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Perforated imprinting on high moisture
meat analogue confers long range
mechanical anisotropy resembling
meat cuts
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Xuanming Lou1, Jiahao Wang2, Leng Gek Kwang2, Hanzhang Zhou1,3,4, Francesca Yi Teng Ong5,
Shengyong Ng6 & Hanry Yu 1,2,3,4,5,6,7,8

Meat cuts, when cooked and masticated, separate into fibrous structures because of the long-range
mechanical anisotropy (LMA) exhibited by muscle fascicles, which is not fully recapitulated in
alternative proteins produced using molecular alignment technology like high moisture extrusion. We
have developed a scalable perforated micro-imprinting technology to greatly enhance LMA in high
moisture meat analogue (HMMA). By imprinting 1mm thick HMMA sheets with perforated patterns
(optimized by AI), we observed up to 5 × more anisotropic separation of fibrous structures in a one-
dimensional pulling LMAanalysis, tomatch the fibrousnessof thecookedchickenbreast, duckbreast,
pork loin andbeef loin.We stacked andbound imprinted sheetswith transglutaminase (TG) to produce
imprinted whole-cuts. Controlling fiber separation in the imprinted cuts achieved hardness ranging
from6578 g to 18467 g (2 cm×2 cm×1 cm, 50%strain), whichmatchedmeats fromdifferent species.
Imprinted cuts improved meat-like fiber separation over HMMA when masticated, measured by
Euclidean distances (0.057 and 0.106 respectively) to animal meat cuts on image features. In sensory
evaluation, imprinted cuts improved consumer acceptance by 33.3% and meat-like fibrousness by
20%, by significantly enhancing the HMMA appearance, texture, and mouthfeel.

The increasing global population intensifies environmental pressures asso-
ciated with traditional livestock-based meat production1,2. Plant-based meat
(PBM), derived from texturized plant proteins, has emerged as a sustainable
alternative3,4. PBMhasprogressedwith decreasing cost5,6 and improvedflavor
over the past decades7. One of the major bottlenecks has been the lack of the
PBM version of whole-cut meat with appearance and texture of chicken
breast, beef steak, etc8. The appearance and mouthfeel of whole-cut meat are
mainly determined by the tightly packed and aligned meat fibers which
separateuponcookingandmastication, i.e. thefibrousnessofwholemeat cut9.

Fibrousness of meat cut correlates with mechanical anisotropy, which
refers to the variation of mechanical properties depending on the direction

ofmechanical load. Infibrousmeat cuts, longitudinal loads tearing thefibers
are carried by the strength of thefibers, while transverse loads separating the
fibers depend on their bonding10. Cooking partially breaks the bonding
between fibers11,12, causing them to separate transversely under mechanical
loads like compression or biting, instead of tearing longitudinally13,14. This
transverse separation during consumption generates long, thick fibers
(>millimeter) in meat cuts that differs from the microfibrils of minced
meat15,16, which is crucial for the fibrous appearance andmouthfeel of meat
cuts14,17. The mechanical anisotropy at the muscle fascicle scale may be
critical forfiber separation inmeat cuts, as cookingmore significantly breaks
the intra-fascicle bonding at this long-range (>millimeter) scale compared
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to smaller intra-fascicle scales13,18. The long-range mechanical anisotropy
(LMA) correlates with the millimeter-scale fiber separation in meat cuts,
producing long fibers distinct from minced meat. To replicate the fibrous-
ness of meat cuts in whole-cut PBM, it might be essential to recreate
this LMA.

Whole-cut PBM processing such as high moisture extrusion creates
anisotropy by denaturing, stretching, and aligning plant protein
molecules19,20. The protein molecules change their short-range structure
from granules to fibrils21,22. The structural change at short range contributes
to the development of meat-like bulkmechanical properties in the resulting
product23, highmoisturemeat analogue (HMMA).Despite theoptimization
of HMMA’s structure at short range, it is insufficient to produce meat-like
long-range fibrousness. The long-range structure of HMMA is mainly
determined by the flow state of plant proteins in the cooling die connected
after extruder21. Plant protein in the cooling die flows steadily to form
layered structure of HMMA19,24. The layers rip apart into strings during
deformation and create fibrousness25. The fibrousness by arbitrary ripping
has limited similarity to animal meat likely due to the insufficient LMA to
guide the fiber separation during its consumption.

HMMA exhibits meat-like bulk mechanical properties but lacks suf-
ficient fibrousness. We hypothesize that perforated micro-imprinting
structure at the muscle fascicle scale on HMMA sheets would confer the
necessary LMA to enhance meat-like fibrousness. In this paper, a quanti-
tativemeasurement of LMA (LMA index)was first established, highlighting
its crucial role in shaping the morphological and mechanical properties of
animal meat cuts. Next, a method was developed to directly imprint per-
forated patterns at muscle fascicle scale on sliced HMMA sheets. By opti-
mizing the imprinting patterns, we achieved control of LMA index
replicating different meats at the scale comparable to their muscle fascicles.
Imprinted sheets were stacked and bound by transglutaminase (TG) to
produce imprinted meat cuts with precisely controlled LMA that sig-
nificantly improved meat-like fibrousness and texture. To streamline the
design process of imprinting patterns for various meats, a computer vision
model namedMLCNet (Meat LMACarvingNetwork) was developed. This
model recognizes varying LMA and facilitates the rapid and autonomous
design of diverse imprinting patterns. To demonstrate the scalability of the
method, a semi-continuous roller-based imprinter was constructed. Using
this approach, a flamed chicken breast analogue was produced with the
stacked imprinted HMMA sheets (imprinted cuts), showing significantly
improved sensory profiles and meat-like fibrousness compared to the ori-
ginal HMMA control.

Results
The fibrousness of animal meat cuts correlates with the LMA at
muscle fascicle scale
Meat cuts separate into long and thick fibers during its consumption,
which differs from themicrofibrils inmincedmeat15,16. The separation of
thick fibers is likely due to the breaking of connections between muscle
fascicles during cooking13,18. To systematically verify fiber separation
most likely occurs at inter-fascicle scale rather than inner fascicles, we
imaged the cross section of boiledmeat cuts (chicken breast, duck breast,
pork loin) using SEM and identified significant wide gap betweenmuscle
fascicles at millimeter scale (Figs 1a, and S1a). This finding was verified
by optical coherence tomography (OCT), a non-destructive method to
image subsurface structures. Fascicles of approximately 1 mm were
observed to have wide longitudinal gaps between them (Figs.
1b and S1b). When subjected to compression/biting, the gaps between
fascicles result in inter-fascicle separation occurring more readily at
millimeter scale than inner fascicles (Figs. 1c and S1c). Compression/
biting squeezes meat cuts and generates forces longitudinal and trans-
verse to the fascicles (Fig. 1c). Inter-fascicle separation occurs because of
the mechanical anisotropy that the fascicles resist tearing by the long-
itudinal force, while the transverse force easily separates them (Fig. 1c).
Inter-fascicle separation creates long fibers with millimeter-scale
thickness as a characteristic of meat cuts. We define the mechanical

anisotropy at millimeter scale leading to separation of these fibers in
meat cuts as long-range mechanical anisotropy (LMA).

To demonstrate LMA’s impact on morphological and mechanical
propertiesof animalmeats,weperformedtensile tests to characterize tearing
process of meats. Tensile samples of various sizes were isolated from boiled
meat cuts. It was observed under a high-speed camera that thick samples
(diameter > 1mm) were more likely to tear fibrously by forming multiple
tensile cracks at different positions and times (Figs. 1d and S1d). In com-
parison, thinner samples (diameter < 1mm) broke with a single crack
spreading continuously across the sample (Figs. 1d and S1d). Similar dif-
ferences in tearing process were reflected in mechanical measurements by
universal testing machine26. Thick tensile samples often ( > 80%) exhibited
multiple tearing peaks on the strain-stress curves, consistent with the
development of multiple cracks. In contrast, the thin samples typically
(60–80%) broke with a single peak (Fig. 1e, Fig. S1e). The thick samples
exceeding the scale ofmuscle fascicles exhibited fibrousness because of their
LMA. The LMA at fascicle scale caused the fascicles to separate and tear
individually (Fig. 1d, samples > 1mm). Thin samples below the size of
muscle fascicles lacked LMA and tore at one position with a single crack,
showing no fibrousness.

To measure LMA and describe meat fibrousness quantitatively, we
established a one-dimensional pulling approach as LMA analysis. In the
LMAanalysis, meat cuts were sliced to sheets ~1mm thickness, followed by
pulling the sheets until tearing to analyze their torn edges. Samples with
more readily separated fibers tore fibrously, forming uneven edges. Con-
versely, the samples withmore tightly bound fibers showed smooth and less
fibrous edges (Fig. 1f).We quantified edge unevenness as the LMA index to
describe the LMA and fibrousness of the samples. LMA index was defined
by the standard deviation of differences between average heights of groups
of dots on the torn edge (Fig. 1f). Higher LMA index indicated larger
standard deviation, meaning more frequently abrupt rising/falling on the
edges, and thus the edgesweremore uneven andfibrous (details provided in
Supplementary Information). Different tested meats showed varying
fibrousness levels that were quantitatively measured by their LMA indices,
ranging from pork loin with an average LMA index of 0.37 to beef loin with
an average LMA index of 1.12 (Fig. 1g). The tearing process ofmeat under a
high speed camera can be found in the Supplementary Video.

HMMA has insufficient LMA to fully replicate meat cut-like
fibrousness
HMMA is a promising whole-cut PBM that exhibits fibrousness andmeat-
likebulkmechanical properties23.Thefibrousness ofHMMAcomes from its
layered structure ripping apart during deformation25 (Fig. 2a). When sub-
jected to compressive loads,HMMAshowsmeat-likemechanical properties
measured by texture profile analysis (TPA) (Figs. 2b and S2). To evaluate
whether the fibrousness fromHMMA’s layered structure is close to animal
meat cuts, wemeasured the LMA index of slicedHMMAsheets, showing an
average value of 0.20, which was significantly lower than that of animal
meats (p < 0.05) (Fig. 2c). Since HMMA’s layered structure exhibits low
LMA, it tore with smooth edges rather than fibrous uneven edges. This
tearingbehaviorwas further confirmedmorphologically under ahigh-speed
camera and mechanically by universal testing machine. Thick HMMA
tensile samples ( > 1mm) tore by detaching between layers, instead ofmeat-
like tearing of fibers (Fig. 2d), consistent with a lack of LMA in the layers. In
mechanical measurements, thick HMMA tensile samples ( > 1mm) tore
with a single breaking peak on the stress-strain curve, similar to the thin
meat sampleswithout LMAbut different frommeat samples of comparable
size that showed multiple breaking peaks (Fig. 2e).

Due to the lack of LMA, the structural breakdown differences between
HMMA and animalmeats were observed not only in sliced sheets or tensile
samples but also in the thick cuts of HMMA and boiled animal meats.
Under compression, HMMA cuts with insufficient LMA deformed iso-
tropicallywithout direction preference, whereas animalmeat cuts expanded
anisotropically transverse to the fascicles and separated them at millimeter
scale (Fig. 2f).Wequantifiedbreaking anisotropyusing the aspect ratio of an
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ellipsebestfitting the compressed samples27. The aspect ratiooffitting ellipse
for HMMAwas significantly lower than that of animal meat cuts (Fig. 2f, g,
p < 0.05). Despite its promising mechanical properties, HMMA’s layered
structure lacks LMA, preventing it from separating into meat cut-like long
fibers with millimeter diameter.

Perforated micro-imprinting confers meat-like LMA and fiber
separation of HMMA
To generate meat cut-like fibrousness in HMMA, we developed an
imprinting technology to create perforated patterns on sliced HMMA
sheets, simulating the gaps between fascicles in animal meats. We sliced
HMMA sheets of 1mm thickness, comparable to muscle fascicles, and
imprinted themwith a stamp presenting a two-dimensional array of cutting
prongs to create perforated patterns (Fig. 3a). These perforations separate
the unimprinted areas during consumption, simulating the inter-fascicle
separation in animal meats.

Imprinted sheets exhibited meat-like torn edges and separated fibers,
reflected by their LMA index comparable to animalmeats (Fig. 3b). LMAof
imprinted sheetswas affectedby the imprintingpatternswith 4 independent
parameters (Fig. 3c): prong length (L), prong width (W), end-to-end prong
spacing (Sr), and lateral prong spacing (Sc). Sc was the lateral spacing
between adjacent perforated stitches, which directly determined the size of
fibers in the imprinted sheets. Scwas thus set at 1mmto simulate the scale of
muscle fascicles (Fig. S3a). The impacts of other three parameters L,W, and

Sr on the LMA index were systematically studied by a crossed experimental
design (Fig. S3b), with L showing a statistically significant impact that LMA
index increasedmonotonically with higher L values (Fig. S3c). Based on the
effect of L on LMA index, we precisely controlled LMA index of imprinted
sheets to replicatemeat from different species. By varying L from 1.5mm to
15mm and fixing Sc, W and Sr at their optimal levels of 1mm, 0.5mm and
1mm respectively, the LMA index increased linearly with increasing L
values and covered the range of different types ofmeat (Fig. 3d). The average
LMA indices of imprinted sheets with L values of 4.69mm, 6.11mm,
9.32mm, and 15.29mm matched those of the tested meat cuts pork loin,
chicken breast, duck breast, and beef loin respectively, improving the LMA
indices by 1.9 ×, 2.3 ×, 3.5 ×, and 5.6 × higher than the originalHMMA (Fig.
3d). The result also suggested that an average L of approximately 5mm or
longer generated LMA comparable to the testedmeat cuts. This findingwas
validated by subjecting imprinted sheets to tensile tests, where the sheets
imprintedwith L longer than 5mmshowedmeat-likemultiple peaks on the
strain-stress curve (Fig. 3e). The tearing process comparison between
imprinted and unimprinted HMMA can be found in the Supplementary
Video. The apparent gap between 3mm and 5mm might attribute a
threshold effect on mechanical measurement related to the stitch length,
where the increase from3mmto5mmsignificantly created separablefibers
detected by tensile peak numbers. Meanwhile, the discrete measurement of
peak numbers might be another factor exaggerating the difference between
3mm and 5mm. Fixing Sc at the scale of muscle fascicles, higher L values

Fig. 1 | Long-range mechanical anisotropy (LMA) provides a measure of
fibrousness of animal meat cuts. a SEM images of cross section of boiled meat cuts
(pork loin & duck breast in Fig. S1a). Red arrows mark the major gaps located at
boundaries betweenmuscle fascicles. bOCT from top view of boiledmeat cuts (pork
loin&duck breast in Fig. S1b). Red arrowsmark the size of fascicles withwide gaps at
their boundaries. c Brightfield imaging of cooked meat cuts after a 75%-strain
compression or after being bitten twice by molars (pork loin & duck breast in Fig.
S1c), and the illustration of mechanical anisotropy leading to separation of fibers
transversely under compression/biting. Red arrows/dashes mark the size of the long
fibers with major separation, characterized by the wide longitudinal gaps.

d Screenshot from high-speed camera videos tearing cooked meat tensile samples
with size larger or smaller thanmuscle fascicles (pork loin & duck breast in Fig. S1d).
White arrows and legends mark the development of tensile cracks. e Percentage of
multi-peak breakage to single-peak breakage on stress-strain curve of cooked meat
tensile samples with various sizes in a tensile test (n = 5, pork loin & duck breast in
Fig. S1e). f, g Quantification of fibrousness for different types of meat by the
unevenness of their torn edges in an one-dimensional pulling test. The illustration of
torn edges extraction and corresponding LMA index (f), and the LMA index of
different types of meat (g).
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strengthenedLMAby increasing the separationbetweenunimprintedareas,
resulting in imprinted sheets with meat-like fibrousness that may further
construct into imprinted cuts with meat cut-like appearance and mechan-
ical properties.

Imprinted cuts were constructed by binding the imprinted sheets
with a commonly used edible binder transglutaminase (TG) that catalyzes
the formation of covalent bonds between lysine and glutamine28,29. We
tested the binding effectiveness of TG powder and TG slurry of different
concentrations (Fig. 4a). The effectivenesswas evaluated by a shearing test

adapted from settings of lap shear strength measurement30: a pair of
partially bound sheets were clamped at their ends and stretched (Fig. 4b).
If the sheets tore without slipping apart, the binding strength was con-
sidered sufficient. Otherwise, if they slipped apart before breaking, the
bindingwas insufficient (Fig. 4c).Wemeasured the percentage of effective
binding within 6 pairs of each condition, including TG slurry con-
centrations from 1 wt. % to 10 wt. % and TG powder (TG powder density
1.7 mg/cm2, comparable to the effectiveTGdensity of 10 wt.%TG slurry).
It turned out that TG powder and TG slurry concentrations higher than

Fig. 2 | HMMA has insufficient LMA to fully replicate meat cut-like fibrousness.
aThefibrousness ofHMMApresent by ripping of its layered structure. bTPA results
of HMMA and different types of meat (n = 5, springiness and cohesiveness in Fig.
S2). c LMA analysis of HMMA and LMA index comparison between HMMA and
pork loin (n = 5, t-test *p < 0.05). d Screenshot from high-speed camera videos
tearing HMMA with thickness and width 1–2 mm. White arrows mark the tensile
breakdown of HMMA by layer detachment and the resulting two layers. e Tensile
stress-strain curves of thick tensile samples (diameter 1–2 mm) from HMMA and

chicken breast. Red arrows mark the tensile breaking peaks. f Brightfield imaging of
HMMAand boiled chicken breast cuts after 75%-strain compression. Fitting ellipses
with major and minor axis are marked on the images. g Representative images of
HMMA and animal meat after compression. Fitting ellipses of the compressed
samples are shown in red on the images, with major and minor axes marked.
h Aspect ratio of fitting ellipses of compressed HMMA and different types of meat
(n = 5, t-test *p < 0.05).
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5 wt. % stably bound imprinted sheets with 100% effectiveness (Fig. 4d).
The imprinted cuts constructed by TG slurry or TG powder exhibited
texture profiles comparable to animal meats. The hardness, cohesiveness
and chewiness of imprinted cuts increased with higher TG slurry con-
centrations or TG powder (Figs. 4e and S4). Such binding-dependent
texture profiles likely result from the tighter binding between the sheets
when using higher concentrations TG slurry or TG powder. The
springiness of imprinted cuts did not vary by different binding conditions
and was close to the original HMMA, suggesting that base material may
also affect the properties of imprinted cuts (Fig. 4e). The imprinted cuts
with meat-like texture profiles also exhibited meat-like fiber separation at
millimeter scale upon compression, characterized by the long fibers
separated at millimeter scale (Fig. 4f). The fitting ellipse of compressed

imprinted cuts with L longer than 5 mm showed significantly higher
aspect ratio than HMMA (p < 0.05, Fig. 4f).

Efficient imprinting pattern design for LMA replicating different
meats using a machine learning model
Imprinted cuts with LMA separated long and thick fibers upon compres-
sion, indicating theirmeat cut-like fibrousness. Since different types ofmeat
cuts may possess different levels of LMA, their fibrousness can vary
accordingly. A rapid and high-throughput imprinting pattern design for
different meats’ LMA would correlate with different types of meat. We
trained a machine learning model, named MLCNet (Meat LMA Carving
Network), to correlate imprinting pattern parameters with the
compression-induced fiber separation of various imprinted cuts, then

Fig. 3 | Perforatedmicro-imprinting confers meat-like LMA and fiber separation
ofHMMA. a Illustration of imprintingHMMAsheets by a stamp and the generation
of separable fibers following the perforated imprinting pattern. b LMA analysis of an
imprinted sheet and its corresponding LMA index. c Imprinting stamp design and
parameters determining the imprinting pattern. Crossed experimental design results
are presented in Fig. S3a-c. d Relation between fibrousness (LMA index) and the L
values in the imprinted sheets (n = 5). Colored regions mark the range (mean ± SD)

of LMA index of animal meats andHMMA. eAverage number of breaking peaks on
the stress-strain curve for HMMA sheets without imprinting and imprinted with
different patterns (n = 5). Meat under the same measurement is shown with slashed
lines. Tearing behavior of unimprinted and imprinted sheets under high-speed
camera is shown in the middle, and typical curve for multi-peak/single-peak
breakage is shown right side.
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applied it to efficiently design suitable patterns for mimicking the LMA of
different types of meat (Fig. 5a). MLCNet was validated by comparing its
predicted imprinting patterns to those suggested by the LMA analysis for
chicken breast, pork loin, and duck breast in Fig. 3d.

We trained MLCNet using images of a set of imprinted cuts with
unique patterns after their fiber separation induced by a destructive 75% -
strain compression31,32, reflecting LMA’s effect on fibrousness under
mechanical loads. To avoid overfitting due to the limited number of images
in the training set, we grouped values in each imprinting parameter to
improve training efficiency. L values ranging from1.5 to 9mmwere divided
into three equal-length intervals, each represented by two values within the
interval—preferably the interval endpoints or an integer within the interval
(Fig. 5b). Sc, determining fiber size, was categorized into four values from
thin to thick (Fig. 5b). Although variations inW and Sr did not significantly
impact LMA according to the previous crossed experiments, we included a
set of values of W and Sr for any noticeable differences (Fig. S5a).

Using a convolutional neural network (CNN) based deep learning
model, MLCNet successfully identified the critical features driving fiber
separation of imprinted cuts. Themodel effectively distinguished imprinted
cuts with different L and Sc values (Fig. 5c), which shows the macro-
averaged AUROC 0.867 and 0.813 respectively, but not those with different
W and Sr values (the macro-averaged AUROC are 0.685 and 0.710
respectively) due to minimal differences (Fig. S5b). This aligns with our
previous findings in crossed experiments thatW and Sr did not significantly
affect the LMA index of the imprinted sheets (Fig. S3c).

We then applied MLCNet to design L and Sc, the two critical para-
meters controlling the LMA of imprinted cuts, for replicating the LMA of
chicken breast, duck breast, and pork loin. Meat samples were processed
similarly to the imprinted cuts by 75%—strain compression to induce fiber
separation. Imagesof these compressedmeat sampleswere fed to themodel,
which predicted L and Sc values to replicate the observed fiber separation.
The predicted values were calculated by comparing meat images to
imprinted cuts from different value groups, followed by summing the
products of similarity and the weighted average value of each group (Fig.
5d). The values predicted by MLCNet were validated by comparing its
predicted imprinting patterns to those suggested by the LMA analysis for

chicken breast, pork loin, and duck breast (Fig. 3d). The L values predicted
byMLCNet for chickenbreast andpork loin closelymatchedwith the values
suggested by LMA analysis, while duck breast mismatched likely due to the
limited training set (Fig. 5e). Similarly, the model predicted Sc values of
approximately 1mm, matching the observed scale of muscle fascicles (Fig.
5f). Despite the limited training set,MLCNet provided promising results for
efficiently designing imprinting patterns for LMA of various animal meats.

Scalable engineeringof LMAbycontinuous imprinting forwhole-
cut PBM with meat-like sensory profiles
Given the potential of efficient and high-throughput pattern design by
MLCNet, an efficient imprinting process is needed for high-volume man-
ufacturing. We designed and built a bench-top continuous imprinting
machine to demonstrate efficiency and scalability of LMA control by
imprinting. This machine used a roller for continuous imprinting, which
improved the overall imprinting speed compared to stepwise stamping (Fig.
6a). Protein sheets placedona transportingplatewere imprinted as the roller
rotated through them. Sheets imprinted in this way exhibited fibrousness
comparable to the stampedsheetswithout statistically significant differences
in their LMA indices or breaking peak numbers by tensile tests (Fig. 6b, c).
This machine prototype demonstrated the feasibility of producing
imprinted sheets with meat-like LMA efficiently by a continuous process,
making it promising to scale up for a high-volume production.

The sensory properties of imprinted cuts were studied through a biting
test and sensory evaluation. Imprinted cuts were bitten twice and then spit
out to characterize the structural breakdown during early mastication.
Images of the bitten samples were compared with original HMMAcontrols
and animal meat cuts. Imprinted cuts showed meat-like patterns with
separated fibers after biting, while original HMMAcuts did not. Differences
in structural breakdown patterns were reflected on the PCA plot of the
image features extracted by the Local Binary Pattern (LBP) approach33, with
imprinted cuts exhibiting a smaller Euclidean distance of 0.057 to animal
meat cuts compared to the 0.106distance betweenHMMAandanimalmeat
cuts (Fig. 6d).

To demonstrate the sensory improvement of imprinted cuts, a flamed
chicken breast analogue dish was developed for sensory evaluation.

Fig. 4 | Binding imprinted sheets constructs imprinted cuts with meat-like tex-
ture profile and anisotropic breakage. a Illustration of TG slurry and powder
binding of imprinted sheets. b, c evaluation of binding strength by a shearing test of
partially bound pairs. If the sheets are broken before slipping (c left), their binding is
strong enough. d Percentage of effectively bound pairs using TG slurry of different
concentrations or TG powder (n = 6). e Texture profile hardness and springiness of

meat (shown as patterned area with mean ± SD) and imprinted cuts (n = 5, TG
powder and TG slurry were used, with slurry concentrations of 5, 7, 10 wt. %).
Cohesiveness and chewiness are presented in Fig. S4. f Breaking anisotropy of
imprinted cuts after a 75%-strain compression, and aspect ratio comparison between
fitting ellipses of HMMA and imprinted cuts with L values of 1.5 mm, 5 mm and
9 mm (n = 5, t-test *p < 0.05).
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Imprinted cuts were boiled first, followed by marinating in seasonings, and
flaming with a torch gun to produce a roasted taste. HMMA and chicken
breast controls were prepared similarly to minimize flavor/taste inter-
ference. The imprinted cuts exhibited chicken-like appearance with sepa-
rated fibers, while the original HMMA did not show such fibrousness (Fig.
6e). 15participantswho frequently eatmeats evaluated the samples basedon
overall eating experience and sensory perception of fibrousness. Before
presenting participants with the chicken breasts, theywere asked to evaluate
the satisfaction of overall eating experience focusing on the texture and
mouthfeel of imprinted cuts and original HMMA. Compared to original
HMMA, imprinted cuts significantly improved overall satisfactions (Fish-
er’s Exact Test, p < 0.05, Fig. 6f), showing the capability of imprinting to
improve the general eating experience of HMMA. To specifically compare
the fibrousness of the two types of analogues, participantswere given a piece
of real chicken to establish the impression of meat fibrousness before pre-
senting the plant-based analogues. The imprinted samples significantly
improved the meat similarity compared to original HMMA in both fibrous
appearance and fibrous mouthfeel (Fisher’s Exact Test, p < 0.05, Fig. 6g).
The chicken sample was not provided when evaluating general eating
experience because the meaty taste/aroma might interfere participants’
judgement on texture and mouthfeel. The participants as meat eaters
evaluated the general satisfaction based on their past meat-eating experi-
ences. However, because fibrousness might be an unfamiliar aspect to some
participants, chicken breast was provided to establish a standard. Such
settings tended to minimize the interference from aroma/taste while
keeping a clear comparing standard for participants. To evaluate the
potential effect of binding on sensory responses, we performed another

sensory evaluation to compare imprinted cuts and unimprinted cuts.
Unimprinted cuts were constructed by binding the sliced HMMA sheets
without imprinting them. It turned out that imprinted cuts significantly
improved consumers’ preference when compared to original HMMA,
whereas unimprinted cuts did not show significant improvement (Fig. S6).

The results above suggested that conferring meat-like LMA through
imprinting simulated meat fibrous appearance and mouthfeel, and sig-
nificantly improved consumers’ general eating satisfaction compared to
original HMMA.

Discussion
Animalmeat cut is composed of a hierarchical fibrous structure, ranging
frommyofibrils (approximately 100micrometers in diameter) tomuscle
fibers (101–102 micrometers) and muscle fascicles (103–104

micrometers)34. Structures at different scales may not equally influence
sensory profiles during meat consumption, and precisely tailoring
structures at microscale, such as with 3D printing, can be time- and
resource-consuming35,36. Therefore, defining the critical scale to repli-
cate meat cut fibrousness is essential for efficiently developingmeat-like
whole-cut PBM.

In cooked animal meat cuts, muscle fascicles detachmore readily than
the muscle fibers within the fascicles. This is likely because the perimysium,
which connects the fascicles, is more thermal-sensitive than the endomy-
sium connecting muscle fibers13,18. Thermal degradation of perimysium
results in LMA atmuscle fascicle scale, which separates the fascicles to form
the long fibers at millimeter scale during meat cut consumption, i.e. the
fibrousness of animal meat cuts (Fig. 1).

Fig. 5 | Pattern design of imprinted cuts for LMA replicating different meats by a
machine learningmodel. a Illustration of 1. training of the machine learning model
to correlate the pattern of separated fibers with imprinting parameters; 2. Appli-
cation of the model to predict suitable imprinting parameters for the fibrous pattern
of specific type of meat. bCategorization and representative images in each category
of L and Sc values according to their characteristic fibrous patterns. W and Sr
category in Fig. S5a. c ROC curve of L and Sc groups, both exhibited the recognition

of difference between groups (ROC curve of W and Sr in Fig. S5b). d Illustration of
the process to obtain a suggested imprinting parameter value for certain meat
samples. e Comparison between the model-predicted L values to replicate animal
meat cuts (chicken breast, pork loin, duck breast; black dots, n = 8) and the L values
calculated from previous LMA analysis (colored regions). f Sc to replicate different
kinds ofmeat suggested by themodel (n = 8). The dashed line shows the proper value
to replicate the size of muscle fascicles.
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To replicate properties ofwhole-cutmeat,HMMA iswidely known for
its meat-like mechanical profiles measured by TPA, but it cannot fully
replicate meat cut-like fibrousness due to its insufficient LMA (Fig. 2).
Various methods have attempted to enhance the fibrousness of HMMA,
such as air foaming and inserting micro-composites37–40. These methods,
although not specifically targeting LMA, slightly enhanced LMA by intro-
ducing stress concentrations through air bubbles or composites, resulting in
partially improved fibrousness37,40. By clearly defining and properly con-
trolling LMA, more significant improvements could be achieved. Recog-
nizing the critical importance of LMA at the fascicle scale, we developed
perforated micro-imprinting to precisely control LMA in HMMA. The
resulting imprinted cuts significantly improved meat-cut like fibrousness
compared to the original HMMA (Figs. 3 and 4).

Imprinting controls LMA by different pattern parameters. Pattern
parameter L (prong length) and Sc (lateral prong spacing) were crucial for
controlling LMA in the current pattern design (Figs. 3d and 5c). More
complex patterns could potentially enhancefiber variety to bettermimic the
complexity of animal meats. It may worth exploring different prong
alignments (aligned vs staggered), prong geometries (straight vs curved),
etc., but it should also benoticed thatmore complicated designmight lead to
increased fabrication difficulties for high-volume production. LMA might
also be affected by other factors such as sheet thickness, but here we focused
on imprinting plant-protein sheets to create meat-like fibrousness, other

conditions including sheet thickness were maintained at a scale relevant to
animal meat, e.g. 1 mm thickness comparable to muscle fascicles. A
mechanistic study on LMA under different conditions may be worth
exploring in future work to completely understand LMA from structural
and mechanical perspective in food materials.

In addition to the LMA, another factor affecting the properties of
imprinted cuts is the base material. HMMA was chosen for its mechanical
properties generally resembling animal meats (Fig. 2b). While HMMA
contributes to the bulk mechanical properties of imprinted cuts, it may also
limit certain properties, such as the springiness of the cuts (Figs. 4e and S2).
Moreover, HMMAacquires itsmeat-likemechanical properties through an
energy-intensive process involving high temperature and high shearing
force41,42. This process denatures plant proteins by heating to change their
molecular conformation from globules to fibrils and aligning the fibrils
through high shearing force43. Compared to globular molecules, fibrillar
molecules possess improvedmechanical properties by exposingmore active
groups to enhance intermolecular connections21. High moisture extrusion
processed proteins atmolecular scale, which is different from the imprinting
that controls fibrousness at millimeter scale relevant to meat fibers. The
macroscopic structures of HMMAwere changed by imprinting from layers
to meat-like fibers, but the molecular structure of HMMA was maintained
for mechanical properties. To acquire meat-like mechanical properties,
fibrillar plant proteins may not necessarily depend on extrusion as an

Fig. 6 | Continuous imprintingmachine demonstrates the scalable engineering of
LMA for whole-cut PBMwithmeat-like sensory profiles. aDesign of a continuous
roller-based bench-top imprinting machine. b Comparison of the torn sheets
imprinted by stamp and machine, where no obvious difference was observed.
c Comparison between machine-imprinted sheets and stamp-imprinted sheets on
their LMA index and the peak numbers on the tensile curve (n = 5; 7 mm stamp
imprinting was used, stamp imprinting andmeat used the same data as Fig. 3d, e for
comparison). d PCA plot of LBP features extracted from different cuts after biting
(HMMA, imprinted cuts; animal meat cut images from chicken breast, duck breast
and pork loin). Circled lines show the 95% Confidence Ellipse for each group.
Representative images of each type are shown below. e Photos of flamed chicken

breast dish using conventional chicken breast, imprinted HMMA blocks, and ori-
ginal HMMA. f Sensory evaluation results with 15 participants on general eating
experience and fibrous similarity tomeat. Participants scored the general experience
from 1 to 5, indicating very unsatisfying to very satisfying. The analogues with score
equal to or higher than 4 were considered having an acceptable eating experience.
g Participants evaluated the fibrousness in appearance and mouthfeel from 1 to 10,
indicating completely different from chicken breast to the same as chicken breast.
Scores above and equal to 8 were considered as similar to real chicken. Fisher’s Exact
Test was applied to analyze the significance of the sensory results, p-value is marked
on each graph.
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energy-intensive process. Methods like producing plant protein amyloid
fibrils by acidic pH and mild heating have been developed to improve their
mechanical properties44,45. Without changing the molecular conformation,
other approaches such as optimizing pH, moisture, and ion strength, may
also enhance the mechanical properties of plant-protein gels at low energy
consumption46,47. As an energy-effective process, we foresee the potential of
imprinting to createmeat-like fibrousness atmillimeter scale to enhance the
appearance and mouthfeel of plant-protein bases other than HMMA.

We adopted tensile tests to quantify the fibrousness of meat and
analogues because of their higher sensitive tomicro-structures compared to
compression and shearing tests48. While tensile tests effectively measure the
micro-scale properties of meat fibers, they also allow for the evaluation of
some macroscopic properties, such as stiffness, which have been correlated
with TPA results48. However, because tensile testing is less representative of
the human mastication process and there is not a standardized condition
that correlates with human mastication48,49, caution is required when
interpreting these measurements to ensure their relevance to human per-
ception. To verify our findings by tensile tests and ensure that our quanti-
tative control of LMA enhanced human sensory satisfaction of meat
analogues, we employed other tests including compression, biting, and
sensory evaluations from both appearance and mechanical perspectives.
Further mechanistic studies on correlation between tensile conditions and
human sensorymay help improve the interpretation of foodmeasurements
by tensile tests.

To evaluate the potential of imprinting in high-volume production, we
developed theMLCNetmachine learningmodel to automatepattern design
(Fig. 5) and built a roller-based imprinting machine for continuous pro-
cessing (Fig. 6). AI has been applied in food recognition, quality evaluation,
fraud detection, which has demonstrated improvements in the throughput,
accuracy, and robustness of food evaluation when supported by large
datasets and fraud detection50–52. An improved AImodel to predict optimal
imprinting patterns for whole-cut PBM can be developed with a larger
training set andadvanced algorithms.While the currentMLCNetwas tested
using meat from different species as example, we foresee the potential of
largerAImodel applying tomimicmeat of different states andqualitieswith
high complexity, e.g. different species, cuts of animals, processing and
cooking methods etc. The AI model may achieve automatic and high-
throughput pattern selection for imprinting rollers in high-volume pro-
duction of specific states ofmeat. Continuous imprintingwas demonstrated
to be feasible by the roller, and it should be achievable to continuously coat
and spread the slurry/powdery binder on imprinted sheets by an on-line
liquid sprayer or powder dispenser53. The potentially continuous produc-
tion of imprinted cuts should allow it to fit with high-volume production.

Sensory evaluation is an effective measurement for food that is ulti-
mately judged by human perception. However, when performing sensory
evaluation, we also noted some limitations thatmight be possibly improved
in the future. The first issue was the subjective and inconsistent definition of
fibrousness among participants. Sensory fibrousness is subjective to parti-
cipants, and they may have different definitions of fibrous levels. The sub-
jectiveness and inconsistency might result in larger variation when scoring
fibrousness. We have attempted to mitigate this issue by providing chicken
breast samples to establish the standard of meat fibrousness. Possible
improvements may include by training the panelists with a series of stan-
dard samples of different defined fibrousness, though established the
standardmeat samples with different fibrousnessmight be challenging. The
second issue was that strongmeaty smell/aromamight distract participants
and diminish their sensitivity to texture/mouthfeel. This might be resolved
by pinching the noses of participants to reduce their sensitivity to meaty
aroma, but pinching nose might change their eating habit and limit their
ability to judge food texture as well. It might require recruiting and training
panelists specially on meat texture evaluation with pinched nose.

In summary, we identified LMA as a critical structural property to
induce the characteristic separationof longfibers in animalmeat cuts during
consumption. We developed a perforated micro-imprinting technology on
HMMA to confer it LMA and meat cut-like fibrousness. Imprinting

significantly improved the fibrousness of HMMA according to quantitative
measurements and sensory satisfaction. Independent of energy-intensive
processing, we foresee imprinting as a scalable and energy-efficient way to
produce whole-cut PBM with meat cut-like fibrousness.

Methods
Materials
HMMAwasproduced fromKHRoberts, Singapore. TransglutaminaseTG-
BP-MH was provided by Ajinomoto, Singapore. Imprinting stamps were
3D printed using formlabs Clear Resin FLGPCL04 at NUS Centre for
AdditiveManufacturing, Singapore.Rawmeatswerepurchased froma local
supermarket. Seasonings used for theprototype dishwere purchased at local
grocery store.

Cooked meat samples were prepared by method adapted from
Christensen et al. with a slight modification54. The cookedmeat blocks were
prepared in this way unless stated separately. The rawmeats were defrosted
inwater bathat roomtemperature for30min, then cut intoblocksof around
10 cm× 5 cm× 5 cm. The blocks were thenwrapped in aluminum film and
sealed in a Ziploc bag before putting into a boiling water bath to heat for
15min. After boiling for 15min, the Ziploc bagwas put in ice water bath for
5min to stop cooking. The samples were then taken out and further pro-
cessed as required for different tests.

High moisture extrusion
High moisture extrusion was performed at KH Robets, Singapore, using
extruderZSE27MAXXfromLeistritz SEAPte. Ltd. Soyprotein concentrate
40 wt. % and water 60 wt. %were extruded together. Temperatures were set
as Zone 1: 40 °C, Zone 2: 50 °C, Zone 3: 60 °C, Zone 4: 70 °C, Zone 5: 90 °C,
Zone 6: 100 °C, Zone 7-10: 110 °C. The cooling die was set as TC1: 80 °C,
TC2: 60 °C, TC3: 40 °C. Other parameters were not disclosed.

Slicing and imprinting of HMMA sheets
HMMAwas produced in bars with thickness around 10mm. Tomatch the
size of separated fiber bundles in conventional meat, and for imprinting to
perorate the sheets, the extruded bars were sliced using a meat slicer into
sheets of thickness around 1mm. The sliced sheets were imprinted by 3D
printed stamps. The stamps were designed with prongs long enough to
imprint through the sheets, and the tip of the prongs were designed sharp to
penetrate and perforate the sheets.

Pressing force for the stamp to perforate the sheetswas around 75Non
a2 cm×2 cmstamp,whichwas controlledbyweights on the stamp.Manual
pressing can also generate enough force to perforate the sheets. In this study,
manual pressing was used in samples for sensory test and training the
machine learning model, to fulfill the demand for large quantity. In other
cases, weight-controlling pressing was used.

Transglutaminase (TG) slurry preparation
TG slurry was prepared by mixing TG-BP-MH powder into DI water with
different ratios of 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%and10 wt.%.Themixture
was stirred under room temperature until therewas no obvious undissolved
clump. The slurry was prepared freshly before binding and use for binding
immediately after preparation. For visualization under brightfield micro-
scope, slurry could be mixed with edible dye (0.05 g dye in 10 g slurry, Soft
Gel Paste Food Color 218 Burgundy, AmeriColor).

Binding of imprinted HMMA sheets
Imprinted sheets were bound by either TG slurry or directly using TG
powder. For slurry binding, around 0.06 g TG slurry was dropped onto
the surface of a 2 cm × 2 cm imprinted sheets. Then the slurry was
spread across the sheet by a metal scraper to coat the whole surface. For
powder binding, around 7 mg TG powders were sprinkled onto
imprinted sheets, and it was spread using a metal scraper. After coating
binder onto one layer, another layer was put on top of it, with imprinted
lines in the same direction. Repeating the above steps several times to get
an imprinted stack bound by TG slurry or TG powder. The stack was
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then wrapped with cling wrap and kept in a 4 °C fridge overnight to
ensure a complete binding.

Binding effectiveness evaluation
Binding effectiveness was evaluated using a setting adapted from lap shear
strength measurement30. HMMA sheets were sliced and cut into 4 cm ×
2 cmsheets, with 1mm thickness. The sheets were imprinted before coating
with binder. The binders, either TG slurry or TG powder, were coated on
half of a 4 cm× 2 cm sheet, covering a 2 cm× 2 cm area. Then another 4 cm
× 2 cm sheet was put on top of it, with half of the layer overlapping with the
binder-coated area. Thus, we combined a pair of sheets with half of each
layer overlapping and bound by binders, the other half neither bound nor
overlapped at both ends (see in Fig. 4b, c).

The pair of sheets was then clamped on a stretching machine, which
clamped the sheets at both ends with single layer, and stretched them in the
opposite direction. During the stretching test, if the pair of sheets slipped off
from each other without breakage, the binding between them was con-
sidered as ineffective. Conversely, if they were torn at either single-layer
region or bound region without slipping, the binding was considered as
effective. We tested TG powder and a series concentrations of TG slurry
including 1 wt. %, 3 wt. %, 5 wt. %, 7 wt. % and 10 wt.%, with 6 pairs in each
condition. Number of effectively bound pairs was recorded to evaluate the
effectiveness of the binder. We performed pre-test to secure gripping of the
sheets, so that there was not sample slipping from the clamps in the 6 pairs
during tests.

LMA analysis
Meat samples for LMA analysis were prepared according to the following
procedure. Raw meat was initially sliced while frozen using a meat slicer,
with the slices cut along the fibers to maintain the majority of fibers parallel
to the slicing plane. The resultant raw sheets were approximately 1mm
thick. These sheets were then subjected to cooking in boiling water for
15 seconds, followed by a rapid cooling in an ice water bath for 5 seconds to
halt the cooking process. Subsequently, the cooked sheets were sectioned
into dimensions of 4 cm × 2 cm, maintaining a thickness of 1mm. Sheets
with excessive fiber cross-sections and insufficient intact fibers were
excluded from further testing.

ImprintedHMMA samples for LMA analysis were prepared as follow.
HMMA blocks were initially sectioned into sheets measuring 4 cm × 2 cm
with a thickness of 1mm. For imprinting, only the central region of the
HMMAsheets,measuring 2 cm×2 cm,was utilized to ensure uniformity in
the thickness of the imprinted area. The imprinting pattern was aligned
parallel to the 4-cm side of the sheets.

LMA analysis was conducted as follows: Sheets, whether of cooked
meat or imprinted HMMA sheets, were subjected to tensile testing using a
stretchingmachine operating at a constant speed (Fig. S7a). The sheets were
secured by clamping 1 cm of material at both ends. Following the tearing
process, the sheets were imaged using brightfield microscopy. Sheets that
failed to tear cleaning within the clamps were excluded from further ana-
lysis. The acquired images were analyzed by MATLAB and ImageJ to
delineate the torn edges created during stretching (Fig. S7b, S7c). The y-axis
coordinates of the torn edges were recorded and annotated by a series of
adjacent but discrete dots. Subsequently, every 50 dots were grouped toge-
ther, and the average y-axis coordinate for each group was calculated (the
average height point in Fig. S7d). The difference between the average y-axis
coordinates of adjacent groups was then calculated by subtracting the
average coordinate of the group immediately to the left from the average
coordinate of the current group. The standard deviation of these differences
was used as a metric for fibrousness; a higher standard deviation indicated
greater fibrousness.

The rationale of using the standard deviation, rather than directly
analyzing the average y-axis coordinate difference, is based on the need to
distinguish between fibrous and non-fibrous edges. A non-fibrous, slanted
edge, which either continuously ascends or descends, may exhibit a large
average y-axis coordinate difference between adjacent points; however, its

standard deviation would be small due to the consistent gradient. In con-
trast, a fibrous edge would exhibit a higher standard deviation due to the
irregular and variable nature of the torn edge.

The decision to group every 50 dots, rather than analyzing individual
dot, was made to avoid over-analysis of complex and irregular torn edges.
Using every singledot could result in excessive detail thatmaynot accurately
represent the overall fibrousness. After evaluating various group sizes,
grouping every 50 dots was found to provide a balanced and effective
measure (Fig. S8). More details regarding this methodology can be found in
the Supplementary Information.

Destructive compression test to simulate structural damage
during consumption
To induce structural damage in cooked meat and HMMA samples
(imprinted and unimprinted) simulating their consumption, a destructive
compression test was conducted, and structural changes were compared
before and after compression. The compression was done by a hydraulic
presser, which had two parallel metal plates that allow the samples to be
compressed between them. Samples were prepared as 1 cm × 1 cm × 1 cm
blocks if not specified. Meat samples were cut to expose as many fibers on
the top1 cm×1 cmsurface aspossible. Imprinted sampleswerepreparedby
stacking and binding the imprinted sheets. The samples were placed
between the plates. The samples were then compressed by the plates until
75% strain, which is considered as a destructive strain in uniaxial test55. The
fiber separation morphology was then captured by brightfield imaging for
further analysis.

Image acquisition for machine learning model
Imprinted cuts were prepared using stamps of different patterns, with L of
1.5, 3, 4, 5, 6.5, 9 mm;Wof 0.5, 1, 1.5, 2mm; Sc of 0.7, 1, 1.5, 2mm; Sr of 1, 2,
3, 4mm. While varying one parameter, the other three parameters were
fixed at one levelwith Lof 6.5 mm,Wof 0.5mm, both Sc andSr of 1mm. 2×
2 × 1 cm blocks were constructed in each pattern following the methods
mentioned above using TG powder as binder. Cooked meat samples by
chicken breast, duck breast, and pork loin were prepared as mentioned
above and cut into blocks of comparable 2 × 2 × 1 cm size.

Fiber separation of imprinted cuts and meat samples was induced by
the 75% strain compression using the hydraulic presser. The compressed
samples were imaged by brightfield imaging. The images were then used for
the machine learning model.

Data pre-processing for machine learning model
All raw images acquired from tissue scanner microscopy were converted
into gray-scale for texture feature extractions using standard linear algo-
rithm implemented by OpenCV (Python package). Images then were
categorized into different groups based on their respective imprinting
parameters. Specifically, we classified L into 3 groups (1.5 ≤ L < 4.0,
4.0 ≤ L < 6.5, 6.5 ≤ L ≤ 9.0), which resulting in 27, 19 and 28 images
respectively. Similarly, for parameter W, Sc and Sr, we split the data into 4
groups with corresponding image numbers (The distribution of different
datasets wasW: 0.5:21, 1:17, 1.5:12, 2:12; Sr: 1:21, 2:12, 3:12, 4:12; Sc: 0.7:12,
1:21, 1.5:12, 2:12). The criterion for L categorization is the significance of
fiber separation from low to high. The criterion for Sc categorization is the
sizeof separatedfibers,where thewidth increased accordinglywithhigher Sc
values. For Sr and W, since no significant difference was observed between
different values, each value was directly assigned to be one group to check if
the model was able to identify any differences.

Multi-instance learning and deep learning model
After obtaining four independent developing datasets, our objective is to
train four different deep learning models for predicting continuous meat
parameters by learning knowledge from its visual features. Each model
employs the same structure and training strategies. The process begins with
a random partition of each individual dataset into training and validation
sets. Subsequently, we apply a center crop to each image to remove the
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background and resize it to a consistent 2240 × 2240-pixel dimension,
ensuring uniformity in the number of patches after the split. This approach
allowed us to expand our dataset significantly, increasing the number of
samples from approximately 100 to over 7000. These 224 × 224-pixel pat-
ches are then normalized and input into a pretrained ResNet-18 model for
feature extraction. The extracted patch features from each image are con-
catenatedand fed into anattentionpoolingnetworkwith a SoftMax layer for
group classification.We utilized the Adamoptimizer and trained themodel
for 100 epochs with a learning rate of 0.0002. During training, only the
multi-instance classifier is tunable while we froze the visual feature back-
bone. For each dataset, we conducted 5-fold cross-validation and selected
the model with the best performance for meat prediction during testing.
Different from conventional classification metrics including accuracy or
confusion matrices to describe the model performance, we calculated the
potential parameters for each type of meat by computing the weighted
predicted score, which is the sumof the product of the predicted probability
of eachclass and the averageparameter value in that group.All the analytical
processes were implemented by Python and PyTorch.

Fitting ellipse analysis of destructively compressed samples
Samples were prepared into cubes with comparable sizes of 1 × 1 × 1 cm,
with the fibrous surface facing top. The cubes were then compressed by a
hydraulic presser with 75% strain to induce destructive structural changes.
After being compressed, the samples were imaged under a tissue scanner
microscope. The captured images were converted to binary using ImageJ,
and the fitting ellipse of the binarized imagewas obtained by ImageJ. Aspect
ratio of the fitting ellipses was obtained by the ratio of major axis length to
the minor axis length.

Brightfield imaging
Brightfield images were taken using tissue scanner microscopy by Tis-
sueGnostics TissueFAXSPlus at 2.5 ×.An external light sourcewas added to
allow reflective light imaging.

Scanning electronic microscopy (SEM)
Meat samples for SEMviewingwere fixed in 2.5% glutaraldehyde overnight
in 4 °C. The samples were then washed in PBS 2 times and osmicated with
1% Osmium Tetraoxide (OsO4) for 2 h, followed by washing with distilled
water for 2 times with 10min each time. Subsequently, the samples were
subjected to ethanol series for dehydration: 25% ethanol for 5min, 50%
ethanol for 10min, 75% ethanol for 10min, 95% ethanol for 10min, and
100% ethanol 3 times with 10min each time. Afterwords, the samples were
dried using critical point dryer LEICA CPD300, and then sticked onto a
sample plate with double sided carbon tape. The samples were gold coated
using LEICA ACE200. Viewing was performed by Thermofisher FEI
Quanta 650 FEG-SEM.

Optical coherence tomography (OCT)
Meat samples for OCT were cooked in the way as described above, and
subsequently cut into blocks of 2 cm × 2 cm × 1 cm, with as many fibers
exposed on the 2 cm × 2 cm surface as possible. The cooked meat blocks
were scanned under OCT (OptoRes, 1300 nm NG-FDML), with 2 cm ×
2 cm surface facing the OCT camera on the top. Scanned images were
processed using ImageJ to reslice it for top view of the sample’s fibrous
surface, followed by doing a Z projectionwith average intensity of the slices.
The distances were measured between wide gaps with length almost across
the image, which were considered as major detachment between the fibers.

Tensile fracture of meat fibers characterized under high-
speed camera
Meat samples for high-speed camera were cooked as described above.
Afterwards, cooked meat cuts were peeled to isolate meat strips of specific
diameters ( < 1mm or > 1mm). The strips were then clamped on a tensile
device, which allowed to tear the strips by stretching in opposite directions,
and to view the tearing process under a microscope. The microscope was

equipped with a high-speed camera, which allowed us to better capture the
difference in breaking behavior between thin strips ( < 1mm) and thick
strips ( > 1mm). The stretching process was recorded by video, and the
video was further processed to extract the frames where the breakages
happened. The complexity was shown by identifying its breakage behavior.
High-speed camera and microscope characterizations were performed by
inverted microscope (IX71, Olympus, Japan) equipped with a high-speed
CCD camera (Phantom v9, Vision Research, USA).

Tensile test by universal testing machine
Mechanical complexity was analyzed by tensile tests of cooked meat fibers
with different sizes. The cooked meat fibers were obtained by cooking the
meat cuts as described above, followed bypeeling themeat strips of different
sizes from the cooked blocks. Strip sizes were measured using a caliper, and
divided into ranges of < 1mm, 1–2mm, and 2–3mm. The strips were then
clampedon the tensilefixture of a universal testingmachine (Instron,Model
68SC-2 Single Column Table Model, USA). Tensile test was performed at
speed of 20% strain/min to evaluate whether the fibers broke with single
peak or multiple peaks on the strain-stress curve. 5 samples were tested in
each diameter range, and the number was recorded for fibers with single-
peak and multi-peak breakage.

Tensile test for imprinted sheets were performed in a similar way but
the sheets were prepared in dumbbell shape adapted fromHonikel56 with a
comparable cross section area to the 1mm think meat fiber bundles. The
peak numbers on stress-strain curves were calculated by counting the
numbers of zero points for derivatives of the curves.

Texture profile analysis
Texture profile analysis by a two-cycle compression test was performed
under room temperature using TA.XTplus Texture Analyzer from Stable
Micro Systems. Probe: P/36 R. Testing settings: Pre-Test Speed 1.00mm/s,
Test Speed 1.00mm/s, Post-Test Speed 5.00mm/s. Target Mode: Strain,
Strain: 50.0%, Time: 3.00 s. Trigger Type: Auto (Force), Tigger Force: 5.0 g.
Samples were prepared in shape of 2 cm × 2 cm × 1 cm blocks before test.

Prototype dish preparation
HMMA was sliced and cut to form rectangular HMMA sheets of 4 cm ×
6 cm and 1mm thick. These sheets were imprinted and bound by TG
powder to form a stack. Each stackwas constructed by 7 layers of imprinted
sheets. Original HMMAbars were used as control, which were also cut into
4 cm×6 cmblocks,with comparable thickness to the imprinted stacks. Both
imprinted stacks and original HMMA blocks were torn randomly into
pieces to mimic that of chicken strips. Subsequently, the torn pieces were
boiled at 100 °C for 2mins, drained of excess moisture and cooled to room
temperature. Following, seasonings and flavorings were added to replicate
the taste of smoked chicken strips. The pieces were marinated at room
temperature for at least 30minutes, and flame torched for approximately
45 seconds to further enhance the smoky flavor and create a color of bar-
bequed chicken strips.

Lean chicken breast meat was boiled in hot water till fully cooked and
torn into pieces of similar size to the HMMA pieces. Subsequently, the
chicken strips were also marinated and flame torches with the exact same
procedure as mentioned above.

Consumer acceptability evaluation
Sensory evaluation was carried out among a panel of 15 assessors. Informed
consent was obtained from all the participants. In this single-blind test,
participants were tasked to evaluate the general eating experience and the
fibrous appearance and texture of the cooked imprinted pieces as compared
to original HMMA and real chicken pieces. Imprinted pieces and original
HMMA samples were coded with a three-digit number and order of sam-
ples was randomized. Participants were given the samples sequentially and
asked to make choices among options regarding their general eating
experience and the similarity of the samples to chicken breast in terms of
their fibrousness in appearance and texture. After being presentedwith one
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sample, participants had to evaluate and grade it based on a series of
questions before they were given the next sample. Participants were not
allowed to change their evaluation scores of previous samples to eliminate
biasness. The participants were asked to evaluate the satisfaction of general
eating experience of imprinted cuts and original HMMAwithout knowing
the sample types. As meat eaters, participants evaluated the satisfaction
based on their pastmeat-eating experiences without tasting the real chicken
breast samples. The chicken samples were not provided at this step to avoid
interference from chicken’s meaty smell, taste or aroma. The participants
were then informed and given a piece of sample from real chicken breast,
then they were given the two types of plant-based meat samples again
without knowing the sample types. They were then asked to evaluate the
fibrous appearance and mouthfeel of the plant-based meat samples. The
chicken samples were provided at this step as fibrousness might not be a
property commonly noted in their experiences. The results of general eating
experience were transformed to 1–5, 1 meaning very unsatisfying and 5
meaning very satisfying. The results of fibrous similarity to chicken breast
were transformed to 1–10. Fisher’s ExactTestwas performed to examine the
significance of difference. In general eating experience, samples with score
above and equal to 4 (out of range 1–5) were categorized as acceptable while
samples below 4 (out of range 1–5) were categorized as unacceptable for
Fisher’s Exact Test. In fibrousness comparison, samples with score above
and equal to 8 (out of range 1–10) were categorized as similar to chicken
while samples below 8 (out of range 1–10) were categorized as unsimilar to
chicken for Fisher’s Exact Test.

For sensory evaluation comparing unimprinted cuts and imprinted
cuts, samples including original HMMA, unimprinted cuts and imprinted
cuts were prepared following the same protocol above, with the only dif-
ference being that unimprinted cuts were constructed by sliced sheets
without imprinting. Eight participants were asked to score their preference
of the samples based on theirmeat-eating experiences. They could score the
samples with 1, 2 or 3 with 1meaning the least preferred and 3meaning the
most preferred. Each sample should be marked with one number while no
numbers could be used twice. Fisher’s Exact Test was used to evaluate the
significance, where score 1 with lowest preference was categorized as
unacceptable to consumers, 2 or 3 with medium to high preference were
categorized as acceptable. All the participants were meat eaters.

Statistical analysis
Crossed design for pattern parameters of different values was performed by
Minitab using Taguchi design, and the results were analyzed using the same
software to get the main effect plot and pareto chart of the standardized
effect. Fisher’s Exact Test was performed using MATLAB. Other statistical
analyses including t-Test, and linear fitting were performed using
OriginPro.
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