐻 tests (> 2
groups). We used Kendall’s 𝜏 for correlations. Mean-drop analysis fol-
lowed industry-standard protocols (Rothman & Parker, 2009), with 
penalties ≥ 0.50 on the 5-point Tastiness scale flagged as actionable. 
We used one-way ANOVA with Tukey HSD post-hoc tests to compare 
TPA parameters across the four products.

We used penalty analysis to quantify the impact of attribute devia-
tions on overall liking by calculating the mean drop in the dependent 
variable, tastiness, when an attribute deviates from ‘‘just about right’’. 
For each attribute, the penalty equals the difference between the mean 
tastiness rating among respondents who rated the attribute ‘‘just about 
right’’ and the mean tastiness rating among those who rated it ‘‘not 
enough’’ or ‘‘too much’’. Larger penalties indicate that the deviation 
more strongly diminishes overall product acceptance, and make that 
attribute a higher priority for reformulation. We defined actionable 
deviations as penalties ≥ 0.50 on the 5-point tastiness scale with 𝑝 <
0.05, following standard thresholds (Rothman & Parker, 2009).

3. Results

3.1. Participant characteristics

Table  2 reveals demographic information and dietary habits of the 
participants in our dining hall study. The sample was predominantly 
young adults aged 18-24 (96%) with balanced gender representation. 
Most participants identified as omnivores (94%). Notably, our partici-
pants had a high average Meat Dependence score, 4.03/5, indicating a 
strong dependence on meat in their diets.
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Fig. 2. Individual sensory profiles of plant-based and animal-based meat-
balls. Radar charts display mean consumer ratings (1–5 scale) for eight sensory 
attributes – moistness, hardness, chewiness, softness, tastiness, fattiness, meati-
ness, and fibrousness – for Soy (top left), Soy-Wheat (top right), 100% Beef 
(bottom left), and Beef-Mushroom (bottom right) meatballs. Values represent 
mean ratings across all participants (𝑛 = 116).

3.2. Consumer sensory attribute ratings

Fig.  2 and Table  3 show the mean sensory ratings on a 5-point 
Likert scale for Soy, Soy-Wheat, Beef, and Beef-Mushroom meatballs. 
The four meatballs showed significant differences in all eight sensory 
attributes (Friedman’s test; all 𝑝 < 0.001). Effect sizes ranged from small 
(𝑊 = 0.12–0.24) to medium (𝑊 = 0.32–0.38), with hardness showing 
the strongest differentiation.

The Beef meatball received the highest overall ratings across all 
sensory categories: moistness, hardness, chewiness, softness, tastiness, 
fattiness, meatiness, and fibrousness. Beef-Mushroom scored similarly 
in almost all categories, except for meatiness, where it scored lower (4.4 
vs. 3.9), although not significantly so. In contrast, Soy and Soy-Wheat 
meatballs received significantly lower scores for meatiness, fattiness, 
and tastiness with a gap of approximately 1 full point. Soy-Wheat was 
the highest rated for chewiness and hardness, while Soy was the highest 
rated for softness. Post-hoc pairwise comparisons revealed substantial 
sensory differences between the two plant-based products: Soy-Wheat 
was rated significantly harder (3.6 vs. 2.4; 𝑝 < 0.001) and chewier (3.8 
vs. 2.6; 𝑝 < 0.001) than Soy.

Fig.  3 compares participants’ ratings for animal vs. plant meatballs 
across all eight sensory categories. We calculated each participant’s 
difference score as 𝛥 = (Soy + Soy-Wheat) - (Beef  + Beef-Mushroom). 
Chewiness shows a balanced distribution of ratings with 41% of par-
ticipants rating the animal meatballs chewier and 41% rating the plant 
meatballs chewier; 18% of participants have no difference in scores. 
Hardness, softness, and fibrousness also have mixed scores between 
higher animal and higher plant and large percentages of participants 
rating no difference at 25%, 26%, and 22%, respectively. In contrast, 
moistness, meatiness, fattiness, and tastiness all skew strongly toward 
higher animal scores than plant, with 71%, 83%, 84%, and 77% of 
participants giving the animal meatballs higher scores, respectively. 
These sensory categories also have the lowest proportion of participants 
rating no difference between the animal and plant meatballs at 11% or 
under.
4 
Table 3
Consumer sensory ratings and instrumental textureparameters. Sensory 
attributes rated on 1–5 scale; TPA parameters shown as mean ± SD. Values 
with different superscript letters within rows are significantly different 
(𝑝 < 0.05).
 Parameter Soy Soy-Wheat Beef Beef-Mushroom  
 Consumer Sensory Ratings (1–5 scale)
 Chewiness 2.58𝑎 3.79𝑏 3.44𝑏 3.05𝑎𝑏  
 Hardness 2.36𝑎 3.56𝑏 3.03𝑏 2.91𝑎𝑏  
 Moistness 2.78𝑎𝑏 2.04𝑎 3.25𝑏 3.27𝑏  
 Fibrousness 2.77𝑎 3.28𝑎𝑏 3.43𝑏 3.08𝑎𝑏  
 Meatiness 2.77𝑎 2.72𝑎 4.41𝑏 3.87𝑏  
 Fattiness 2.43𝑎 2.07𝑎 3.40𝑏 3.42𝑏  
 Tastiness 2.75𝑎 2.34𝑎 3.46𝑏 3.51𝑏  
 Softness 3.21𝑏 2.42𝑎 3.03𝑎𝑏 3.09𝑏  
 Instrumental TPA Parameters
 Hardness (N) 1.14 ± 0.22𝑏 1.41 ± 0.60𝑏 2.31 ± 0.78𝑎 2.56 ± 0.69𝑎  
 Stiffness (kPa) 45.4 ± 8.8𝑏 56.2 ± 23.9𝑏 91.7 ± 30.9𝑎 101.7 ± 27.5𝑎 
 Cohesiveness 0.29 ± 0.05𝑏 0.32 ± 0.07𝑏 0.43 ± 0.09𝑎 0.43 ± 0.06𝑎  
 Springiness 0.27 ± 0.06𝑏 0.34 ± 0.09𝑏 0.55 ± 0.11𝑎 0.52 ± 0.05𝑎  
 Resilience 0.22 ± 0.03𝑏 0.27 ± 0.04𝑏 0.37 ± 0.04𝑎 0.40 ± 0.07𝑎  
 Chewiness (N) 0.09 ± 0.03𝑏 0.19 ± 0.17𝑏 0.56 ± 0.26𝑎 0.57 ± 0.19𝑎  

3.3. Just-About-Right penalty analysis

Fig.  4 shows the Just-About-Right sensory profiles for Soy, Soy-
Wheat, Beef, and Beef-Mushroom meatballs. The diverging bar charts 
reveals when an attribute, fibrousness, fattiness, savoriness, chewiness, 
or moistness is either ‘‘not enough’’ or ‘‘too much’’. The percentage of 
respondents who rated each attribute ‘‘just about right’’ is listed above 
each bar. A perfect meatball would have a ‘‘just about right’’ rating of 
100% represented by a line down each chart.

The Soy-Wheat meatball has the largest absolute deviations from 
‘‘just about right’’ across fattiness, savoriness, chewiness, and moist-
ness, with fattiness, savoriness, and moistness being rated ‘‘not enough’’ 
and chewiness ‘‘too much’’. Soy has the largest absolute deviation in 
fibrousness with 31% of responders rating it ‘‘not enough’’. Soy is rated 
across-the-board as having predominantly not enough of all sensory 
attributes, while the three other meatballs have a mix between not 
enough and too much for different attributes.

Insufficient savoriness was penalized across both plant- and animal-
based meatballs, with tastiness penalties ranging from 0.71 for Soy-
Wheat to 1.36 for Beef, indicating that respondents who rated sa-
voriness as ‘‘not enough’’ gave tastiness scores approximately 0.7–1.4 
points lower than those who found savoriness ‘‘just about right’’. Soy-
Wheat showed bidirectional chewiness penalties for both ‘‘not enough’’ 
and ‘‘too much’’, suggesting inconsistent texture perception across con-
sumers. The Beef meatball exhibited the largest penalties overall, in-
dicating that while it received higher absolute tastiness ratings, de-
viations from optimal attribute levels had a proportionally greater 
negative impact on its acceptance.

3.4. Texture profile analysis

To assess the quantitative mechanical attributes of the four meat-
balls, we tested 8 mm diameter by approximately 10 mm high samples 
with double compressions up to 50% strain at 25%/s (Fig.  5, left). All 
meatballs showed highly reproducible force-time curves with relatively 
small standard deviations between samples. The Beef-Mushroom and 
Beef meatballs exhibit qualitatively similar curves, in shades of red, as 
do the Soy-Wheat and Soy, in shades of blue.

Using texture profile analysis, we extract stiffness, hardness, co-
hesiveness, springiness, resilience, and chewiness from the force-time 
curves. The bar plots confirm the visual similarity between the Beef-
Mushroom and Beef and between the Soy-Wheat and Soy (Fig.  5, 
right). Beef-Mushroom is the stiffest meatball at 101.7 kPa, then Beef 
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Fig. 3. Distribution of differences in sensory rankings for animal vs. plant meatballs. The difference score for each participant (𝑛 = 116) is the sum of their 
Soy and Soy-Wheat scores minus the sum of their Beef and Beef-Mushroom scores for each sensory attribute. Red bars indicate higher scores for animal meatballs, 
blue bars indicate higher scores for plant meatballs, and the white bar indicates no difference in scores between animal and plant meatballs. Annotations show 
the total percentage of people in each category: higher animal scores (red), no difference (gray), higher plant scores (blue).
Fig. 4. Just-About-Right (JAR) sensory attribute profiles for plant-based and animal-based meatballs. Diverging bar charts display the percentage of 
consumer responses (𝑛=116) rating each sensory attribute as ‘‘not enough’’ (left) or ‘‘too much’’ (right) for Soy (top left), Soy-Wheat (bottom left), Beef (top 
right), and Beef-Mushroom (bottom right) meatballs. The JAR percentage (responses rating the attribute as ‘‘just about right’’) is annotated at the center of each 
bar.
at 91.7 kPa, followed by Soy-Wheat at 56.2 kPa, and Soy at 45.4 kPa
(Table  3). Chewiness, which is the product of hardness, cohesive-
ness, and springiness, reveals the largest gap between meatballs: Beef-
Mushroom has a chewiness of 0.57 N, Beef 0.56 N, Soy-Wheat 0.19 N, 
and Soy 0.09 N. Notably, the two beef products in dark red and light 
red are nearly two times higher in stiffness, hardness, and springiness, 
and almost three times higher in chewiness, than the two plant-based 
products in dark blue and light blue. In fact, statistical analysis reveals 
that for all six texture parameters, the two beef meatballs are signifi-
cantly different than the two plant meatballs (𝑝 < 0.05), but there are 
no differences within each category of beef vs. plant.
5 
3.5. Texture-sensory correlation analysis

To examine the relationship between consumer sensory perceptions 
and instrumental texture measurements, we computed Kendall’s rank 
correlations, 𝜏, between the eight sensory attribute ratings (Fig.  2) 
and the six texture profile analysis parameters (Fig.  5). A value of 
𝜏 = 0 indicates that instrumental measurement product rankings do 
not correlate with sensory ratings, a value of 𝜏 = −1 indicates perfect 
negative correlation, and a value of 𝜏 = +1 indicates perfect positive 
correlation. Direct comparisons between sensory and instrumental mea-
sures of the same attribute revealed no monotonic relationships (Fig.  6): 
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Fig. 5. Texture profile analysis force-time curves and resulting parameters. Left plot: Force-time curves from double-compression tests at a loading rate of 
25%/s up to 50% strain Beef, Beef-Mushroom, Soy-Wheat, and Soy meatballs (𝑛 = 37). Curves and shaded regions represent the mean and standard deviations 
for each meatball type. Bar plots represent mean stiffness, hardness, cohesiveness, springiness, resilience, and chewiness from force-time curves. Different letters 
annotated above the bar plots denote significantly different means with 𝑝 < 0.05.
Fig. 6. Kendall’s 𝜏 rank correlations between texture profile analysis and 
sensory perception parameters. Kendall’s rank correlation, 𝜏, is computed 
for the ordered results from Figs.  2 and 5 of Beef, Beef-Mushroom, Soy, 
and Soy-Wheat meatballs ranging from dark red, 𝜏 = +1, perfect positive 
correlation, to dark blue, 𝜏 = −1, perfect negative correlation.

Mechanical hardness did not predict sensory hardness (𝜏 = 0.00, 𝑝 =
1.00), and mechanical chewiness did not predict sensory chewiness (𝜏
= 0.00, 𝑝 = 1.00). This disconnect was most apparent when comparing 
across categories: the two beef meatballs had approximately twice the 
instrumental hardness of plant-based samples (2.3–2.6 N vs 1.1–1.4 N), 
yet consumers did not perceive a proportional difference in sensory 
hardness ratings.

In contrast, most texture parameters showed moderate-to-strong 
positive associations with perceived meatiness (𝜏 = +0.33 to +0.67). 
Hardness, stiffness, springiness, and resilience each showed 𝜏 = +0.67 
with meatiness, indicating that in 4 of 6 pairwise product comparisons, 
higher instrumental values corresponded to higher meatiness ratings. 
Texture parameters showed similarly consistent associations with per-
ceived fattiness and tastiness (𝜏 = +0.55 to +0.67). However, none 
of these correlations reached statistical significance. With only 𝑛 = 
4 products, Kendall’s 𝜏 requires perfect monotonic agreement (| 𝜏 | = 
1.0) to achieve p < 0.05. The strong Pearson correlations reported in 
exploratory analyses (r > 0.90) likely reflect the influence of the large 
gap between animal and plant-based products rather than a robust 
monotonic trend across all four products. These findings should be 
interpreted as suggestive patterns and require replication with larger 
sample sizes to confirm.
6 
Fig. 7. Factors influencing the choice between animal and plant-based 
meat in the dining hall. Participants (𝑛 = 116) rated the importance of eight 
factors (flavor, texture, familiarity/comfort, health/nutrition, availability, cli-
mate sustainability, animal welfare, social/cultural norms) using a sliding-scale 
[0–100] for each factor. The mean importance rating is plotted from highest 
to lowest importance factor.

3.6. Choice factor importance

Participants rated how eight different factors influence their choices 
between animal and plant-based meats in the dining hall on a scale 
between 0–100 (Fig.  7). The participants prioritized these dining hall 
choice factors significantly differently (Friedman 𝜒2(7) = 313.07, 𝑝 <
0.001, Kendall’s 𝑊 = 0.349. Flavor and texture are rated as the 
most important factors when choosing between animal and plant-based 
options with mean importance scores of (82/100) and (65/100). Famil-
iarity/comfort, health/nutrition, and availability all received moderate 
average importance scores at (60/100), (53/100), and (50/100). Inter-
estingly, climate sustainability (28/100), animal welfare (25/100), and 
social/cultural norms (24/100), are rated much lower than the other 
five factors.

3.7. Demographic and individual difference analyses

Meat attachment scores and tastiness ratings were not significantly 
correlated for any product (all 𝑝 > 0.05). Males rated Soy-Wheat 
significantly higher than females (𝑈 = 2496.0, 𝑝 = 0.015, 𝑟 = 0.24). 
We did not find any other gender differences.

Ethnicity did not significantly correlate with tastiness ratings of any 
product (Kruskal–Wallis, all 𝑝 > 0.35). Diet type (omnivore vs. non-
omnivore) did not significantly predict tastiness ratings (all 𝑝 > 0.30). 
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Neither plant-based dining frequency nor self-reported percentage of 
plant-based diet correlated with tastiness ratings (all 𝑝 > 0.20). Choice 
factor importance ratings (flavor, texture, health, sustainability, animal 
welfare, familiarity, availability) showed minimal correlations with 
sensory attribute ratings (Spearman | 𝜌 | < 0.25, 7.8% significant at p <
0.05), indicating that food choice priorities did not systematically bias 
their sensory evaluations.

3.8. Qualitative findings

We identified common trends in participant comments using the-
matic analysis (𝑛 = 98 participants provided comments): The themes 
mentioned most frequently were flavor/taste (𝑛 = 39 responses), spe-
cific dish suggestions (𝑛 = 37), texture concerns (𝑛 = 15), tofu 
preference (𝑛 = 14) and meat-like quality (𝑛 = 12). The sentiment was 
predominantly constructive, with participants offering suggestions for 
product improvement and dining hall variety.

4. Discussion

This study provides a comprehensive comparison of two plant-based 
and two animal-based meatballs using both consumer sensory evalua-
tion in a naturalistic university dining setting and instrumental texture 
analysis in the lab. The findings reveal persistent sensory gaps between 
product categories while identifying specific improvement priorities for 
both plant-based and animal-based formulations.
Animal meatballs outperform plant meatballs in key sensory at-
tributes. The meatiness gap (𝛥 = 1.40 on a 5-point scale, 𝑝 < 0.001) 
reveals the largest difference, consistent with evidence that meatiness 
replication remains the most challenging aspect of plant-based meat 
development (Kumari et al., 2024). Clear expectations set by ‘‘tastes 
like meat’’ marketing are often not fulfilled, particularly among flexi-
tarian consumers (Fiorentini et al., 2023), a finding our data support 
given the predominantly omnivorous sample (89.8%). The moistness 
gap (𝛥 = 0.85) aligns with mechanistic research which shows that 
plant proteins lack the water-binding capacity of animal myofibrillar 
proteins (McClements & Grossmann, 2021). For example, in a recent 
blinded restaurant survey, a bean burger received significantly lower 
moisture ratings than the Big Mac (9% vs. 32%) and was perceived as 
significantly more dry (51% vs 18%) (Tac et al., 2026). Moisture release 
during mastication differs fundamentally between soy-based and meat-
based products due to differences in protein network structure (Sha 
& Xiong, 2020). Our Just-About-Right data show that the two plant-
based meatballs were perceived as less moist compared to the two 
animal-based meatballs (all 𝑝 < 0.001).

Texture has a variable impact on consumer acceptance. Substan-
tial variation existed within the plant-based category. Soy and Soy-
Wheat differed dramatically in texture perception, with Soy-Wheat 
rated significantly harder and chewier (effect size 𝑟 = 0.76). This 
heterogeneity reflects the diverse formulation approaches in the mar-
ket: Soy uses heme-containing soy leghemoglobin with high-moisture 
extrusion, while Soy-Wheat employs a soy-wheat protein blend with 
different processing parameters (He et al., 2020). These results caution 
against treating ‘‘plant-based meat’’ as a monolithic category in sensory 
research. The two animal products, despite differing in composition 
(Beef vs. Beef-Mushroom), did not differ significantly on most consumer 
measures. This finding has practical implications for Beef-Mushroom 
meat products that seek to reduce meat content while maintaining 
consumer acceptance, consistent with evidence that mushroom-beef 
blends up to 30% substitution maintain sensory equivalence to plain 
beef patties (Mylan et al., 2023).
Mechanical features fail to predict sensory features. Consumer-
perceived chewiness and hardness did not differ significantly between 
plant and animal categories despite substantial instrumental differ-
ences. This finding parallels recent work which found that trained 
7 
panelists reported smaller differences in plant and animal texture fea-
tures than instrumental measures (Bakhsh et al., 2021). This disconnect 
suggests that consumers integrate multiple sensory inputs beyond me-
chanical resistance—including moisture release, particle breakdown, 
and temperature-dependent changes during mastication. Consumer rat-
ings showed no category difference for perceived chewiness or hard-
ness. Exploratory correlation analysis quantified this disconnect: TPA 
hardness did not predict sensory hardness (Kendall’s 𝜏 = 0.00, 𝑝 = 1.00), 
and TPA chewiness did not predict sensory chewiness (𝜏 = 0.00, 𝑝 =
1.00). The Soy-Wheat product exemplified this paradox, ranking among 
the lowest in instrumental hardness (1.41 N) yet highest in consumer-
perceived hardness (3.56/5). Strikingly, while TPA parameters failed 
to predict their corresponding sensory attributes, they showed consis-
tent positive associations with perceived meatiness. TPA springiness, 
cohesiveness, chewiness, and hardness all showed Kendall’s 𝜏 = +0.67 
with meatiness ratings, indicating that in most pairwise product com-
parisons, higher instrumental values corresponded to higher meatiness 
perception. While further studies with other products are needed to 
increase correlation power, this pattern suggests that mechanical tex-
ture properties contribute to the holistic perception of ‘‘meat-likeness’’ 
rather than mapping directly onto discrete sensory descriptors.
None of the meatballs were savory enough. JAR penalty anal-
ysis revealed that insufficient savoriness penalized tastiness ratings 
across all four products (penalties 0.71–1.36 points), including both 
animal-based formulations. The savoriness deficit was actually larger 
for the Beef meatball (penalty = 1.36) than for either plant-based 
product. For dining hall operations, this implies that sauce accompani-
ments, seasoning adjustments, or umami-enhancing ingredients (mush-
rooms, fermented soy, nutritional yeast) could benefit all meatball 
offerings. These changes may be more actionable than protein-source 
modifications.

Flavor and texture win over sustainability. Participants prioritized 
flavor (mean importance = 83/100) and texture (66/100) over sustain-
ability (28/100) and animal welfare (25/100). This hierarchy aligns 
with evidence that while ethical concerns increase willingness to try 
alternative proteins, sensory properties remain the primary determi-
nant of repeat consumption (Onwezen et al., 2021). These findings 
have direct implications for university food service strategy. Students 
respond more favorably to dishes presented with taste-focused labels 
than to dishes presented with health-focused labels. The relatively 
low importance ratings for sustainability and animal welfare suggest 
that ethical messaging alone is unlikely to drive adoption among this 
population.

Limitations. Several limitations warrant consideration. The study pop-
ulation is homogeneous (96% aged 18–24, predominantly Stanford 
undergraduate students) which may limit generalizability to broader 
food service populations. The real-world dining setting introduces un-
controlled variability (accompaniments, hunger state, social context, 
self-selection bias) that laboratory studies avoid, although this design 
choice prioritizes ecological validity. The labeling with green and red 
flags maintains product anonymity but does signal protein category, 
which may have introduced expectation bias. Texture profile analysis at 
room temperature, rather than serving temperature, could affect abso-
lute values, although relative comparisons likely remain valid. Finally, 
the cross-sectional design cannot address whether repeated exposure 
would reduce the observed sensory gaps through familiarization effects.
Implications. For plant-based product developers, our data suggest 
prioritizing sensory improvements in moistness and meatiness over 
other texture modifications. In contrast to our measured instrumental 
texture differences, our sensory results suggest that perceived texture 
parity has already been achieved in all four meatballs of our study. For 
institutional food service, three actionable recommendations emerge: 
(i) enhancing savoriness across all meatball offerings through seasoning 
or sauce modifications, (ii) positioning plant-based options by culinary 
attributes rather than meatless status, and (iii) recognizing that sen-
sory quality improvements are likely more effective than sustainability 
messaging for driving adoption among young adult diners.
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5. Conclusion

This study suggests that plant-based meatballs remain distinguish-
able from animal-based counterparts in a university dining setting, with 
significant gaps in perceived moistness, meatiness, fattiness, and tasti-
ness. Instrumental texture analysis confirmed differences in mechani-
cal features, although these differences did not map one-to-one onto 
consumer-perceived features such as hardness or chewiness. Among 
young adult university diners, hedonic factors dominated food choice 
over ethical considerations. Insufficient savoriness emerged as a uni-
versal improvement target across all four products of this study. These 
findings provide specific guidance for both plant-based product refor-
mulation and institutional food service operations that seek to imple-
ment healthier food options.

CRediT authorship contribution statement

Skyler R. St. Pierre: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Supervision, Methodology, Investiga-
tion, Funding acquisition, Formal analysis, Data curation, Conceptu-
alization. Aeneas O. Koosis: Writing – review & editing, Writing 
– original draft, Visualization, Methodology, Formal analysis, Data 
curation. Nancy Zhang: Writing – review & editing, Methodology, Con-
ceptualization. Ellen Kuhl: Writing – review & editing, Methodology, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgments

We thank Andrew Mayne and the dining hall staff at Stanford Uni-
versity for their assistance with sample preparation and data collection. 
This work was supported by the Stanford Plant-Based Diet Initiative. In 
addition, SS was supported by the NSF Graduate Research Fellowship, 
by the Stanford DARE Fellowship, AK by the Stanford Doerr School 
of Sustainability Accelerator, NZ by the Bio-X Summer Undergraduate 
Research Program, and EK by a Stanford Bio-X Snack Grant, by the NSF 
CMMI grant 2320933, and by the ERC Advanced Grant 101141626.

Data availability

Data and code are available at https://github.com/LivingMatterLa
b/AI4Food.

References

Bakhsh, A., Lee, S. J., Lee, E. Y., Hwang, Y. H., & Joo, S. T. (2021). Evaluation of 
rheological and sensory characteristics of plant-based meat analogs. Food Science 
of Animal Resources, 41(4), 614–625.

van den Bedem, S. D., Kuhl, E., & Cotto, D. (2026). Open-source benchmarking 
of plant-based and animal meats. http://dx.doi.org/10.48550/arXiv.2603.03370, 
arXiv.

Bourne, M. (1978). Texture profile analysis. Food Technology, 32, 62–67.
Bourne, M. C. (2002). Food texture and viscosity: concept and measurement (2nd ed.). 

Academic Press.
Bryant, C. J. (2019). We can’t keep meating like this: attitudes towards vegetarian and 

vegan diets in the United Kingdom. Sustainability, 11(23), 6844.
Datta, B., Buehler, M. J., Chow, Y., Gligoric, K., Jurafsky, D., Kaplan, D. L., Ledesma-

Amaro, R., Del Missier, G., Neidhardt, L., Pichara, K., Sanchez-Lengeling, B., 
Schlangen, M., St. Pierre, S. R., Tagkopoulos, I., Thomas, A., Watson, N., & Kuhl, E. 
(2026). Artificial intelligence for food innovation. Nature Food.

Dunne, R. A., Darwin, E. C., Perez Medina, V. A., Levenston, M. E., St. Pierre, S. R., & 
Kuhl, E. (2025). Texture profile analysis and rheology of plant-based and animal 
meat. Food Research International, 205, 115876.
8 
Estell, M. A., Hughes, J., & Grafenauer, S. (2021). Plant protein and plant-based 
meat alternatives: consumer and nutrition professional attitudes and perceptions. 
Sustainability, 13(3), 1478.

Fiorentini, M., Kinchla, A. J., & Nolden, A. A. (2023). Sensory properties and consumer 
acceptance of plant-based meat, dairy, fish and eggs analogs: A systematic review. 
Frontiers in Sustainable Food Systems, 7, Article 1268068.

Friedman, H. H., Whitney, J. E., & Szczesniak, A. (1963). The texturometer–a new 
instrument for objective texture measurement. Journal of Food Science, 28, 390–395.

Good Food Institute (2025). 2024 state of the industry report: plant-based 
meat, seafood, eggs, and dairy. Available at: https://gfi.org/resource/state-of-the-
industry-report/.

Graça, J., Calheiros, M. M., & Oliveira, A. (2015). Attached to meat? (dis)willingness 
and moral obligations. Appetite, 95, 522–529.

Green, S. A., Smith, B., & Mathur, M. B. (2026). Meaningfully reducing consumption of 
meat and animal products is an unsolved problem: A meta-analysis. Appetite, 216, 
Article 108233.

He, J., Evans, N. M., Liu, H., & Shao, S. (2020). A review of research on plant-based 
meat alternatives: Driving forces, history, manufacturing, and consumer attitudes. 
Comprehensive Reviews in Food Science and Food Safety, 19(5), 2639–2656.

Kamani, M. H., Meera, M. S., Bhaskar, N., & Modi, V. K. (2023). Texture profile 
analysis of homogenized meat and plant-based patties. International Journal of Food 
Properties, 26(1), 2166–2179.

Kuhl, E. (2025). AI for food: accelerating and democratizing discovery and innovation. 
npj Science of Food, 9, 82.

Kumari, S., Kaur, B. P., Kurmude, Y., & Samota, M. K. (2024). Sensory evaluation 
of plant-based meat: Bridging the gap with animal meat, challenges and future 
prospects. Foods, 13(1), 108.

Lawless, H. T., & Heymann, H. (2010). Sensory evaluation of food: principles and practices 
(2nd ed.). Springer.

McClements, D. J., & Grossmann, L. (2021). A brief review of the science behind the 
design of healthy and sustainable plant-based foods. npj Science of Food, 5(1), 17.

Mylan, J., Andrews, J., Maye, D., & Sherwood, J. (2023). Consumer acceptance of 
blended meat products: A critical review. Meat Science, 198, Article 109101.

Nishinari, K., & Fang, Y. (2018). Perception and measurement of food texture: Solid 
foods. Journal of Texture Studies, 49, 160–201.

Nishinari, K., Kohyama, K., Kumagai, H., Funami, T., & Bourne, M. (2013). Parameters 
of texture profile analysis. Food Science and Technology Research, 19, 519–521.

Onwezen, M. C., Bouwman, E. P., Reinders, M. J., & Dagevos, H. (2021). A systematic 
review on consumer acceptance of alternative proteins: Pulses, algae, insects, 
plant-based meat alternatives, and cultured meat. Appetite, 159, Article 105058.

Peacock, J. R. (2026). Price-, taste-, and convenience-competitive plant-based meat 
analogues would not currently replace the majority of meat consumption: A 
narrative review. Appetite, 216, Article 108301.

Rothman, L., & Parker, M. J. (2009). Just-About-Right (JAR) scales: design, usage, benefits, 
and risks. ASTM International.

Sha, L., & Xiong, Y. L. (2020). Plant protein-based alternatives of reconstructed meat: 
Science, technology, and challenges. Trends in Food Science & Technology, 102, 
51–61.

SPINS Retail Data (2025). Plant-based meat sales trends in u. s. retail. Avail-
able at: https://www.spins.com/resources/report/the-evolution-of-plant-based-the-
next-wave/.

St. Pierre, S. R., Darwin, E. C., Adil, D., Aviles, M. C., Date, A., Dunne, R. A., Lall, Y., 
Parra Vallecillo, M., Perez Medina, V. A., Linka, K., Levenston, M. E., & Kuhl, E. 
(2024b). The mechanical and sensory signature of plant-based and animal meat. 
Npj Science of Food, 8, 94.

St. Pierre, S. R., & Kuhl, E. (2024a). Mimicking mechanics: a comparison of meat and 
meat analogs. Foods, 13.

St. Pierre, S. R., Somersille Sibley, L., Tran, S., Tran, V., Darwin, E. C., & Kuhl, E. 
(2025). Biaxial testing and sensory texture evaluation of plant-based and animal 
deli meat. Current Research in Food Science, 10, 101080.

Strong, K. A., Parks, S. L., Anderson, E., Winett, R., & Davy, B. M. (2008). Weight gain 
prevention: identifying theory-based targets for health behavior change in young 
adults. Journal of the American Dietetic Association, 108(10), 1708–1715.

Szczesniak, A. S. (2002). Texture is a sensory property. Food Quality Preference, 13, 
215–225.

Szenderák, J., Fróna, D., & Rákos, M. (2022). Consumer acceptance of plant-based meat 
substitutes: A narrative review. Foods, 11(9), 1274.

Tac, V., Gardner, C., & Kuhl, E. (2026). Generative artificial intelligence creates 
delicious, sustainable, and nutritious burgers. http://dx.doi.org/10.48550/arXiv.
2602.03092, arXiv.

Turnwald, B. P., Bertoldo, J. D., Perry, M. A., Policastro, P., Timmons, M., Bosso, C., 
Connors, P., Valgenti, R. T., Pine, L., Challamel, G., Gardner, C. D., & Crum, A. 
J. (2019). Increasing vegetable intake by emphasizing tasty and enjoyable at-
tributes: A randomized controlled multisite intervention for taste-focused labeling. 
Psychological Science, 30, 1603–1615.

Vervenne, T., St. Pierre, S. R., Famaey, N., & Kuhl, E. (2025). Probing mycelium me-
chanics and taste: The moist and fibrous signature of fungi steak. Acta Biomaterialia, 
202, 341–351.

https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
https://github.com/LivingMatterLab/AI4Food
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb1
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb1
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb1
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb1
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb1
http://dx.doi.org/10.48550/arXiv.2603.03370
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb3
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb4
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb4
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb4
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb5
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb5
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb5
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb6
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb6
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb6
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb6
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb6
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb6
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb6
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb7
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb7
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb7
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb7
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb7
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb8
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb8
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb8
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb8
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb8
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb9
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb9
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb9
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb9
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb9
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb10
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb10
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb10
https://gfi.org/resource/state-of-the-industry-report/
https://gfi.org/resource/state-of-the-industry-report/
https://gfi.org/resource/state-of-the-industry-report/
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb12
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb12
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb12
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb13
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb13
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb13
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb13
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb13
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb14
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb14
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb14
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb14
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb14
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb15
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb15
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb15
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb15
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb15
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb16
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb16
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb16
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb17
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb17
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb17
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb17
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb17
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb18
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb18
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb18
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb19
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb19
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb19
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb20
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb20
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb20
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb21
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb21
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb21
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb22
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb22
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb22
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb23
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb23
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb23
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb23
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb23
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb24
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb24
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb24
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb24
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb24
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb25
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb25
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb25
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb26
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb26
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb26
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb26
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb26
https://www.spins.com/resources/report/the-evolution-of-plant-based-the-next-wave/
https://www.spins.com/resources/report/the-evolution-of-plant-based-the-next-wave/
https://www.spins.com/resources/report/the-evolution-of-plant-based-the-next-wave/
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb28
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb28
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb28
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb28
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb28
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb28
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb28
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb29
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb29
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb29
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb30
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb30
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb30
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb30
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb30
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb31
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb31
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb31
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb31
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb31
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb32
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb32
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb32
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb33
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb33
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb33
http://dx.doi.org/10.48550/arXiv.2602.03092
http://dx.doi.org/10.48550/arXiv.2602.03092
http://dx.doi.org/10.48550/arXiv.2602.03092
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb35
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb36
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb36
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb36
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb36
http://refhub.elsevier.com/S0963-9969(26)01314-1/sb36

	The meatball matchup: Plant vs. animal proteins on campus
	Introduction
	Materials and Methods
	Participants
	Meatball Products
	Sample Preparation
	Consumer Sensory Evaluation
	Procedure
	Sensory Attribute Ratings
	Just-About-Right Analysis
	Meat Attachment Questionnaire
	Choice Factor Importance

	Texture Profile Analysis
	Statistical Analysis

	Results
	Participant Characteristics
	Consumer Sensory Attribute Ratings
	Just-About-Right Penalty Analysis
	Texture profile analysis
	Texture-Sensory Correlation Analysis
	Choice Factor Importance
	Demographic and Individual Difference Analyses
	Qualitative Findings

	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


