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a b s t r a c t

Many of Earth's most biodiverse and biogeochemically active aquatic ecosystems—including ground-
water karst systems, turbid estuaries and the deep ocean—are perpetually dark and hydraulically 
complex, making long-term, high-resolution monitoring technologically challenging. Conventional 
optical and acoustic sensors suffer rapid signal attenuation and high energy demand in these conditions. 
Cavefishes of the genus Sinocyclocheilus, which inhabit lightless subterranean waters, have evolved 
distinctive cranial morphologies—a duckbilled head, dorsal horn and hump—hypothesized to enhance 
hydrodynamic perception. Here we show, by combining vital staining of neuromasts with validated 
computational fluid dynamics simulations across a morphological series of Sinocyclocheilus species, that 
these structures dramatically amplify differential pressure signals (by up to 429.8%) and near-wall ve-
locity gradients (by up to 69.2%) while extending perceptual range. Regions of maximal hydrodynamic 
variation predicted by the models closely match the observed distribution of canal and superficial 
neuromasts, revealing a clear biomimetic design principle: sensors should be positioned where flow-
field gradients are strongest. These findings establish a quantitative, evolution-guided framework for 
optimizing artificial lateral line (ALL) sensor arrays, enabling autonomous underwater vehicles to 
perform energy-efficient, high-fidelity monitoring in some of the planet's most sensitive and data-
scarce aquatic environments.
© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, 
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A significant portion of Earth's aquatic ecosystems, from 

groundwater reservoirs and deep-sea habitats to turbid coastal 
waters, are characterized by limited light and complex flow con-
ditions. Monitoring these environments is critical for assessing 
biodiversity, biogeochemical cycles, and climate impacts, but re-
mains a formidable technological challenge [1]. Conventional 
sensing technologies, such as sonar and optical systems, are often 
hindered in these settings by high energy demands, limited

operational range, and significant signal degradation [2]. An 
emerging alternative is to draw inspiration from nature's sensory 
solutions, which have been refined over millions of years of evo-
lution to operate efficiently in challenging conditions.

In this context, the bio-inspired development of artificial lateral 
line (ALL) systems has garnered significant interest. Various ALL 
systems have been developed using velocity or pressure sensors as 
the primary sensing modality for underwater robots [3–7]. Recent 
research has focused on two main challenges: improving sensor 
robustness under complex flow conditions and integrating 
multimodal sensing to enhance environmental perception. For 
instance, efforts to enhance robustness address the critical chal-
lenge of distinguishing external flow signals from self-generated 
noise. He et al. [8] developed a magnetic deformation-based
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sensor array capable of decoupling external flow measurements 
from disturbances caused by a robotic fish's own motion. Similarly, 
Zhai et al. [9] employed mode decomposition to interpret sensor 
signals, offering a data-driven framework for robust state 
estimation.

Beyond signal processing, the physical arrangement of sensors 
on a robotic platform presents a fundamental unsolved challenge 
in ALL systems design. While natural lateral line systems exhibit 
complex, nonuniform neuromast distributions, most artificial 
implementations still use simplified straight-line or uniform 

configurations [10–13]. A generalized, principled methodology for 
optimizing ALL systems sensor placement remains an open area of 
research. Advancements in multimodal sensing show promise; for 
example, Wang et al. [14] developed a fully solid-state sensor array 
for detecting translational moving objects with high accuracy, 
demonstrating robustness to variations in object shape and dis-
tance. Fu et al. [15] fused hydrodynamic and electric field sensing 
to improve source localization, underscoring the potential of 
sensor fusion. This technological gap, the lack of a principled, bio-
inspired strategy for optimal sensor placement and integration, 
motivates a deeper investigation into biological models that have 
solved similar perceptual problems in nature. Here, cavefish offer a 
uniquely compelling model. Adapted to life in perpetually dark, 
low-flow aquatic caves, they represent an extreme evolutionary 
specialization for hydrodynamic sensing [16]. Their sophisticated 
lateral line system, optimized for passive perception in stagnant 
groundwater, offers distinct and highly relevant bio-inspiration 
compared to models from open-water predators such as sharks 
or seals. This model is directly relevant to the development of 
passive sensing technology for autonomous underwater vehicles 
(AUVs) [17,18].

Cavefish have long fascinated biologists due to their remarkable 
adaptations to subterranean environments, characterized by ab-
solute darkness, frequent hypoxia, and nutrient scarcity (Fig. 1a) 
[19,20]. Evolution in these cave environments led to the emer-
gence of two categories of cavefish: troglophilic and troglobitic. 
Troglophilic cavefish spend only part of their life cycle in caves, 
and thus also survive in surface waters. In contrast, troglobitic 
cavefish are permanently adapted to caves and exhibit distinct 
morphological traits that are often associated with the unique 
conditions of subterranean environments [16–20].

There are over 350 cavefish species, primarily found in tropical 
and subtropical regions (Supplementary Fig. S1), with high con-
centrations in the karst landscapes of Southeast Asia and Central 
and South America [16–22]. China boasts the highest biodiversity 
of cavefish species (Supplementary Fig. S1; Fig. 1b), with over 150 
identified species (78 of which are troglobitic); these species are 
mostly in the teleost orders Cypriniformes and Siluriformes and 
the families Cyprinidae, Cobitidae, Nemacheilidae, and Amblyci-
pitidae [16].

Troglobitic cavefish display a wide range of derived morpho-
logical, physiological, and behavioral features [23–31]. Morpho-
logically, these traits include protruding jaws, modified 
appendages, reduced pigmentation and scales, extended barbels 
and fins, and distinctive features such as a dorsal horn and hump 
[16,19–21]. Physiologically, troglobitic cavefish are characterized 
by adipose storage, altered immune activity, disruptions in circa-
dian rhythms, impaired vision, heightened sensory capacity (e.g.,

lateral line system) with compromised hearing, and enhanced 
taste receptors. Behaviorally, they show wall-following tendencies, 
rheotaxis, vibration attraction behavior, and modifications in 
schooling and foraging behavior. These unique traits make trog-
lobitic cavefish invaluable for studying ecological adaptation to 
extreme environments [32–34], and they serve as ideal biological 
models for pioneering bio-inspired navigation and sensing sys-
tems for underwater vehicles [35–37].

Chinese cavefish, particularly those within the genus Sinocy-
clocheilus (the golden-line barbel), are prominent within the 
extensive karst landscape that spans approximately 620,000 km 2 

of southwestern China, including eastern Yunnan, central and 
southern Guizhou, and northwestern Guangxi Zhuang Autono-
mous Region (Fig. 1b). The evolutionary history of the Sinocy-
clocheilus dates back about 10.16 million years and has been 
shaped by geological uplifts and climate-induced aridification that 
facilitated the development of cave habitats [20,38]. The distri-
bution and differentiation of cavefish species are closely linked to 
specific river networks, which limit their dispersal [38]. Most 
Sinocyclocheilus species are confined to a relatively narrow 

geographic range, primarily within latitudes 24–27 ◦ N across the 
aforementioned Chinese provinces.

The genus Sinocyclocheilus has rapidly diversified into 76 
known species, each with distinct morphological features, 
including elongated barbels, a duck-billed head, a horn and hump, 
and well-developed mechanosensory systems. Recent phyloge-
netic analyses classify these Sinocyclocheilus species into six clades, 
each exhibiting different body structures [39]. In general, Sinocy-
clocheilus species possess a sophisticated lateral line system with 
neuromast sensory units [37], categorized into superficial neuro-
masts (SNs) for the detection of flow and canal neuromasts (CNs) 
for the detection of pressure gradients [40]. Both types of neuro-
masts consist of sensory hair cells, supporting cells, and mantle 
cells, and function by detecting water motion through deflection of 
the cupula and bending of stereociliary bundles, leading to 
changes in the membrane potential of the hair cells [37]. This 
sensory mechanism underlies the lateral line system's role in be-
haviors such as rheotaxis, prey detection, predator avoidance, and 
social interactions. In extreme light-deprived cave environments, 
where visual function is greatly reduced, cavefish depend heavily 
on the lateral line system [40]. For instance, the vibration attrac-
tion behavior (VAB), observed in Mexican cavefish, but rarely in 
their surface-dwelling counterparts, improves foraging efficiency 
in the dark [41]. This specialized lateral line system, including 
more hair cells, larger canal pores, constricted canals, and 
heightened neural sensitivity, may enhance the ability of visually 
deprived cavefish to navigate, avoid predators, and surmount ob-
stacles in darkness [21,42–44]. The evolution of distinct morpho-
logical traits has also been hypothesized to amplify the 
hydrodynamic stimuli detected by the lateral line system [38,45]. 

Although some aspects of cavefish adaptations have been 
studied extensively, comparative studies on their lateral line sys-
tems are limited. The most attention has been given to the 
Mexican blind characins (e.g., Astyanax mexicanus) [46–52], North 
American amblyopsids [53], and Brazilian cavefish [54], with some 
attention given to the Chinese cavefish Sinocyclocheilus 
[38,43–45,55,56]. Despite several studies attempting to elucidate 
the functions of the aforementioned morphological changes of

Fig. 1. Characteristics, habitats, and distribution of Sinocyclocheilus cavefishes. a, Key morphological features of troglophilic and troglobitic cavefishes in different habitats. b, Local 
distribution of Sinocyclocheilus species, classified into four groups, predominantly concentrated in karst areas of Yunnan, Guizhou, and Guangxi provinces. c, The three studied 
species (S. grahami, S. rhinocerous, and S. furcodorsalis) belong to two distinct clades with notable morphological differences, particularly in head structure (streamlined vs. 
duckbilled), eye degeneration, and the presence of horns and humps. The troglophilic S. grahami retains normal eyes and scales, whereas the troglobitic S. rhinocerous has reduced 
eyes and degenerated scales. The blind, troglobitic S. furcodorsalis possesses only a few scales near the lateral line.
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Sinocyclocheilus, their contributions in hydrodynamic sensory 
mechanisms, particularly in relation to lateral line neuromasts, 
remain unclear [21,22]. Triantafyllou et al. [57] synthesized a new 

paradigm for aquatic propulsion, shifting from steady-flow models 
to an unsteady vortex-dominated framework. This work provides 
the mechanistic foundation for understanding fish agility and has 
served as a cornerstone for the engineering of bio-inspired un-
derwater vehicles. Shang et al. [58–60] investigated the effects of 
flexibility, curvature, and vibration on vortex dynamics and 
fluid–structure interactions. Together, these investigations offer a 
valuable framework for understanding how the flexibility and 
morphology of cavefish can alter surrounding flow patterns and 
enhance the detection of hydrodynamic stimuli by the lateral line 
system. A recent study [45] revealed how the horn structure in-
fluences hydrodynamic stimuli at the surface of S. tianlinensis by 
integrating particle image velocimetry (PIV), computational fluid 
dynamics (CFD), and ALL systems methodologies, significantly 
advancing our understanding. However, this work did not differ-
entiate the independent functional roles of the duckbilled head, 
horn, and hump structures in hydrodynamic perception, nor did it 
explore the potential correlations between morphological adap-
tation and sensory function. Understanding how these structures 
modulate hydrodynamic stimuli is essential to translating bio-
logical principles into engineering design for enhanced environ-
mental monitoring.

This study bridges ecology, evolutionary biology, and environ-
mental engineering to extract bio-inspired design principles for 
next-generation environmental monitoring. We addressed the 
translational gap directly by investigating three representative 
Sinocyclocheilus species, S. grahami, S. rhinocerous, and 
S. furcodorsalis, which form a morphological series from surface-
adapted to highly specialized troglobitic forms (Fig. 1c). By corre-
lating CFD simulations of hydrodynamic stimuli with the experi-
mentally measured distribution of lateral line neuromasts, we 
elucidate the functional role of the duckbilled head, horn, and 
hump in enhancing perception.

Our main contributions can be summarized as follows. We 
employed a consistent methodological approach across a model 
species series with absent (S. grahami), moderate (S. rhinocerous), 
and extreme (S. furcodorsalis) morphological features, allowing us 
to isolate the contribution of each structure. Furthermore, the 
virtual removal of the horn via CFD enabled us to disentangle its 
role from that of the duckbilled head and hump. This work pro-
vides a quantitative, bio-inspired framework to advance the design 
of ALL systems. By translating the link between adaptive 
morphology and sensory function into an engineering principle for 
sensor placement, we aim to enhance autonomous vehicles’ ability 
to monitor sensitive aquatic environments where conventional 
sensing is challenging.

The rest of the paper is organized as follows. Section 2 describes 
the experimental procedures for neuromast staining and statisti-
cal analysis, as well as the computational setup for the CFD sim-
ulations, model validation, and stimulus quantification. Section 3 
details the comparative distribution of neuromasts across the 
three Sinocyclocheilus species and presents a CFD analysis of 
enhanced hydrodynamic perception and stimulus variation. Sec-
tion 4 interprets the biological and ecological implications of our 
findings, extends the analysis to an additional species, and elab-
orates on the biomimetic design principles for sensor placement in 
ALL systems.

2. Materials and methods

Chinese Sinocyclocheilus cavefish species are rare and endan-
gered, and are classified as national second-class protected

animals [16]. Due to the failure of captive breeding, obtaining 
embryos for genetic editing experiments is currently unfeasible, 
making molecular-level verification of the functions of peculiar 
structures impossible at this stage. To address this limitation, we 
employed alternative methodologies, including neuromast vital 
staining and CFD simulations.

2.1. Animals

Specimens of S. grahami, S. rhinocerous, and S. furcodorsalis 
(n = 5 per species; 15 individuals total) were obtained from captive 
populations within the Cavefish Evolution and Development Lab-
oratory at the Kunming Institute of Zoology, Chinese Academy of 
Sciences (CAS). These specimens originated from caves in the 
Yunnan and Guangxi provinces of China. The average lengths for 
S. grahami, S. rhinocerous, and S. furcodorsalis were recorded as 
101.7–120.0, 66.7–75.9, and 80.7–90.0 mm, respectively. The ani-
mals were maintained in glass aquaria equipped with filtration 
and circulation systems at a water temperature of 21 ± 1 ◦ C. The 
specimens were fed specially formulated pet food, and the water 
in the aquaria was replaced on a weekly basis. Fish cultivation and 
experimental procedures adhered strictly to the guidelines set 
forth in protocols by Kunming, China's regulations on the ethical 
treatment of experimental animals and endorsed by the Kunming 
Institute of Zoology and CAS Animal Care and Use Committee, and 
the research procedures conformed to national guidelines.

The sample size (n = 5 per species) was constrained by the 
availability of these rare and protected cavefish from captive 
breeding populations. While limited, this sample permits robust 
comparative morphological and distributional analysis. Statistical 
approaches, including mixed-effects modeling, were employed to 
account for individual variations within the sample structure.

2.2. Neuromast vital staining

Neuromasts were stained with 2-(4-(dimethylamino)styryl)-1-
ethylpyridinium iodide (DASPEI, Merck KGaA, Darmstadt, Ger-
many). Each fish was individually immersed in 1 L of conditioned 
water containing 25 μg mL − 1 DASPEI and kept in the dark at the 
maintenance temperature (21 ± 1 ◦ C) for 2–6 h. Immediately after 
staining, the fish were immersed in a solution of 0.012–0.020% 
ethyl 3-aminobenzoate methanesulfonate salt (MS-222, Merck 
KGaA, Darmstadt, Germany) in conditioned water until they 
exhibited reduced motion and shallow breathing. Superficial and 
canal neuromasts were then observed using a fluorescence ste-
reomicroscope (SteRE0 Discovery. v12, Zeiss, Jena, Germany) and a 
fluorescence microscope (NEXCOPE-NIB900, Ningbo, China), 
coupled with a computer (OptiPlex7090, Dell, Shanghai, China). 
High-quality images were captured using a Zeiss Axiocam CCD 
camera (506 color, Jena, Germany).

2.3. Statistical analysis of neuromast numbers

We compared the numbers of CNs and SNs across the three 
cavefish species (S. grahami, S. rhinocerous, and S. furcodorsalis) in 
six anatomical regions: anterior head, posterior trunk and tail, 
caudal fin, dorsal head, ventral head, and other regions (upper 
lateral line and dorsal fin base). Counts were recorded from mul-
tiple specimens per species, with each fish contributing data for 
multiple regions.

Statistical analyses were performed in MATLAB R2022b using 
the Statistics and Machine Learning Toolbox. To account for the 
repeated-measures design and control for intra-individual vari-
ability, we fitted a separate linear mixed-effects model for each 
region and neuromast type using the fitlme function. The model
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was specified as: Count ~1 + Species + (1 | Individual_ID), where 
Species was treated as a fixed effect, and Individual_ID (a unique 
identifier for each fish–region combination) was included as a 
random intercept. The models were fitted under the assumption of 
a Gaussian distribution for the count data. Overall differences 
among species were evaluated using an Analysis of Variance 
(ANOVA) based on the fitted mixed model, with degrees of 
freedom approximated via the Satterthwaite method. For signifi-
cant effects, planned pairwise comparisons were conducted by 
testing specific linear contrasts of the model coefficients with the 
coefTest function, corresponding to the comparisons: S. grahami 
vs. S. rhinocerous, S. grahami vs. S. furcodorsalis, and S. rhinocerous 
vs. S. furcodorsalis. Effect sizes for these pairwise differences were 
calculated as Cohen's d to quantify the magnitude of differences 
between species. A significance level of p < 0.05 was used for all 
tests.

2.4. Computational fluid dynamics

The hydrodynamic stimuli perceived by the lateral line system 

were simulated using CFD. Simulations were performed with 
COMSOL Multiphysics (version 6.1) using the CFD module. The 
Reynolds-averaged Navier–Stokes (RANS) equations were solved 
for steady-state, incompressible flow. This approach is well 
established for modeling the time-averaged flow fields around 
various biological shapes as it efficiently captures the dominant 
pressure and shear stress distributions on the body surface, the 
key physical signals for hydrodynamic perception [36,38,45,48]. 
The RANS equations, combined with the k–ω shear stress transport 
(SST) turbulence model (with a Reynolds number Re of approxi-
mately 10 4 in this study, indicating a turbulent regime), provide an 
efficient and accurate representation of the turbulence effects near 
the body of the fish, which are essential for understanding how the 
lateral line system detects the hydrodynamic stimuli.

The CFD modeling setup incorporated two key simplifications 
to focus on the sensory role of the core body morphology. First, we 
simulated a steady gliding state. This is a standard approach for 
isolating the hydrodynamic stimuli available to the lateral line 
system during the primary sensory phase, as validated in prior 
studies of hydrodynamic perception [36,38,45,48]. Second, the 
pectoral, pelvic, dorsal, anal, and caudal fins were omitted from the 
geometric models. Fins are primarily actuators for propulsion and 
maneuverability; their removal is a common and accepted 
simplification in studies analyzing the sensory modulation of body 
shape during passive gliding, as it minimizes confounding flow 

complexities from moving appendages and isolates the contribu-
tion of torso and head morphology [36,38,45,48]. While these 
choices simplify the absolute flow field, they are appropriate for a 
comparative analysis of how different body shapes modulate the 
baseline hydrodynamic stimulus environment.

2.4.1. Governing equations
The RANS equations are derived by decomposing the instan-

taneous velocity (u) and pressure (p) fields into mean (U and P) and 
fluctuating (u ́ and p ́ ) components. The RANS equations for 
incompressible fluid flow around cavefish are as follows [61]:

∂U i
∂x i

= 0 (1)

∂ 
( 
U i U j 

)

∂x j
= −

1 
ρ w

∂P
∂x i

+ 
∂

∂xj 

(

ν 
∂U i 
∂x j

− u ́iu ́j

) 

(2)

where U i is the mean velocity component, ρ w is the density of

water, ν is the kinematic viscosity, and − u ́iu ́j is the Reynolds stress 

tensor, which represents the effects of turbulence and requires
modeling.

2.4.2. Turbulence modeling
The SST model is a hybrid model that combines the k–ω model 

(effective near walls) and the k–ε model (effective in free-stream 

flow). It uses blending functions to smoothly transition between 
the k–ω and k–ε models [62].

The turbulent kinetic energy (k) equation is as follows:

∂k 
∂t 

+ U j
∂k
∂x j 

= P k − β * ωk + 
∂

∂xj 

[ 

(ν + σ k ν t ) 
∂k
∂x j

] 

(3)

where P k is the production of turbulent kinetic energy, β * is a 
model coefficient, ω is the specific dissipation rate, ν t is the tur-
bulent eddy viscosity, and σ k is a model coefficient.

Another key equation is the specific dissipation rate (ω) 
equation:

∂ω 
∂t 

+ U j
∂ω
∂x j

= α 
ω 
k 
P k − βω 2 + 

∂
∂xj 

[ 

(ν + σ ω ν t ) 
∂ω
∂x j

]

+ 2(1 − F 1 ) 
σ ω2 
ω

∂k
∂x i

∂ω 
∂x i

(4)

where α, β, σ ω , σ ω2 are model coefficients, and F 1 is the blending 
function between the k–ω and k–ε models.

Turbulent eddy viscosity (ν t ) is calculated as follows:

ν t= 
a 1k

max(a 1ω; SF 2 )
(5)

− u ́iu ́j= − ν t 
(

∂U i
∂j

+ 
∂U j 
∂x i

) 

+ 
2
3 
kδ ij (6)

where a 1 is a model constant, S is the invariant measure of the

strain rate, F 2 is another blending function,
∂U i
∂j is the mean velocity 

gradient, and δ ij is the Kronecker delta, which ensures that the 
diagonal terms correspond to k.

2.4.3. 3D fish body scanning
To accurately replicate the cavefish's body structure, we used a 

portable 3D scanner (EinScan Pro 2X 2020, Shining 3D, Hangzhou, 
Zhejiang, China) to generate precise geometric models. These 
models were refined and optimized in SolidWorks. All fins were 
removed from the fish's bodies, as they do not significantly impact 
the hydrodynamic flow during the unobstructed gliding phase of 
swimming.

2.4.4. Computational domain and mesh
In all simulations, the rectangular tank's dimensions measured 

10 BL (body length of cavefish) in length, 10 BL in width, and 10 BL 
in height (Supplementary Fig. S2), containing approximately 
550,000 computational cells. Within this grid, the fish geometry 
remained static while the flow continued to move, emulating a 
gliding condition. A boundary-layer mesh (inflation layer) was 
generated at the fish surface, with the first cell height set to ach-
ieve a target dimensionless wall distance of y + ≈ 30, consistent 
with the resolution requirements for the applied RANS-based 
turbulence model. This y + value ensures accurate near-wall res-
olution for shear stress and pressure predictions relevant to lateral 
line stimuli.
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2.4.5. Boundary conditions
A constant velocity of 1 BL s − 1 (Re ≈ 10 4 ) was uniformly applied 

at the inlet. A zero gradient in the normal direction was specified 
for each variable at the outlet, except for pressure, which was set to 
zero. The tank walls were assigned symmetry conditions to mimic 
open-water conditions and avoid boundary effects, except at the 
fluid–fish body interface, where a no-slip condition was applied. 
This condition ensures that the flow velocity at the interface re-
mains zero (Supplementary Fig. S2 and S3).

2.4.6. Grid-independence analysis
A detailed grid-independence analysis was conducted to 

minimize uncertainties arising from numerical factors. This 
involved systematically refining the mesh and comparing key 
parameters (e.g., pressure) across different grid resolutions until a 
small variation was reached, ensuring that the results were not 
significantly influenced by grid size. In this study, we explored 
three distinct grids (coarse, medium, and fine) with varying cell 
resolutions to identify an optimal mesh that balances precision 
and computational efficiency (e.g., Supplementary Fig. S4). The 
mean deviation in the predicted pressure coefficient (C p = P

0:5ρ wU 2∞
, 

where U ∞ is the free-stream velocity) between the medium and
fine grids was approximately 0.09%, 1.58%, and 1.85% at α = 0 ◦ , 10 ◦ ,

15 ◦ , respectively, and the lift coefficient (C L = F lift
0:5ρ wU 2∞

, where F lift 
indicates the lift force) was 0.01% (see Supplementary Table S1 for 
a summary of cell counts and deviations), confirming that the 
chosen medium grid provided a mesh-independent solution. The 
selected grid performed consistently over a range of varied con-
ditions in simulations.

2.4.7. Validation of CFD model
To assess the robustness of the CFD modeling, we conducted a 

comprehensive set of validation tests. The model was validated by 
comparing its predictions with experimental data from Mateescu 
and Abdo [63], Lutz et al. [64], and Gregory and O'Reilly [65]. These
datasets, which span Reynolds numbers from 6 × 10 3 to 10 6 ,
employed similar grid structures (Supplementary Fig. S3), 
providing a robust basis for our validation. A finely layered mesh 
structure, known as an inflation layer (Supplementary Fig. S2 and 
S3), was employed around the airfoil to accurately resolve the 
boundary layer. This approach ensures a smooth transition in grid 
spacing near the wall, which is crucial for capturing surface 
aerodynamic phenomena [66]. Specifically, the validations per-
tained to the aerodynamic flow around an aerofoil using the 
NACA0008, NACA0009, and NACA0012 models with different 
chord lengths, and to the rotation of the angle of attack about the 
aerofoil's midchord. The detailed parameters employed in the 
three sets of wind-tunnel experiments are outlined in 
Supplementary Table S2. The C p on the airfoil surfaces, along 
with the corresponding absolute deviations from our current 
model (Supplementary Fig. S4 and S5), showed satisfactory 
agreement with the experimental measurements. The mean de-
viations for the three datasets (Mateescu and Abdo [63], Lutz et al. 
[64], and Gregory and O'Reilly [65]) were 0.0034, 0.0241, and 
0.0795, respectively. This agreement underscores the reliability 
and precision of our numerical model, thus rendering it an 
authoritative tool for subsequent inquiries.

2.4.8. Design of CFD simulations
According to previous studies [48,67,68], wall shear stress (τ w ) 

serves as a reliable approximation of the stimulus magnitude for 
superficial neuromasts, as it is proportional to the velocity

difference between the fish's surface and the surrounding fluid. 
Therefore, we considered pressure difference and wall shear stress 
as key indicators of stimuli for canal and superficial neuromasts, 
respectively.

Following prior research [36,45,48,69], we simulated cavefish 
gliding in open water by maintaining fixed fish geometry in a 
steady-state flow. To further investigate the effects of morphology 
on hydrodynamic stimuli, we conducted yaw angle tests, exposing 
cavefish to flow attack angles of up to 30 ◦ , in line with Ristroph 
et al. [69] and Yang et al. [36]. We then analyzed the normalized 
hydrodynamic stimuli using the kinetic energy per unit volume, 
expressed as the differential pressure coefficient (ΔC p ) and the 
skin friction coefficient (C f ), almost along the real lateral line of the 
cavefish's body from head to tail.

Additionally, we integrated the total stress on the cavefish 
surface in the drag direction, represented by the drag coefficient 
(C d ), to assess how the morphological traits of troglobitic species 
influence flow resistance and swimming modes. This investigation 
aimed to elucidate the role of specialized morphological changes 
in modulating hydrodynamic interactions in troglobitic cavefish.

C d=
F drag

0:5ρ wU 2∞A 
(7)

C p=
P i

0:5ρ wU 2∞
(8)

C f =
τ w

0:5ρ wU 2∞
(9)

ΔC p= 
P i − P i+1
0:5ρ wU 2∞

(10)

where C d , C p , and C f denote the drag, pressure, and skin friction 
coefficient, respectively; F drag , P i , and τ w indicate the drag force, 
static pressure at the ith canal pore, and wall shear stress imposed 
on the cavefish surface; A is the characteristic frontal area of the 
cavefish body; and ΔC p represents the difference of C p between 
two adjacent canal pores i and i +1.

Similar to the approach used to investigate the maximum hy-
drodynamic stimuli on S. tianlinensis by Yang et al. [36], we 
adopted the methodology to detect the remarkable variation in 
hydrodynamic stimuli based on the yaw (Supplementary Fig. S2). 
We defined a pressure-asymmetry metric, dp = P left − P right , to 
capture left–right differences that fish may use to detect flow 

changes [36,48,69]. Using the model outputs, we then calculated 
the changes in pressure (Δdp, equation (11)) and wall shear stress 
(Δ τ w , equation (12)), between adjacent angles of attack, α (for
example, the difference between the results at α = 5 ◦ and α = 0 ◦ ,
denoted 5–0 ◦ ). We then merged the regions corresponding to 
significant stimulus variation to verify the consistency between 
the distribution of biological neuromasts and the regions with 
notable stimulus variation.

Δdp = dp j − dp j–5 ◦ (11)

Δτ w = τ w j − τ w j–5 ◦ (12)

where Δdp and Δτ w indicate the changes in hydrodynamic stimuli
between two attack angles of flow with the index of j = 5 ◦ , 10 ◦ , 15 ◦ ,
20 ◦ , 25 ◦ , and 30 ◦ .

Differences were computed between consecutive angles of 
attack (0–30 ◦ ) during steady gliding in open water at Re ≈ 104.
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Fig. 2. Neuromast distribution in Sinocyclocheilus species: S. grahami (a), S. rhinocerous (b), and S. furcodorsalis (c). Top, schematic maps of superficial neuromasts (SNs; green dots) 
and canal neuromasts (CNs; red dots) along the head and body. RE: regressive eye; HB: the bottom edge of the horn; UL: upper lateral line; FB: dorsal fin base. Bottom: fluo-
rescence vital staining of neuromasts in the three species. The left, middle, and right frames show drawings of real neuromast distributions in the head, trunk, and tail fin (regions 
boxed in the corresponding schematics; head, red; trunk, blue; caudal fin, green), where clusters of small dots represent SNs, whereas larger dot indicates CNs. Scale bar: 1 mm.
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3. Results

3.1. Neuromast distribution in three sinocyclocheilus species

The spatial distribution of neuromasts along the lateral line 
revealed clear differences among the three cavefish species (Figs. 2 
and 3; Supplementary Fig. S6 and Table S3). Neuromast counts 
varied significantly among species across multiple body regions 
(Fig. 3). For the anterior region (head), CN counts differed between 
S. grahami and S. rhinocerous (p = 0.0077, d = 2.62), S. grahami and 
S. furcodorsalis (p = 0.0053, d = − 2.84), and S. rhinocerous and 
S. furcodorsalis (p = 0.0002, d = − 5.46); SN counts differed between 
S. grahami and S. rhinocerous (p < 0.0001, d = 77.01) and S. grahami 
and S. furcodorsalis (p < 0.0001, d = 90.62), while no significant 
difference was found between S. rhinocerous and S. furcodorsalis 
(p = 0.4068, d = − 0.70). For the posterior part (trunk + tail), sig-
nificant CN counts differed between S. grahami and S. rhinocerous 
(p < 0.0001, d = 9.68) and S. grahami and S. furcodorsalis (p < 0.0001, 
d = 8.65), but not between S. rhinocerous and S. furcodorsalis 
(p = 0.8027, d = 0.18); All comparisons showed significant

differences in SNs (p < 0.0001, d = 205.19, 111.16, − 17.72) among the 
species. For the caudal fin region, SNs showed significant differences 
for all pairwise comparisons, S. grahami vs. S. rhinocerous 
(p < 0.0001, d = 28.29), S. grahami vs. S. furcodorsalis (p < 0.0001, 
d = 36.88), and S. rhinocerous vs. S. furcodorsalis (p = 0.0001, 
d = 9.47). For the dorsal head region, CNs and SNs exhibited sig-
nificant differences between S. grahami and S. rhinocerous 
(p < 0.0001, d = 7.92) as well as between S. rhinocerous and 
S. furcodorsalis (p < 0.0001, d = − 10.62); No significant differences 
were noted for SNs between S. grahami and S. furcodorsalis 
(p = 0.1084, d = 1.19). For the ventral head region, CNs and SNs 
showed significant differences for all pairwise comparisons 
(p < 0.0010, d = − 4.04, − 5.20, − 1.15, − 47.07, − 108.11, and − 59.32), 
excluding CNs for S. rhinocerous vs. S. furcodorsalis (p = 0.1340, 
d = − 1.15). For other regions, SNs also demonstrated significant 
differences among all species (p < 0.0010).

Consistent with the high energy cost of maintaining sensory 
organs in a nutrient-poor environment, the troglobitic cavefishes 
S. rhinocerous and S. furcodorsalis had significantly fewer SNs and 
CNs than the troglophilic S. grahami (Fig. 3). Specifically, the

Fig. 3. Number of neuromasts distributed on cavefishes in different regions. CN: canal neuromast; SN: superficial neuromast. For each species-region combination, boxplots 
display the median and interquartile range. Superimposed black diamonds represent the group mean, and error bars indicate ±1 standard deviation. Note that asterisks denote 
statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001; two-sided tests).
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number of SNs in S. grahami on the anterior part (head), posterior 
part (trunk + tail), caudal fin, and other regions (upper lateral 
line + dorsal fin base) was approximately 1.5, 2.6, 1.7, and 5.0 times 
greater, respectively, than in the two troglobitic species, while the 
number of CNs on the posterior part was around 1.5 times greater. 
The SNs were clustered on the lateral sides of the head (small 
green dots on the head, Fig. 2) in all three species. The distribution 
of SNs was more concentrated in the troglophilic cavefish 
S. grahami, while the two troglobitic cavefish displayed a relatively 
sparse arrangement, with the SNs being slightly denser on the 
head of S. rhinocerous than on S. furcodorsalis.

Within the anterior region (head), SNs were clustered in the 
vicinity of the regressed eyes (RE, Fig. 2) in S. rhinocerous and 
S. furcodorsalis, where CNs would normally be localized in the eyed 
S. grahami. While there were no neuromasts on the horn itself, SNs 
were concentrated along the bottom edge of the horn (HB, Fig. 2) 
in both S. rhinocerous and S. furcodorsalis.

In the posterior lateral line system, the distribution of CNs was 
almost identical across all three species, whereas SNs were uni-
formly distributed along both sides of the canal (Fig. 2). The 
number of CNs was slightly higher in S. grahami (Fig. 3). The dis-
tribution of SNs in S. grahami was broader than that observed in 
the two troglobitic cavefish species, and the distribution of SNs on 
the anterior trunk line of S. furcodorsalis exhibited some random-
ness. In the two troglobitic species, the diameter of the neuromasts 
and the number of hair cells were larger than those of the trog-
lophilic species. This likely improves their perceptive ability and 
mechanosensation [43,44,70,71].

A series of SNs was also present on the upper lateral line (UL, 
Fig. 2) and the dorsal fin base (FB, Fig. 2) in all three species. 
Similar to the horn, no neuromasts were present on the hump.

There were also no noticeable variations in the distribution of SNs 
in the caudal fins of the three species. Overall, the troglophilic 
S. grahami exhibited a higher number of SNs than the two trog-
lobitic cavefish species.

As in the lateral view, the neuromast patterns on the head from 

dorsal and ventral sides (Supplementary Fig. S6) differed among 
species. On the ventral sides of the head, SNs were aligned along 
one pair of CNs for all three species, but the distribution of SNs in 
the two troglobitic cavefish was relatively sparse compared to the 
troglophilic cavefish. The distribution of neuromasts on the dorsal 
side of the head showed remarkable differences among species. A 
dense V-shaped arrangement of SNs characterized the dorsal head 
of S. grahami, while SNs were sparsely distributed across the entire 
dorsal head in S. rhinocerous and S. furcodorsalis.

In contrast to differences with SNs when viewed from the 
dorsal side, the CNs were embedded in the two canals on the 
dorsal sides of S. grahami and S. furcodorsalis. Notably, no CNs were 
detected on the dorsal sides of S. rhinocerous (Fig. 3 and 
Supplementary Fig. S6b), a finding that aligns with the observa-
tions reported by Chen et al. [56], who focused solely on the ce-
phalic region of various Sinocyclocheilus species.

3.2. Enhanced hydrodynamic perception in troglobitic species

The pressure gradient and velocity signals received by lateral 
line neuromasts were influenced by the presence of the duckbilled 
head and hump, with the effect increasing with the increasing 
angle of attack (Fig. 4). ΔC p quantifies the stimulus for the CNs 
(Fig. 4a) and C f represents the stimulus for SNs (Fig. 4b). Although 
C p (Fig. 4c) is not the direct signal detected by canal neuromasts, 
we also analyzed this additional parameter for reference, as

Fig. 4. Hydrodynamic stimuli along the cavefish body length during steady gliding in open water. Profiles are shown along the normalized body coordinate x/BL for four angles of 
attack (α = 0 ◦ , 10 ◦ , 20 ◦ , and 30 ◦ ) at Re ≈ 10 4 . a, Differential pressure coefficient (ΔC p ) used as a proxy for canal-neuromast (CN) stimulation, computed as the pressure difference 
between adjacent canal pores normalized by the dynamic pressure (kinetic energy per unit volume). b, Skin-friction coefficient (C f ) used as a proxy for superficial-neuromast (SN) 
stimulation, computed as wall shear stress normalized by the same dynamic pressure. c, Pressure coefficient (C p ) computed as surface pressure normalized by the dynamic 
pressure. x denotes location along the cavefish's surface. BL: body length.
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reported in other studies [36,38,45,48,69]. Generally, a consistent 
pattern in ΔC p , C f , and C p emerged, suggesting the influence of the 
duckbilled head and hump on the hydrodynamic stimuli along the 
lateral side of cavefish (Fig. 4).

In all three species, ΔC p , C f , and C p started high and asymptot-
ically approached zero as progressed from head to tail (Fig. 4). This 
pattern aligns with the observations made by Windsor et al. [48] 
and Ristroph et al. [69]. Notably, the specific morphological fea-
tures of S. rhinocerous and S. furcodorsalis led to a 345.9% and 
429.8% increase in ΔC p , respectively, along with a 24.9% and 69.2% 
rise in C f . Similarly, C p increased by 123.5% and 651.4% in the same 
species. The significant signal amplification indicates a morpho-
logical adaptation that may compensate for the weak hydrody-
namic cues available in the largely stagnant waters of karst 
aquifers. Furthermore, ΔC p and C f showed an upward trend with 
an attack angle of flow (α) after a relative body length of 0.8 and 
0.5, respectively, while C p increased with angle for a relative body 
length less than 0.5 (Fig. 4). The difference was the presence of a 
secondary peak in all ΔC p , C f, and C p at a relative body length of 
approximately 0.2 for S. rhinocerous and S. furcodorsalis due to the 
second stagnation point occurring on the head. The similarity of 
the results for S. rhinocerous with and without the horn showed 
that the duckbilled head and hump, not the horn, are the primary 
drivers of the ΔC p , C f , and C p differences with S. grahami.

The ΔC p across the canal pores also serves as an indicator of 
perceptual range in all cavefish and was predominantly influenced

by the presence of the duckbilled head and hump. Operationally, 
we define the perceptual range as the spatial domain along the 
body where ΔC p exceeds a detectable threshold (>0). The duck-
billed head and hump cause a secondary peak at a relative body 
length of about 0.2, which also provides some perception between 
0.2 and 0.4, a range not present in S. grahami (Fig. 4a). The horn 
structure plays a distinct, localized role. It significantly enhances 
the pressure gradient signal received by CNs embedded on the 
dorsal side of the troglobitic cavefish head, the velocity stimulus 
sensed by SNs accumulated at the bottom edge of the horn 
(Supplementary Fig. S7b and d, and HB in Fig. 2b and c), and the 
dorsal part of the head (Supplementary Fig. S6b and c).

3.3. Remarkable variation of hydrodynamic stimulus

The pressure and wall shear stress distributed on the surface of 
the cavefish at an attack angle of 0 ◦ (Supplementary Fig. S7) reveal 
that the greatest stimuli are concentrated around the nose (and 
head horn) of the cavefish across all three studied species. We 
calculated Δdp and Δτ w experienced on the surfaces of the three 
cavefish species (Fig. 5). These values were adjusted by subtracting 
the corresponding results from adjacent attack angles (larger 
minus smaller). The results indicated a pronounced concentration 
of differential pressure signals on the head across all three species, 
independent of how the attack angle changed, while (especially for 
small angles) the change in wall shear stress appeared on almost

Fig. 5. Changes in lateral-surface hydrodynamic stimuli between adjacent angles of attack. Differences were computed between consecutive angles of attack (0–30 ◦ ) during 
steady gliding in open water at Re ≈ 10 4 . Columns correspond to the three species. a, Change in left–right differential pressure (Δdp) mapped on the lateral surface (proxy for 
canal-neuromast stimulation). b, Change in wall shear stress (Δτ w ) mapped on the leeward lateral surface (proxy for superficial-neuromast stimulation). Bottom row, union of 
regions exhibiting pronounced changes across angle pairs (“Union”), shown for Δdp (red) and Δτ w (blue), overlaid with the measured neuromast distributions for comparison.
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the entire surface of the three species.
In the case of the two troglobitic species, a notable variation in 

differential pressure was detected on the lateral sides of the body 
as the attack angle increased (Fig. 5a). However, the greatest 
changes in differential pressure always remained in the vicinity of 
the horn. In the troglophilic species, a distinct region of differential 
pressure variation showed a gradual decrease from the head, 
which also shifted to the lateral sides with increasing attack an-
gles. In terms of wall shear stress (Fig. 5b), changes occurred at the 
top and bottom sides of the cavefish surface at small attack angles 
and tended to move from tail to head with increasing attack an-
gles. An area with a significant change in wall shear stress was 
maintained at the bottom edge of the horn in the two troglobitic 
cavefish, where there was intensive accumulation of SNs (HB in 
Fig. 2b and c).

The positions (with larger Δdp and Δτ w ) corresponding to sig-
nificant changes in hydrodynamic signals can be detected by 
combining regions with remarkably varied differential pressure 
and wall shear stress at all attack angles (Union in Fig. 5). The 
predicted regions of remarkable hydrodynamic variation showed a 
strong spatial correlation with the distribution of neuromast 
clusters, although there were some visible deviations, possibly due 
to the scanned morphological model used in CFD simulations, 
which differed somewhat from the actual cavefish shapes.

4. Discussion

The troglobitic cavefish S. rhinocerous and S. furcodorsalis 
inhabit a demanding ecological niche within karst aquifers, where 
perpetual darkness, stagnant flow, and severe energy constraints 
have driven the evolution of a specialized lateral line system. Our 
results reveal a strategy that balances these competing selective 
pressures: a reduction in neuromast numbers coupled with a 
morphological amplification of the signals reaching the remaining 
sensors.

The significantly fewer neuromasts in troglobitic species 
compared to the troglophilic S. grahami is consistent with an en-
ergy conservation strategy, as maintaining sensory organs is 
metabolically costly in nutrient-poor caves. This aligns with pre-
vious findings that troglobitic species rely more heavily on 
enhanced mechanosensory cues for navigation and prey detection 
in complete darkness [72,73]. However, the evolution of special-
ized structures such as the duckbilled head, horn, and hump

provides a powerful compensatory mechanism. Our CFD models 
demonstrate that these features act as passive amplifiers, 
enhancing the pressure gradient signal available to canal neuro-
masts by up to 429.8% and the velocity-derived signal for super-
ficial neuromasts by up to 69.2%. This suggests a sensory system 

optimization rather than a simple reduction, investing energy not 
in more sensors but in morphological features that dramatically 
increase the signal strength and perceptual range for each 
remaining sensor. The strong correlation between these amplified 
signal “hotspots” and neuromast clusters supports the functional 
integration of this strategy.

The varying morphology between these two troglobitic species 
further refines this principle. S. rhinocerous possesses a longer but 
thinner horn, which our models indicate results in lower stimulus 
amplification compared to S. furcodorsalis. This may help explain 
the subtle differences in their neuromast distributions and sug-
gests that the evolution of lateral line neuromasts occurred inde-
pendently across lineages in response to diverse selective 
pressures in different cave systems [56].

While our study demonstrates a primary role in enhancing 
hydrodynamic perception, the extreme morphologies of troglo-
bitic Sinocyclocheilus likely confer composite advantages that 
improve survival in a resource-limited, three-dimensional cave 
environment. The amplified sensory “footprint” could increase 
foraging efficiency by enabling the detection of faint water 
movements from prey in largely stagnant pools. Similarly, an 
extended perceptual range may facilitate spatial mapping and 
earlier obstacle avoidance during navigation in total darkness. 
Beyond sensing, these structures may serve additional, nonexclu-
sive functions. The dorsal hump, for instance, is a candidate site for 
adipose storage, providing an energy reserve to withstand the 
sporadic nutrient availability characteristic of karst aquifers [21]. 
The head horn may provide physical protection for the head during 
navigation through tight crevices or serve a social function [21]. 
Thus, the duckbilled head, horn, and hump may represent a 
complex multifaceted adaptive mechanism, with enhanced flow 

sensing as a central, but not sole, component of their evolutionary 
value.

The cavefish species we studied, Sinocyclocheilus (S. grahami, 
S. rhinocerous, and S. furcodorsalis), are found in karst cave systems 
in China (elevations up to 2700 m), where water flow is often low-
velocity and stable, with turbulence due to irregular cave topog-
raphy. For example, S. rhinocerous inhabits caves with

Fig. 6. Neuromasts distribution and hydrodynamic properties for S. tileihornes. a, Representative specimen photograph and vital staining showing neuromasts distribution 
alongside S. grahami, S. rhinocerous, and S. furcodorsalis for comparison. b, Dimensionless drag force (C d ) as a function of angle of attack (α) imposed on the cavefish body. c–e, 
Profiles along the normalized body coordinate x/BL of the differential pressure coefficient (ΔC p , proxy for canal-neuromast stimulation, c), the skin-friction coefficient (C f , proxy 
for superficial-neuromast stimulation, d), and the pressure coefficient (C p , e). BL, body length. c, Pressure gradient signal (received by CNs) denoted as differential pressure 
coefficient ΔC p . d, Velocity signal (received by SNs) denoted as skin friction coefficient C f . e, Pressure applied on the cavefish's surface expressed by the pressure coefficient (C p ).
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temperatures around 17.6 ◦ C, a pH of 7.7, and dissolved oxygen 
levels lower than surface rivers, indicating an environment with 
relatively stable but nutrient-scarce conditions [74]. Several Chi-
nese caves have lower flow rates, averaging around 2–3 m 3 s − 1 

annually, with peaks reaching 7–9 m 3 s − 1 during the wet season 
and falling below 1 m 3 s − 1 in the dry season, based on our field 
observations in 2017–2018 [74]. S. rhinocerous, and S. furcodorsalis 
inhabit caves with constant water temperatures and low flow, 
suggesting that the role of the lateral line in detecting small per-
turbations in water flow is essential for navigation and prey 
detection in a dark, nutrient-scarce environment.

The geographic distribution and diversification of Sinocy-
clocheilus cavefish are closely tied to the unique karst landscapes of 
southern China, shaped by the uplift of the Yunnan–Guizhou 
Plateau [19,75,76]. Troglobitic species (S. rhinocerous and 
S. furcodorsalis), primarily found in areas with steep slopes, rugged 
terrain, and laterally extensive subterranean systems, exhibit 
specialized morphology such as eye regression and duckbilled 
head, horn, and hump structures, likely developed in response to 
dark, oxygen-and-food-scarce, low-flow cave environments dur-
ing periods of climatic instability, particularly the aridification of 
China in the late Miocene and Pliocene [76]. Troglophilic species 
(S. grahami) with fewer troglomorphic traits are more commonly 
associated with flatter topographies, such as the eastern Yunnan 
Plateau [75]. These spatially heterogeneous karst landscapes have 
played a key role in driving distinct ecological and morphological 
changes in Sinocyclocheilus.

The predicted variation of differential pressure and velocity 
signals from the CFD modeling basically covers the positions 
where the CNs and SNs accumulate, since only one situation is 
considered here—the gliding state of swimming cavefish at 
different angles of attack. In real-world situations involving attack 
angles, cavefish can detect and track prey by detecting flow 

changes analogous to dipole vibrations. Cavefish may also 
encounter complex flow conditions that are difficult to replicate in 
grid-based CFD models. We think that computational predictions 
of regions showing significant changes in response to stimuli 
would be consistent with the distribution of sensory organs. 
Therefore, it is possible to predict correlations between 
morphology, the lateral line system, and environmental shifts 
based on the present results.

To conceptually contextualize our findings within the broader 
morphological diversity of the genus, we consider the troglobitic 
S. tileihornes (Clade B: angularis group, same as S. rhinocerous and 
S. furcodorsalis), a species studied in prior work [38]. While the 
available neuromast distribution data for this species is less 
resolved than our primary dataset, its distinct tile-shaped horn 
provides an illustrative example. Even with this different 
morphology, the general principle holds: specialized structures 
alter the local flow field. This suggests that the evolution of 
morphology to modulate hydrodynamic stimuli is a recurring 
theme in Sinocyclocheilus adaptation, beyond the specific model 
series we quantitatively analyzed. A comprehensive phylogenetic 
analysis of these Sinocyclocheilus species is available in the litera-
ture [39,56]. Notably, the distribution of neuromasts in 
S. tileihornes differs markedly from that of S. rhinocerous and 
S. furcodorsalis. This distinction was evident in the broader and 
more sparsely distributed neuromasts in the posterior region 
(Fig. 6a) compared to the established patterns observed in the 
other two cavefish species. When we repeated our CFD analysis on 
the fourth species, we also predicted that its duckbilled head, horn, 
and hump structure would augment the hydrodynamic stimuli 
and that the regions with remarkable variations in signals would 
also be coincident with observed locations of neuromasts. Nu-
merical modeling predicted greater elevated pressure gradient

signals (ΔC p increased from − 0.008 to 0.023), enhanced velocity 
signals (C f increased from 0.01 to 0.03), and larger pressure signal 
exposed on the cavefish's surface (C p increased from − 0.15 to 0.25) 
compared to the other two troglobitic cavefish species (Fig. 6c–e), 
even with a similar drag (Fig. 6b). This discrepancy is likely 
attributed to the specific morphological characteristics exhibited 
by S. tileihornes, which adds to the strength of our comparative 
approach and further confirms the role of the duckbilled head, 
horn, and hump that we predicted based on S. rhinocerous and 
S. furcodorsalis.

Despite morphological changes in troglobitic Chinese cavefish 
that increase flow resistance (Fig. 6b), they have gained height-
ened perception capabilities due to the enhanced hydrodynamic 
stimuli they receive. This adaptation may be related to reduced 
predator pressure in their cave habitats.

The sensory system plays a pivotal role in the autonomous 
manipulation, navigation, and imaging of underwater vehicles 
(e.g., AUVs). Currently, sonar is often used for navigation, object 
detection, and underwater imaging. However, sonar is energy-
intensive, exhibits a near-field blind zone, and—despite its broad 
coverage—provides relatively low spatial resolution. Furthermore, 
there is a high risk that sonic signals will be easily detected by 
other equipment. Optical sensory systems can be incorporated 
into AUVs to compensate for the long-range imaging limitations of 
acoustic sensors, which perform better at shorter ranges, but light 
absorption and scattering effects often limit the practical use of 
optical sensors in extreme environments. Another sensor used for 
AUVs is the electromagnetic sensor, but it is also affected by 
environmental electromagnetic fields, which reduces precision 
[14].

In contrast, the lateral line system of cavefish enables hydro-
dynamic imaging that accurately maps the surrounding flow field 
through passive perception, effectively overcoming the limitations 
of conventional sensors [16]. For this reason, the lateral line system 

offers numerous advantages over traditional acoustic, optical, and 
electromagnetic sensor systems. Our finding that regions of sig-
nificant hydrodynamic variation align with neuromast distribution 
provides a concrete biomimetic design principle for optimizing 
sensor placement in ALL systems. Nature employs a sophisticated 
“hotspots” strategy; sensory investment is not uniformly distrib-
uted but is strategically concentrated in bodily regions where 
inherent morphology actively amplifies and conditions ambient 
flow cues. This is a deliberate optimization of sensory resource 
allocation. Our analysis crystallizes this biological strategy into a 
two-tiered biomimetic framework for the engineering of bio-
inspired hydrodynamic sensing arrays.

Tier 1 establishes morphology as a deterministic signal-
processing layer. Through validated CFD modeling, we quantified 
the signal-enhancing function of specific troglobitic adaptations. 
The duckbilled head and dorsal hump act as integrated amplifiers, 
increasing the pressure gradient stimulus (ΔC p ) along the lateral 
body line by up to 429.8%. Concurrently, the horn structure func-
tions as a flow director, creating a localized focus of high velocity 
signal (C f ) variation at its base. This is not a minor enhancement 
but a dramatic physical amplification of available environmental 
information. The engineering principle is clear and quantifiable: 
the hull of an underwater vehicle can be deliberately shaped to 
incorporate passive morphological features that preprocess hy-
drodynamic stimuli, thereby elevating the raw signal amplitude 
before it ever reaches a sensor. This principle directly addresses 
the core challenge of low-signal environments, offering a pathway 
to significantly boost sensor sensitivity and effective perceptual 
range without increasing power consumption.

Tier 2 defines a computational workflow for optimal sensor 
placement, moving from a principle to a practical design tool. The
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biological “hotspot” map provides the optimization criterion, 
which we operationalize into a concrete, three-step engineering 
sequence. For any candidate hull geometry, which may inherently 
possess or be designed with Tier 1 enhancers, the first step is to 
perform a suite of CFD simulations. These simulations map the 
spatial distributions of Δdp and Δτ w across a representative en-
velope of operational scenarios, including varying angles of attack 
and low ambient flow velocities characteristic of target environ-
ments. Second, the consolidated CFD datasets are then analyzed 
using computational algorithms. Techniques such as gradient-
based peak detection or unsupervised clustering algorithms (e.g., 
k-means clustering applied to signal variance maps) can be 
employed to objectively identify and delineate discrete “hotspot” 
regions where hydrodynamic signal variation is consistently 
maximized. This algorithmic step ensures the design is rigorously 
performance-driven. Third, with hotspots defined, sensor inte-
gration follows a bio-inspired, heterogeneous strategy. Pressure-
gradient sensors (analogous to CNs) are clustered in the identi-
fied Δdp hotspots, while flow-velocity sensors (analogous to SNs) 
are concentrated in Δτ w hotspots. We further propose a graded 
sensor density strategy: maximizing density within these high-
yield hotspots to fully capture the enhanced signals, while 
reducing density in areas of low predicted variation to optimize 
system-wide power, data bandwidth, and cost efficiency.

This integrated framework facilitates a paradigm shift from the 
conventional approach of attaching a uniform sensor grid to a 
predefined hull. Instead, it advocates co-design of the sensing 
platform, in which the vehicle's morphology and its sensor array 
are developed synergistically as an integrated perceptual system. 
The quantitative target from Tier 1 (e.g., >400% signal enhance-
ment) provides a clear benchmark. It implies that sensors placed 
within engineered analogs of biological hotspots should, in prin-
ciple, operate with a proportionally higher signal-to-noise ratio 
(SNR), offering a key metric for prototyping and benchmarking 
against conventional uniform arrays.

While the fabrication and field validation of full prototypes are 
the logical next steps, this study provides the essential missing link 
by offering foundational design principles, quantitative perfor-
mance targets, and a concrete computational methodology, all 
derived from a successful biological model, to inform and accel-
erate that development. The proposed workflow offers a direct 
path to engineering ALL systems, specifically for the challenges of 
low-flow, turbid, and dark aquatic environments. Leveraging this 
framework, future sensor technologies, such as those enabled by 
advanced fabrication methods, such as laser direct writing 
[77–80], can be strategically integrated onto bionic robotic fish. 
Such systems, designed according to the observed principles of 
morphological amplification and optimal sensor placement, hold 
significant potential to overcome the limitations of existing AUVs, 
enabling persistent, energy-efficient, and high-resolution envi-
ronmental monitoring in critical yet underserved aquatic 
ecosystems.

This study has inherent limitations that both contextualize our 
findings and highlight valuable directions for future research. Most 
significantly, the protected conservation status of the Sinocy-
clocheilus species precluded invasive or manipulative experiments. 
Consequently, direct molecular, neural, and behavioral validation 
of the modeled hydrodynamic function, such as genetic manipu-
lation, electrophysiological recordings from neuromasts, or 
controlled behavioral assays of perceptual performance, was not 
feasible. Our approach, combining comparative morphology with 
computational fluid dynamics, was designed to extract maximal 
mechanistic insight using noninvasive, ethical methods. Similarly, 
the sample sizes for these rare species were constrained, although 
our statistical modeling accounts for individual variation. Similar

to previous studies, our CFD framework employed standard 
steady-flow simplifications and fin exclusion to isolate the sensory 
role of core morphology. While direct experimental flow mea-
surements around living specimens would offer valuable valida-
tion and verification against existing experimental data, the strong 
correlation between CFD-predicted signal hotspots and biological 
neuromast locations provides a compelling alternative line of ev-
idence for the model's biological relevance.

To bridge the biological–engineering gap, the CFD-informed 
design principles derived here should be translated into func-
tional prototypes. The next critical steps include: (1) fabrication 
and hydrodynamic validation of 3D-printed robotic fish 
embodying the amplifying morphologies, tested against PIV and 
pressure measurements in flow tanks; (2) sensor integration and 
benchmarking, embedding dense sensor arrays in the predicted 
hotspots to quantify performance gains in object detection and 
flow mapping compared to uniform arrays; and (3) closed-loop 
autonomy, integrating these optimized sensory skins into robotic 
fish or AUVs for testing in realistic, low-flow environments. This 
pathway from computational principle to physical system will test 
the real-world efficacy of the bio-inspired “hotspot” strategy and 
the quantitative performance targets (e.g., SNR improvement) for 
advanced environmental monitoring.

5. Conclusions

This study demonstrates how the unique morphological ad-
aptations of Chinese cavefish in the genus Sinocyclocheilus, spe-
cifically the duckbilled head, dorsal horn, and hump, function as 
natural amplifiers of hydrodynamic stimuli, enhancing perception 
in dark, low-flow cave environments. By integrating neuromast 
distribution mapping with CFD simulations across a series of 
species (S. grahami, S. rhinocerous, and S. furcodorsalis), we show 

that these specialized structures significantly amplify differential 
pressure signals (by up to 429.8%) and velocity-derived signals (by 
up to 69.2%), while extending the perceptual range of the lateral 
line system. Importantly, we found a strong spatial correlation 
between regions of high hydrodynamic variation predicted by our 
models and the actual distribution of neuromasts, revealing a 
biologically optimized “hotspot” strategy for sensory placement. 

These findings provide a biomimetic design framework for 
improving ALL systems in AUVs. The two-tiered approach propo-
sed—Tier 1, using morphology as a passive signal amplifier, and 
Tier 2, employing CFD-driven hotspot detection for optimal sensor 
placement—offers a principled method to enhance sensor sensi-
tivity, range, and energy efficiency in challenging aquatic envi-
ronments. This work bridges evolutionary biology, fluid dynamics, 
and environmental engineering, offering a pathway toward more 
effective, bio-inspired monitoring technologies for data-scarce, 
turbid, and lightless underwater ecosystems.

Future efforts should focus on translating these principles into 
physical prototypes, integrating advanced sensor technologies, 
and validating performance in real-world conditions. By 
leveraging nature's evolutionary solutions, we can develop next-
generation sensing systems capable of persistent, high-
resolution environmental monitoring in some of the planet's 
most sensitive and inaccessible aquatic habitats.
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