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A B S T R A C T

This study explores the potential of microalga (Auxenochlorella protothecoides) as seafood ink for a three- 
dimensional (3D)-printed product that replicates fish texture. Food inks were prepared with varying concen
trations of microalga and their suitability for 3D-printing was evaluated through a rheological analysis. The 
concentration showing the highest printability was then selected to assess the effects of 3D-printing parameters 
on the texture of printed samples. Initially, the food ink was suitable for 3D printing across all microalga con
centrations due to its shear-thinning behavior, but increasing microalga content lowered the flow index and 
reduced printability. Optimal printability was achieved at a microalga concentration of 36%, where both height 
and width percentage errors were 0%, closely matching the computer-aided design. Using this ink, the physical 
properties of the 3D-printed models were examined based on printing parameters. Various physical properties 
depended on the nozzle diameter and infill density, with the resulting textures closely matching those salmon, 
mackerel, and flounder. These findings suggest that microalga can be used as food ink in 3D printing of fish 
substitutes that replicate the texture of real fish.

1. Introduction

Global seafood consumption has been increasing at nearly twice the 
rate of population growth (FAO, 2024). This increase has been associ
ated with significant ecological consequences, including overfishing, 
loss of marine biodiversity, and heightened concerns about consumer 
exposure to marine pollutants, such as mercury and microplastics, both 
of which pose critical environmental and public health concerns 
(Teixeira & Silva, 2024). In response, the seafood industry has acceler
ated the development of alternative products — commonly referred to as 
fish analogs — that replicate the appearance, taste, and texture of con
ventional fish while aiming to reduce ecological and health risks (Li 
et al., 2024).

Microalgae are considered a sustainable source of high protein food 
products. For example, several commercial chlorella and Auxeno
chlorella biomasses are composed of approximately 65% protein on a 
dry-matter basis, although biomass composition can vary with cultiva
tion conditions (Canelli et al., 2020; Coleman et al., 2022). Among these 
algae, Auxenochlorella protothecoides, a white-pigmented strain of 

chlorella (WC) offers several advantages. Its pale pigmentation, ach
ieved through heterotrophic cultivation and pigment biosynthesis 
regulation (Clydesdale, 1993), provides superior visual compatibility for 
analogs of white-fleshed seafood, an objective that is challenging to 
achieve with green-pigmented algae. Additionally, its classification as 
“generally recognized as safe” reinforces its food-grade ingredient 
applicability (Torres-Tiji et al., 2020). Prior research has used micro
algae as food additives and coloring agents, (Batista et al., 2017; Gar
cía-Segovia et al., 2017), but their suitability as a primary fish analog 
remains unexplored.

Meanwhile, three-dimensional (3D) printing has created new possi
bilities in customized food fabrication, enabling precise control of 
product shape, internal structure, and texture (Mantihal et al., 2020). A 
critical factor in the 3D printing of food products is the development of 
inks with rheological and mechanical properties that ensure stable 
extrusion and shape retention (Chen et al., 2022). These performance 
outcomes can be influenced by both formulation variables (e.g., biomass 
concentration) and printing parameters (e.g., nozzle diameter and infill 
density) (Oh et al., 2024). Such parameters can affect printability, 
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dimensional fidelity, and textural properties of 3D-printed foods (Huang 
et al., 2019; Liu et al., 2018). Understanding and optimizing these pa
rameters is therefore essential for the fabrication of high-quality 
3D-printed foods.

Despite growing interest in 3D-printed fish analogs, most reported 
formulations rely on plant-derived proteins combined with hydrocol
loids to reproduce a seafood-like texture and appearance (Shi et al., 
2023; Zhong et al., 2023). However, microalga-based systems, particu
larly those involving A. protothecoides, have rarely been investigated as a 
single-ingredient printable matrix (Mirzapour-Kouhdasht et al., 2024). 
The printability and rheological-textural attributes of A. protothecoides 
biomass as a stand-alone ink for 3D printing remain to be systematically 
evaluated.

This study aims to develop and characterize A. protothecoides food 
ink to emulate the fish-like texture. We first evaluated its rheological 
behavior and related it to extrusion stability and dimensional fidelity to 
identify the optimal concentration. Using the selected concentration, we 
examined how nozzle diameter and infill density influence the textural 
properties of 3D-printed constructs by comparing the resulting texture 
profiles with those of three fish species (mackerel, flounder, and 
salmon).

2. Materials and methods

2.1. Material

White chlorella (A. protothecoides) dry powder (hereafter referred to 
as WC) was obtained from Daesang Corp.(Seoul, Korea). Fresh samples 
of salmon, mackerel, and flounder were purchased from a local market 
in Seoul, Korea.

2.2. Preparation of food ink

Food inks derived from WC were prepared by homogenizing dry 
biomass in distilled water for 5 min at room temperature, using varying 
proportions (32%, 34%, 36%, 38%, and 40%) (w/w), of WC as 32% (w/ 
w) was identified as the minimum gelation concentration in preliminary 
experiments. After preparation, all inks were kept at 4 ◦C overnight for 
adequate rehydration and labeled as follows: WC 32%, WC 34%, WC 
36%, WC 38%, and WC 40%.

2.3. Microstructure

The microstructure of WC inks was analyzed using a TM3030Plus 
tabletop scanning electron microscope (SEM) (Hitachi High- 
Technologies, Japan). Sample preparation was performed with slight 
modifications to a previously reported method (Oh et al., 2024). Briefly, 
WC inks were cast into silicone molds and frozen in a deep freezer for 18 
h. The samples were then freeze-dried for 48 h. Each sample was 
attached to an SEM stub using double-sided carbon tape. The samples 
were visualized under the microscope at an accelerating voltage of 15 kV 
and captured at a magnification of 600 × .

2.4. Measurement of rheological properties

For rheological characterization of the used food inks, rheological 
measurements were performed according to a procedure described by 
(Maldonado-Rosas et al., 2022). The rheological properties of the sam
ples were measured at 25 ◦C with an MCR102 rheometer (Anton Paar, 
Austria) using 25 mm and 50 mm parallel plates with a gap of 1 mm. The 
procedure involved loading the sample, trimming the edge, and 
applying a thin layer of silicon oil to prevent moisture evaporation. The 
sample was then allowed to rest for 1 min before testing. Rheometer data 
were collected using the Anton Paar RheoCompass 1.22 system.

2.4.1. Rotation shear viscosity test
Rotation shear viscosity measurements were performed at shear 

rates ranging from 0.01 s− 1 to 100 s− 1. Shear-thinning behavior was 
characterized using the power law model, and the consistency index (K) 
and flow index (n) were obtained from a linear regression of the linear 
region at logarithmic scales (Jagadiswaran et al., 2021): 

η=K γ̇(n− 1) (1) 

where η is viscosity (Pa⋅s), K is the consistency index (Pa.sn) and γ̇ is the 
shear rate (s− 1), and n is dimensionless. The coefficient of determination 
(R2) was used to evaluate the fit.

2.4.2. Strain sweep test
Strain sweep tests were performed at a constant frequency of 6.28 

rad/s, covering a strain range from 0.01% to 1000%, to determine the 
linear viscoelastic range (LVR). The yield stress was identified at the 
point of intersection between the storage modulus (Gʹ) and loss modulus 
(Gʹʹ) (Wilson et al., 2017).

2.4.3. Dynamic oscillation frequency sweep test
A dynamic oscillation frequency sweep was performed at a constant 

strain of 0.1% over a frequency range of 0.1 to 100 rad/s, within the LVR 
of the inks.

2.4.4. Three-interval thixotropy test
A three-interval thixotropy test was conducted to characterize the 

shear recoverability of inks by applying a low shear rate of 1 s− 1 for 60 s, 
followed by a high shear rate of 100 s− 1 for 60 s, and a low shear rate of 1 
s− 1 was applied for 60 s. The methodology was adopted from a previous 
study with minor modifications (Z. Liu et al., 2019), and the recovery 
rate was calculated based on a method described by (Toker et al., 2015).

2.5. 3D printing

The 3D models were designed using Autodesk Inventor Professional 
software (Autodesk 2023). Two different models were designed: for 
printability evaluation, a 3D hollow cube measuring 18.4 mm × 1.7 mm 
× 10 mm (Fig. S1A); and for texture property evaluation, a 3D 
parallelogram-shaped cuboid measuring 16 mm × 16 mm × 10 mm 
(Fig. S1B). To investigate the texture effect according to 3D-printer 
parameters, the nozzle diameter and infill density were chosen in the 
computer-aided design (CAD) model shown in Table S1. The models 
were then exported as.stl files and imported into Simplify 3D slicing 
software (ver.4.1.1). Printing was conducted using an extrusion-based 
3D printer (LUCA, Illuminaid, South Korea.

2.6. Printability evaluation

To evaluate printability, the following settings were used: nozzle 
diameter = 0.85 mm, extrusion multiplier = 0.02 mm, and default 
speed = 420 mm/min (Fig. S1A). Printability was evaluated separately 
for height and width. The length of the width (top view) and height 
(front view) were measured from images using ImageJ, and average 
values were used for analysis. Percentage errors were then calculated for 
each dimension using Equation (2): 

Perror =
X measured − Y designed

Y designed
× 100 (2) 

where Perror represents the percentage error, X measured is the average 
length (width or height), and Y designed is the corresponding designed 
length derived from the CAD design.

2.7. Textural analysis

To evaluate the textural similarity between the 3D-printed analogs 
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and actual fish (mackerel, salmon, and flounder), hardness and cohe
siveness values were compared following a methodology developed by 
(Dunne et al., 2025; Souppez et al., 2025). Those studies conducted 
assessments based on whether the printed samples’ values fell within the 
empirically defined reference ranges of steamed fish, rather than exact 
numerical correspondence. This range-based approach accounts for the 
natural variability of biological tissues.

All 3D-printed samples of WC 36% were fabricated as parallelogram- 
shaped cuboids (16 × mm × 16 mm × 10 mm) and subjected to texture 
profile analysis using a texture analyzer (TA. XT2i Plus, Stable Micro
system, Arrow Scientific Pty., Ltd). A 25 mm × 25 mm square probe was 
employed at a deformation rate of 30% and test speed of 1 mm/s. The 
measurement protocols were adapted from previously reported meth
odologies (Nam et al., 2023; Wen et al., 2022). For comparison, 
steamed-fish samples (mackerel, flounder, and salmon) with the same 
dimensions as the printed samples were prepared and tested under 
identical conditions following 4 min of steaming, followed by cooling at 
25 ◦C for 15 min.

2.8. Statistical analysis

All results were presented as the mean ± standard deviation. All 
analyses were conducted in triplicate (n = 3). Statistical analysis was 
performed using one-way analysis of variance followed by Duncan's test 
using SPSS software (SPSS ver. 12.0, SPSS Inc., USA). A p value < 0.05 
was considered statistically significant. Graphs were generated using 
SigmaPlot ver. 12.5 (Sigmasoft, USA).

3. Results and discussion

3.1. Determining the white chlorella concentration for optimal printing

3.1.1. Microstructure
The microstructures of WC ink with different concentrations (32%– 

40%) of microalga were visualized using an SEM (Fig. 1). A micro
structural analysis revealed a porous network across all concentrations, 
which can contribute to the elasticity of the gels (Ran et al., 2022). The 
pore morphology appeared uniform, and the pores were predominantly 
elliptical (Fig. 1A–E). The average pore size decreased from 57.16 μm to 
13.55 μm as the WC concentration increased from 32% to 40%, 
reflecting a denser network structure at a higher WC concentration (Du 
et al., 2013). Due to WC's hydrophilic compounds, its cell structure and 
high water-binding capacity contributed to the creation of a denser 
network at higher concentrations, which led to increased cross-linking 
(Uribe-Wandurraga et al., 2020). This suggests that increased 
cross-linking contributes to improved gel strength (Pant et al., 2021), 
which will be further corroborated by rheological analysis in the sub
sequent sections.

3.1.2. Extrusion-relevant flow behavior and power-law parameters
There are three major stages of printing; extrusion, printing, post- 

printing, and rheological properties provide direct information on ink 
behavior in each of these steps. For the first stage, extrusion, flow 
behavior of the ink is directly related to nozzle extrusion, because nozzle 
flow is governed by viscosity response under shear during printing 
(Amorim et al., 2021). In particular, a pseudoplastic property is critical 
for smooth extrusion through small nozzles, which in turn determines 
the quality of the printed objects (M. Wang et al., 2023). As shown in 
Fig. 2A, the viscosity of five inks decreased as the shear rate increased, 
confirming their non-Newtonian and pseudoplastic nature (Z. Liu et al., 
2019). Flow index (n), a key parameter in the power-law model 
reflecting extrusion feasibility, was below 1 for all samples (Zhu et al., 
2023), and decreased with increasing WC concentrations, indicating 
enhanced extrudability and more pronounced shear-thinning behavior 
(Fig. 2B). The power-law model adequately described the flow-curve 
data for all samples (R2 ≥ 0.97) (Table S2).

Another key parameter, the consistency index (K), increased non- 
linearly and significantly from 133.78 Pa s to 2457.15 Pa s along with 
WC concentration. Taken together, the opposing trends of these two 
parameters indicate that WC inks at all concentrations exhibit shear- 
thinning behavior. This phenomenon may be attributable to in
teractions between algal cells and soluble polymers released into the 
medium, because microalgae cell aggregates are formed as biomass 
concentration increases (Souliès et al., 2013). The WC concentration 
increased only from 32% to 40% in 2% increments, while K increased 
nonlinearly by approximately 18-fold, suggesting a narrow process 
window in which improved shear-thinning may be accompanied by an 
elevated risk of nozzle-clogging at high K values (Z. Liu et al., 2019). 
Moreover, n and K primarily describe flow during extrusion and do not 
fully predict shape retention after deposition. Subsequent tests were 
therefore conducted to verify whether the extruded ink could maintain 
structural stability after printing.

3.1.3. Viscoelasticity governing yield behavior and post-deposition
Strain sweep tests were conducted to characterize the linear or 

nonlinear viscoelastic regions of structured fluid systems and to deter
mine the yield stress (Fig. 3A). These moduli are crucial as they correlate 
closely with the stress required to initiate the flow (Corker et al., 2019). 
Sufficient yield stress is necessary to ensure that the printed material 
maintains its shape after exiting the nozzle and that the lower layers can 
support the weight of the layers above them (Chen et al., 2019). The 
yield stress at the intersection of Gʹ and Gʹʹ increased significantly at 
higher concentrations of WC ink, from 25.68 to 425.22 Pa (Table 1). A 
broader LVR was observed at lower biomass concentrations (WC 32% 
and WC 34%) compared with higher concentrations (WC 36%, WC 38%, 
and WC 40%) (Fig. 3A). These observations align with the findings of 
(Stickel et al., 2009), who reported that a higher biomass content in
creases particle interactions and structural complexity, leading to faster 
structural breakdown under stress and a narrower LVR. To ensure that 
all specimens were measured within the LVR range, a shear strain value 
of 0.1% was selected for the frequency sweep test across all samples 
(Fig. 3B). The results indicate that WC inks can flow while maintaining 
their structure under adequate stress, a characteristic particularly ad
vantageous for 3D printing.

Frequency sweep tests were conducted to assess the viscoelastic 
properties of the inks. As illustrated in Fig. 3B, both Gʹ and Gʹʹ increased 
with angular frequency (from 0.1 rad/s to 100 rad/s), with Gʹ consis
tently exceeding Gʹʹ. These results indicate that WC inks exhibit pre
dominantly elastic behavior rather than viscous flow, suggesting a solid- 
like rheological profile advantageous for 3D printing of foods (Corker 
et al., 2019). This behavior is likely due to its composition of primarily 
proteins and polysaccharides (Jang et al., 2017). The interaction be
tween these two components may enhance the structural properties of 
food gel, which is important to achieving the desirable rheological 
property (Banerjee & Bhattacharya, 2012). Moreover, a high G′ value 
signifies a strong anti-disintegration ability and hardness, and indicates 
that the material requires more energy to resist flow (Yunlei Fu et al., 
2021). These trends support concentration-dependent differences in 
network strength, which can influence post-deposition shape retention 
during extrusion-based 3D printing.

3.1.4. Final formulation selection based on recovery behavior and 
dimensional fidelity

Three-interval thixotropic tests (3ITTs) were performed to approxi
mate the low-high-low shear conditions during extrusion-based printing 
and to quantify viscosity breakdown and recovery as rheological in
dicators relevant to printing performance. (Chao et al., 2024). The vis
cosity profiles are presented in Fig. 4A. During the first low-shear 
interval (0–60 s), all formulations reached a steady viscosity plateau, 
with higher WC concentrations yielding higher viscosity levels. Upon 
shifting to the second interval (60–120 s) under high shear, a sharp 
decrease in viscosity was observed across all inks. The viscosities of WC 
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Fig. 1. SEM imaging and pore morphology characterization of white chlorella (WC) inks at different concentrations (left column) with the corresponding 
pore size distribution histograms (right column). (A) WC 32%, (B) WC 34%, (C) WC 36%, (D) WC 38%, and (E) WC 40%. Data are presented as mean ± SD (n 
= 3).
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38% and WC 40% dropped below 1 Pa s, suggesting a significant 
breakdown of their internal structures. In contrast, WC 32%–36% 
maintained viscosities above 1 Pa s throughout this interval, with WC 
36% exhibiting the most stable resistance to shear-induced thinning. 
Upon returning to low shear (120–180 s), WC 32%, WC 34%, and WC 
36% recovered to 78%, 70%, and 60%, respectively (Fig. 4B), whereas 
WC 38% and WC 40% recovered by less than 5%, suggesting irreversible 
damage after strong deformation (Moakes et al., 2015). Importantly, 
3ITTs quantify viscosity dynamics under controlled shear conditions, 
but these results alone cannot fully predict actual printing outcomes 
(Balters & Reichl, 2025).

Accordingly, printability was evaluated via the dimensional accu
racy of the height and width of the printed objects. As shown in 
Fig. 5A–C, a hollow square printed with WC 36% remained structurally 
intact. WC 32% and, partly, WC 34% were extrudable but exhibited 
dimensional deviations. This is consistent with their lower Gʹ compared 
with WC 36% (Fig. 3B), indicating insufficient elastic resistance for self- 
support. Higher concentrations have also been reported to reduce fila
ment spreading during printing (Outrequin et al., 2024). Conversely, 
further increasing the WC concentration compromised extrusion. WC 
38% exhibited under-extrusion, leading to deviations from the target 
width (− 6%) and height (− 61%), while WC 40% could not be extruded. 
This is consistent with its high apparent viscosity in the flow-curve tests 

(Fig. 2A) and predominantly solid-like viscoelastic response (Fig. 3B). 
Together, these results suggest an upper limit of the rheological print
ability window, beyond which continuous deposition of filaments is 
hindered and nozzle clogging is induced (Zhong et al., 2024).

Taken together, while 3ITTs effectively captured shear-induced 
breakdown and recovery, the resulting mismatch with dimensional ac
curacy indicated that the recovery ratio alone is insufficient and must be 
interpreted alongside buildability and extrudability metrics (Calafel 
et al., 2025). Consequently, WC 36% was identified as the practical 
optimum, providing sufficient post-deposition self-support without 
exceeding the extrusion limits of the printing system.

3.2. Effect of printing parameters on 3D printed objects

The impact of printing parameters on the samples was investigated 
while maintaining identical printing speed and pressure. Fig. 6 illus
trates how variations in nozzle diameter and infill density affected the 
appearance and structure of WC 36% samples. The internal diameter of 
the nozzle correlates directly with the thickness of the extruded lines 
(Yang et al., 2018). The top-view images reveal that a smaller nozzle 

Fig. 2. Flow behavior characterization of white chlorella (WC) inks with 
varying concentrations. (A) Viscosity as a function of shear rate (0.01-100 
s− 1), (B) Power-law model parameters obtained by fitting the flow curves; flow 
index (n) and consistency index (K). Data are presented as mean ± SD (n = 3). Fig. 3. Oscillatory viscoelastic properties of white chlorella (WC) inks. (A) 

Strain sweep tests showing the storage modulus(Gʹ) and loss modulus (Gʹʹ) as a 
function of strain amplitude at a fixed angular frequency of 6.28 rad/s. (B) 
Frequency sweep analysis showing storage modulus (Gʹ) and loss modulus (Gʹʹ) 
across angular frequencies (0.1-10 rad/s).
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diameter produced more evenly extruded lines and surfaces 
(Thangalakshmi S, 2022), while larger nozzles led to less uniformity. 
This aligns with previous studies indicating that smaller nozzle sizes 
typically result in superior printing quality (Y. Liu, Liang, et al., 2019; 
Wang et al., 2018). Infill density, representing the proportion of the 
internal volume filled in a sample (Huang et al., 2019), also significantly 
affected the final structure. As the infill density increased, more internal 
pattern appeared to be more filled, with fewer visible gaps, which is 
consistent with increased ink extrusion. Overall, the deposited filaments 
followed the CAD-designed geometry across all conditions. However, 
larger nozzle diameters and higher infill densities tended to reduce 
feature fidelity at sharp corners, as evidenced by corner rounding in the 
top and panoramic views (Fig. 6), which is consistent with reports that 
printing resolution decreases as nozzle diameter increases.

3.3. Texture analysis of 3D-printed objects: hardness and cohesiveness for 
simulating a fish-like texture

3.3.1. Hardness and cohesiveness
Using a texture profile analysis (TPA), we evaluated whether 3D- 

printed WC 36% constructs can approximate the texture of steamed 
mackerel, salmon, and flounder. Hardness and cohesiveness were used 
as key metrices (Lee & Hashimoto, 2024) because hardness, defined as 
the force required to deform a material (Shaikh et al., 2017), affects 
mouthfeel and consumer perception (Bland et al., 2018; Zhang et al., 
2021). Cohesiveness, representing the interparticle bonding strength 
that allows a product to resist compaction without disintegrating during 
chewing, is another critical attribute (Dong, 2023). The measured 
hardness and cohesiveness values of fish samples (Fig. 7B and D) are 
presented alongside those of the printed sample data (Fig. 7A and C).

As infill density increased, hardness increased at all nozzle diameters 
(Fig. 7A). The effect was strongest for the 0.5 mm nozzle, showing an 
increase of approximately 18%, from 30% to 60% infill, and a further 
increase of approximately 40%, from 60% to 90%. In contrast, 0.85 mm 
and 1.2 mm nozzles exhibited smaller increases (~6% and ~10% from 
30% to 60%), with only limited additional gains at 90% of infill density. 
This observations are consistent with reports that increasing infill pro
motes material deposition and consolidation, thereby increasing hard
ness (Carranza et al., 2023). Notably, the increment of hardness 
plateaued at a higher infill for the larger nozzles, suggesting diminishing 
nozzle-dependent returns (Maguluri et al., 2022). This may be because 
larger nozzle diameters increase inter-filament void between adjacent 
filaments, which limits effective densification (Fig. 6). Consequently, 
hardness becomes less sensitive to further increases in infill at higher 
values (Czyżewski et al., 2022).

Cohesiveness exhibited a parallel trend with the hardness values, 
with the 0.5 mm nozzle achieving a consistent increase in cohesiveness, 
from 30% to 90% infill density (Fig. 7C), likely resulting from progres
sively tighter interparticle bonding as the density increased (Huang 
et al., 2019; Thangalakshmi S, 2022). In contrast, the 0.85 mm and 1.2 
mm nozzles displayed a cohesion pattern similar to that of hardness, 
showing an increase of up to 60% infill density before plateauing. To be 
more specific, the 0.85 mm nozzle followed a similar but less-gradual 
trend, while the 1.2 mm nozzle, with its reduced ability to fill finer 
gaps, showed no increase in cohesiveness beyond an infill density of 
60%. This observation differs from findings by (Yu et al., 2023), who 
reported that higher infill densities typically reduce internal voids and 
enhance structural compactness. In the current study, however, the in
ternal structure appeared to achieve maximal effective contact between 
particles at approximately 60% infill density, beyond which additional 
material did not enhance cohesiveness significantly (Yuan et al., 2022). 
This indicates that larger nozzle diameters may facilitate the early onset 
of structural saturation, where interparticle bonding reaches an optimal 
threshold within the tested parameter range (D. Wang, Lu, et al., 2023). 
For larger nozzles, increasing the infill beyond 60% offered limited gains 
in hardness and cohesiveness. As a result, nozzle-infill selection should 
be guided by the targeted texture.

While trends in hardness and cohesiveness were identified across 
varying printing parameters, a quantitative analysis of correlations be
tween specific printing parameters and these textural properties was not 
undertaken in this study. Future research should investigate these re
lationships in greater depth to optimize the texture of 3D-printed 
materials.

Table 1 
Measured yield stress of food inks with varying concentrations of white chlorella (WC).

Content WC 32% WC 34% WC 36% WC 38% WC 40%

Yield stress τy (Pa) 25.68 ± 5.79e 91.58 ± 20.70d 171.84 ± 6.67c 276.23 ± 10.98b 425.22 ± 11.56a

Equal letters in the same row indicate no statistically significant differences (p < 0.05).

Fig. 4. Three-interval thixotropy and viscosity recovery of WC inks at 
different concentration. (A) Three-interval thixotropy test (3ITT) demon
strating viscosity recovery under shear rate changes. (B) Recovery rate calcu
lated from (A). Different letters (a-c) indicate statistically significant differences 
(p < 0.05).
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3.3.2. Simulating fish-like texture
Because fish hardness is species-dependent due to differences in 

muscle structure and composition, the hardness values of steamed 
mackerel (575.21 g), flounder (659.77 g), and salmon (788.36 g) were 
used as species-specific targets (Fig. 7B and D) (Wu et al., 2014). Within 
the tested nozzle-infill parameter ranges, these targets were reached by 
co-adjusting the nozzle diameter and infill density (Fig. 7A and C). 
Specifically, mackerel hardness was obtained at a range of either 0.85 
mm and 30% or 0.5 mm and 60%, flounder at either 0.5 mm and 30% or 
0.85 mm and 60%, and salmon at either 1.2 mm 60% or 0.5 mm and 
90%. These data indicate that comparable target hardness values can be 
achieved by multiple nozzle-infill combinations. Such parameters pro
vide design flexibility whereby parameter selection can be guided by 
practical printing performance while maintaining the primary texture 
targets (Pereira et al., 2021). These findings emphasize that specific 
nozzle and density settings can closely approximate the hardness of 
different species through 3D-printed WC ink (Z. Liu & Zhang, 2021).

Cohesiveness was more difficult to match across species, indicating 
that it acts as a limiting metric within parameter combinations in this 
system. As shown in Fig. 7B and D, cohesiveness differed across fish 
species, due to intrinsic mechanical properties, such as muscle fiber 
structure and fat content, which influenced both texture and firmness 
(Bugeon et al., 2003). As shown in Fig. 7B, the cohesiveness of mackerel 
(0.73) was effectively reproduced within the texture range of the WC 
samples. The use of an infill density of 60% and a nozzle diameter of 
0.85 mm enabled the replication of mackerel's cohesiveness, demon
strating the potential of adjusting the 3D-printing parameters to emulate 
specific fish textures (Schreuders et al., 2021; Xu et al., 2016). In 
contrast, achieving comparable cohesiveness values for salmon (0.42) 
and flounder (0.78) was challenging. The firmer texture of flounder is 
possibly related to its high protein content, while the reduced cohe
siveness of salmon may be attributable to its higher fat levels (Fomena 
Temgoua et al., 2022; Kim et al., 2012). These findings emphasize the 
need to apply adequate printing parameters to 3D-printed samples to 

replicate the textural properties of salmon, mackerel, and flounder 
within targeted texture ranges.

4. Conclusion

This study developed an A. protothecoides food ink for extrusion- 
based 3D printing to emulate fish-like texture. Overall, increasing the 
WC concentration led to a denser microstructural network and enhanced 
yield behavior, and storage moduli consistently exceeded loss moduli. 
Notably, thixotropic recovery rates were not predictive as assessed by 
dimensional fidelity. Lower concentrations (WC 32%, 34%) led to fila
ment spreading, while higher concentrations resulted in under-extrusion 
(WC 38%) or extrusion failure (WC 40%). Consequently, a narrow 
printable window was identified at WC 36%, which yielded the most 
stable constructs despite showing no peak recovery rate. Subsequently, a 
TPA was conducted on WC 36% products to evaluate the effect of nozzle 
diameter and infill density. For larger nozzles (0.85 and 1.2 mm in 
diameter), increasing the infill density beyond 60% offered limited gains 
in hardness and cohesiveness. Finally, when compared to steamed fish, 
while multiple nozzle-infill combinations could match the target hard
ness, cohesiveness was specifically matched only for mackerel.

These findings establish a formulation-rheology-printing framework 
for developing microalga-based ink with tunable textural profiles. By 
using a minimalistic ingredient approach, WC-based inks offer a prom
ising clean-label platform for fabricating structured seafood analogs 
while minimizing formulation complexity and reliance on exogenous 
structuring agents. Although this study focused on feasibility, future 
research incorporating broader parameter mapping (e.g., design of ex
periments) may further refine the design of sophisticated fish-like 
analogs.
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