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Abstract: The remarkable mechanical adaptability of arapaima (Arapaima gigas) scales has made them an 

important subject of study. However, no research has been conducted into their tribological properties, which 

are crucial for the protectability and flexibility of arapaimas. In this study, by combining morphological 

characterizations, friction experiments, and theoretical analyses, the relationship between the surface morphology 

and tribological properties of arapaima scales is determined. These results indicate that arapaima scales exhibit 

varying surface morphologies in different regions. More specifically, the exposed regions of scales feature 

grooves and a circulus, whereas the covered regions exhibit bumps. The specific surface morphology of 

arapaima scales produces varying tribological properties across different regions and sliding directions. The 

unique tribological properties of arapaima scales influence the forces received from predator attacks and 

neighboring scales, directly influencing the arapaima’s protective capabilities. This study provides new insights 

into the mechanisms of natural flexible dermal armors, and it has potential applications in personal protective 

systems. 
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1  Introduction 

Through millions of years of evolution, organisms have 

developed various structures and survival mechanisms. 

Despite being composed of a limited number of 

components, biological materials exhibit remarkable 

functionalities that often surpass those of artificially 

engineered materials. The remarkable performance of 

these materials can be attributed to their innovative 

biological strategies. Comprehensive analyses of 

biological materials are crucial for the development of 

high-performance engineering materials. Arapaima 

(Arapaima gigas), an ancient fish species native to the 

Amazon basin, thrives amidst a hostile environment 

populated by piranhas. These fearsome predators are 

renowned for their razor-sharp teeth and formidable 

predatory nature, posing a mortal threat to various 

organisms. Nevertheless, the scales of arapaima 

exhibit an astonishing capacity to withstand piranha 

attacks while concurrently delivering exceptional 

flexibility, facilitating agile swimming in water. As   

a result, the remarkable protection and flexibility 

displayed by arapaima scales hold promising potential 

for enhancing battlefield protection for soldiers. In the 

contemporary battlefield, the paramount considerations 

for ensuring soldier safety and effectiveness lie in 

protection and flexibility, particularly in areas such as 

the neck, elbow, and knee. Unrestricted mobility in 

these regions is of utmost importance as it plays a 

pivotal role in enhancing soldiers' survivability in 

combat situations. Consequently, scientific researchers 

have devoted significant attention to investigating 
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the remarkable protection and flexibility exhibited by 

arapaima scales, rendering them a subject of extensive 

study [1–3]. The scale of arapaima may provide 

further inspiration for the development of personal 

protective systems. 

Numerous investigations of arapaima scales have 

been conducted [4–7]. Arapaima scales are primarily 

composed of both organic and inorganic components, 

resulting in a multilayer composite material with 

outstanding mechanical properties. These scales can 

be divided into two layers: external and internal 

[8–10]. The external layers of arapaima scales have a 

high inorganic content and are highly mineralized; 

this contributes to their high hardness and scale- 

strengthening effect [11–13]. In contrast, the internal 

layers of arapaima scales have a high organic content 

and are less mineralized, resulting in better softness 

and flexibility [2, 12, 13]. Furthermore, these inner 

layers contain a significant number of collagen fibers 

arranged in multiple layers [8, 14, 15]. The collagen 

fibers within each layer are arranged in parallel; 

however, the fibers of adjacent layers are oriented  

at certain angles with respect to each other [16, 17]. 

This unique structural arrangement further enhances 

the mechanical adaptability of the scales, by allowing  

for the deformation and rotation of collagen fibers 

[18–21]. Moreover, the mechanical properties of 

arapaima scales are closely related to their moisture 

content [8, 11, 22]. When arapaima scales are dry, 

their hardness and elastic modulus increase but  

their flexibility decreases [23, 24]. Conversely, when 

wet, their hardness and elastic modulus decrease but 

their flexibility increases [23, 24]. Studies have 

indicated that the ridge line and circulus of the arapaima 

scales play an important role in enhancing their overall 

damage tolerance [16]. To summarize, arapaima scales 

are extraordinary materials. These unique characteristics 

contribute to their protective abilities, enhancing the 

organism’s chances of survival in the face of predator 

attacks. 

It is worth emphasizing that the scales on the body 

of the arapaima are arranged in an imbricate pattern 

[25–28]. Hence, the interaction effects of slippage, 

locking, and support between arapaima scales is    

a crucial factor influencing the animal’s protection 

during attack. Similarly, these functions are vital for 

ensuring swimming agility [29–31]. However, none 

of the studies in the relevant literature have considered 

these interactions between scales. It is imperative   

to study the interaction between arapaima scales.  

For imbricated structures, the tribological properties 

of scales are crucial factors that influence their 

inter-scale interactions. However, research into the 

tribological properties of arapaima scales remains 

lacking. Hence, this study aims to fill this knowledge 

gap, by investigating the effects of the scales’ surface 

morphologies upon their tribological properties. 

In this study, we perform a novel investigation   

of arapaima scales. The surface morphologies and 

tribological properties of the scales were carefully 

examined. The findings reveal that the surface 

morphology varies across different regions of the 

arapaima scale, resulting in significantly different 

tribological properties. During a predator attack, 

tribological properties play a crucial role in the 

interlocking effect realized between adjacent scales; 

this directly affects the puncture resistance, flexibility, 

and stability of the arapaima’s dermal armor. This 

work employs a combination of experimental and 

theoretical analyses to clearly and precisely determine 

the underlying morphology–tribological property 

relationships of the arapaima scales and explore their 

influence upon protection performance. For arapaima, 

it optimizes the interaction between adjacent scales 

by carefully regulating the tribological properties of 

the scales, thereby enhancing the overall performance 

of the scale armor. Consequently, this study is expected 

to offer creative design inspiration for the development 

of personal protective systems. 

2 Materials and methods 

2.1 Ethics 

All animal treatments complied with Chinese law 

regarding the protection of animals. Ethical approval 

was provided by the Animal Experimental Ethical 

Inspection Committee of Tsinghua University. 

2.2 Specimens 

In this study, a typical arapaima (Arapaima gigas)  

was used as a biological prototype. Arapaima gigas is 
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one of the largest freshwater fish species in the  

world and is indigenous to the Amazon basin [32]. 

This species belongs to a resilient lineage of ancient 

freshwater fish that is believed to have originated 

approximately 100 million years ago. It possesses a 

remarkable size, elongated form, and a subtly flattened 

shape. Its body is adorned with remarkable scales, 

which are both substantial and rigid, and are firmly 

set into the surface of its body. The overall coloration 

of this species exhibits a grey-green hue, with darker 

tones along the dorsal region, transitioning to a 

lighter shade towards the ventral region. Moreover, 

the caudal fin and the posterior portion of the body 

exhibit a fascinating reddish pigment. A deceased 

arapaima specimen obtained through legal and ethical 

channels was used in this study. Following natural 

death, the arapaima’s scales were carefully removed. 

First, the scales were washed with deionized water 

and treated with ultrasound for 5 min to remove 

mucus or contaminants. Next, the scales were immersed 

in deionized water at room temperature (25 °C) for  

4 h. Finally, the scales were allowed to dry naturally 

for 3 days, and 1.5 kg weights were placed on each 

scale to prevent curling under surface tension. Adequate 

ventilation was provided during the drying process. 

Next, the scales were stored in a freezer at –20 °C 

until analysis. All biological samples used in this 

study were obtained from these scales. The scales on 

the body of the arapaima are arranged in an imbricate 

pattern, and each individual scale can be divided into 

an exposed region (black) and a covered region (white). 

2.3 Surface morphology observation 

The surface morphology of each individual arapaima 

scale was observed using an ultra-depth-of-field 

microscope (VHX-6000, Keyence, Japan). Dimensional 

measurements and statistical analyses were performed 

using an optical microscope. Parts of a single scale were 

treated with gold spraying and further examined 

using electron microscopy (Quanta 200FEG, FEI, 

the Netherlands). The samples were gold-coated and 

observed in secondary electron mode at an accelerating 

voltage of 10 kV. Moreover, the cross-section of a single 

scale was observed using the ultra-depth-of-field 

microscope (VHX-6000, Keyence, Japan). Finally, 

nanoindentation (TI 980, Bruker, USA) testing was 

performed on the cross-section of a single scale (using 

a Berkovich tip on the polished flat cross-section),  

to measure the elastic moduli and hardnesses of   

the different layers. A maximum force of 50 μN was 

applied at a loading rate of 50 μN/min. 

2.4 Friction detection 

Arapaima are frequently targeted by piranhas, whose 

highly mineralized teeth serve as their primary 

weapons during attacks and provide a bite force of 

0–20 N [4]. However, it is difficult to obtain piranha 

teeth. Therefore, the present study employed ZrO2 (a 

ceramic material commonly used in the production 

of artificial teeth) to replace piranha teeth in friction 

wear experiments. The load used in the experiments 

was set to 10 N. The tribological properties of the 

arapaima scales were analyzed using a universal 

mechanical tester tribometer (UMT-5, Bruker, USA) 

in the reciprocating ball-on-plate mode. The other 

experimental parameters were as follows: the frequency 

was set at 1 Hz, the wear track distance was 2.5 mm, 

and a ZrO2 ball with a diameter of 12.7 mm was  

used as the stationary upper counterpart. The water 

content of the arapaima scale is a critical factor 

influencing its mechanical properties; hence, the 

temperature and humidity of the environment were 

controlled, to maintain a stable scale water content 

during experiments. To comprehensively analyze  

the tribological properties of the arapaima scales, 

experiments were conducted in different regions and 

orientations. To ensure the accuracy of the experimental 

results, friction wear measurements were performed 

at least three times. 

Following completion of the friction-wear 

experiments, the surface morphologies of both the 

ZrO2 balls and arapaima scales were observed using 

the ultra-depth-of-field microscope. Subsequently, the 

wear tracks of the ZrO2 balls were determined using 

a white light interferometer (Nexview NX2, ZYGO, 

USA). However, because the covered region of the 

arapaima scales was translucent, the white-light 

interferometer could not observe the morphology  

of the scales’ translucent regions. To address this, the 

surface morphology of arapaima scales was observed 

using the ultra-depth-of-field microscope. In particular, 

the maximum depths of the wear scars in the middle 
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(parallel to the reciprocating direction) of the scales 

were used to characterize the wear rate. 

3 Results 

3.1 Surface morphology of arapaima scales 

Arapaima possesses a distinctive flexible dermal armor 

that offers excellent protection and flexibility whilst 

using a limited number of biological components  

(Fig. 1(a)). The surface of the arapaima is uniformly 

covered with scales arranged in an imbricate pattern 

(Fig. 1(b)). Each arapaima scale is elliptical, with an 

average length and width of 50±10 and 35±8 mm, 

respectively (Fig. 1(c)). In addition, each scale consists 

of exposed and covered regions, with the exposed 

region accounting for ~25% of the total area. The 

exposed region is black and opaque, whereas the 

covered region is white and transparent; a clear 

boundary separates the two regions (Figs. 1(d)–1(f)). 

Furthermore, the surface morphology of the exposed 

region is bumpy, whereas that of the covered region 

is grooved and circular (Figs. 1(g) and 1(h)). The 

surface morphology of the covered region is also 

directional. Cross-sectional analysis further revealed 

that each scale was composed of multiple layers, both 

external and internal (Fig. 1(i)). As shown in Fig. 2, 

the elastic modulus and hardness measurements at 

different positions on the cross-sections of the arapaima 

scales indicate that these properties decrease from 

the external to the internal layer; this is appropriate 

for a multi-layered material structure with a rigid 

exterior and softer interior. Generally, arapaima scales 

are multi-layered materials with surface morphologies 

that vary between different regions, and the covered 

regions exhibit distinctive directional features. These 

characteristics are likely to affect the tribological 

behavior of the scales. 

 

Fig. 1 Surface morphology of arapaima scales: (a) Arapaima gigas; (b) Arapaima scales arranged in an imbricate pattern; (c) a single 
scale, which can be divided into an exposed region (black) and a covered region (white); (d–f) light optical microscopy of single scale in 
covered, transition, and exposed regions, where the exposed region is opaque, the covered region is transparent, and a clear boundary 
can be observed in the transition region; (g, h) scanning electron micrographs of different regions: the surface morphology of exposed 
regions is bumpy, whereas that of covered regions is grooved and circular; and (i) light optical microscopy of the cross-section of a 
single scale, showing the multilayered material. 
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3.2 Tribological properties of arapaima scales 

across different regions 

The analysis revealed that the covered and exposed 

regions of the arapaima scales exhibited distinct 

surface morphologies, with the covered regions 

showing significant directional features. These factors 

are expected to influence the scales’ tribological 

properties. To investigate this, tribological tests were 

conducted on the covered region along two directions 

(i.e., along the long and short axes of the scale). Three 

types of tests were performed according to the different 

regions and slip directions: LC-type, in which ZrO2 

balls slid along the long axis of scales in the covered 

region; SC-type, in which ZrO2 balls slid along the 

short axis of scales in the covered region; and SE-type, 

in which ZrO2 balls slid along the short axis of scales 

in the exposed region. 

As shown in Fig. 3, the friction coefficient varied 

significantly with respect to sliding time for the 

different types of tests. Initially, the friction coefficient 

increased rapidly; this was followed by a slower 

increase before finally stabilizing. More specifically, 

the covered region (LC- and SC-type) exhibited a  

higher friction coefficient, requiring more time to 

reach a stable value. Conversely, the exposed region 

(SE-type) exhibited a lower friction coefficient and 

reached a stable value more quickly. The stable friction 

coefficients for the LC-, SC-, and SE-type tests were 

0.596, 0.560, and 0.392, respectively. To summarize, for 

the exposed region, the friction coefficient stabilized 

faster and was lower; in contrast, for the covered 

region, it took longer to stabilize and yielded a higher 

friction coefficient. Furthermore, the direction of  

the surface morphology also affects the friction, with 

parallel sliding on the long axis resulting in a higher 

friction coefficient. 

In this study, we sought to elucidate the tribological 

mechanisms of various types of arapaima scales.   

To achieve this, we analyzed the wear morphology of 

the contact area after the friction experiment. As 

shown in Fig. 4, significant wear scars were observed 

on the surfaces of the ZrO2 balls after the tribological 

tests. To perform a detailed analysis of the wear scars, 

we used a white-light interferometer to obtain their 

three-dimensional morphologies. The wear scars 

 

Fig. 2 Elastic modulus and hardness at different positions on the cross-sections of arapaima scales. 

 

Fig. 3 Variation of friction coefficient under wear durations of different types within (a) 5 and (b) 30 min. 
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produced obvious bulges on the surfaces of the ZrO2 

balls. ZrO2 ceramics have a hardness of up to 14 GPa,  

significantly higher than that of the external layer of 

arapaima scales [33]. Therefore, the material loss in 

the wear scars was primarily attributed to the scales, 

indicating that the transfer films formed in the wear 

scars were composed of scale materials. Furthermore, 

when the wear duration was 5 min, the areas of the 

transfer films on the covered region (LC- and SC-type) 

were remarkably small; meanwhile, clear transfer 

films appeared after a wear duration of 30 min. 

Conversely, in the exposed region (SE-type), noticeable 

transfer films were formed after 5 min of wear,  

and the transfer films on the exposed region were 

significantly larger than those on the covered region 

after both 5 and 30 min of wear. The formation of 

transfer films is strongly correlated with both the 

wear duration and region. The size of the transfer films 

was also found to have a strong correlation with the 

friction coefficient of the arapaima scale, where larger 

transfer films resulted in smaller friction coefficients. 

Moreover, the transfer films formed faster and were 

more observable in the exposed region than in the 

covered one. 

Figure 5 shows optical images of the worn scale 

surfaces under different test types, indicating noticeable 

wear scars. The external layer of the scales was 

highly mineralized; this contributed to its hard and 

brittle mechanical characteristics [2, 9]. Under friction, 

the surface material of the scales breaks down into 

wear debris. The specific surface morphology of the 

scales separates the external layer into numerous 

independent mineralized units [12, 16]. The independent 

mineralized units are ground into platforms during 

friction, and wear debris accumulates between them. 

When the wear duration was increased, the material 

loss of the scales also increased, resulting in more 

pronounced platforms and a greater accumulation of 

wear debris. Furthermore, the characteristic size of 

the bumps in the exposed region (SE-type) exceeded 

that of the grooves and circulus in the covered region 

(LC- and SC-type). Consequently, the accumulation 

of wear debris was less apparent, and the platforms 

were smaller in the exposed region. Moreover, no 

significant difference in the wear scars was observed 

between the LC- and SC-type tests; both exhibited 

wear debris accumulation in the middle of the 

platform. 

 

Fig. 4 Morphology of the worn surfaces on ZrO2 balls: (left) optical images and (right) 3D morphologies of (a–c) LC-type, SC-type, 
and SE-type, respectively, after 5 min and (d–f) LC-type, SC-type, and SE-type, respectively, after 30 min. 
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3.3 Wear rate of arapaima scales on different regions 

During the initial phase of wear, the wear rate of  

the scales was low, resulting in a large measurement 

error. To accurately analyze the wear rates of scales 

under different sliding conditions, we conducted 

friction-wear experiments for 180 min under various 

test types. As shown in Fig. 6, noticeable transfer 

films were observed on the ZrO2 balls after 180 min 

of friction-wear experiments; meanwhile, visible wear 

scars were present on the surfaces of the arapaima 

scales. Cross-sectional profiles of the wear scar 

centers were captured using an ultra-depth-of-field 

microscope, to assess the wear rate under various test 

types after 180 min friction-wear experiments. The 

cross-sectional profiles of the wear scars exhibited a 

distinctive "U-shape”, indicating that the ZrO2 balls 

caused significant material removal. In the covered 

regions (LC- and SC-type), the cross-sectional profiles  

of the wear scars were smooth. In contrast, the 

cross-sectional profiles of the wear scars on the exposed 

region (SE-type) were multimodal. The reasons for 

these differences are two-fold. First, the grooves and 

circulus on the covered region were smaller in size, 

resulting in a larger proportion being removed. 

Second, the bumps on the exposed region were larger, 

resulting in a smaller proportion being removed.  

As shown in Table 1, the maximum wear depths on 

the wear scars for the LC-, SC-, and SE-type tests 

were 62.31, 92.97, and 85.81 μm, respectively. It was 

observed that the sliding direction had a significant 

effect on the wear rate of the covered region, with a 

lower wear rate being observed when the sliding 

direction was parallel to the long axis. Moreover, the 

wear rate of the covered region exceeded that of the 

exposed one when the sliding direction was parallel 

to the short axis. 

 

Fig. 5 Optical images of the worn surfaces of arapaima scales under different types of tests: (a–c) LC-type, SC-type, and SE-type, 
respectively, after 5 min; (d–f) LC-type, SC-type, and SE-type, respectively, after 30 min. 
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4 Discussion 

4.1 Theoretical explanation 

This study aimed to elucidate the tribological 

properties of arapaima scales in different regions. 

The difference in tribological properties is generally 

attributed to the unique surface morphologies of 

arapaima scales across different regions. 

As shown in Fig. 7, for the covered region, the 

angles between the orientation of the circulus and the 

sliding direction of the ZrO2 balls were 45° and 90°, 

respectively. Previous research has indicated that the 

mineralized layer of arapaima scales is separated into 

disconnected mineralized units, and that neighboring 

units are tethered by fibril bridges [16]. During the 

friction process, the mineralized units in the arapaima 

scales underwent elastic deformation until they were 

broken by the squeezing and rubbing action of the ZrO2 

balls [34–36]. In this process, the relationship between 

the energy consumed by the arapaima scales (from 

the ZrO2 balls) and the wear rate can be expressed as 

k e
E E                 (1) 

where 
k

E  is the energy density converted into wear 

debris, 
e

E  is the energy density absorbed by the scale 

material, and   is the energy conversion coefficient.  

Fig. 6 Worn surfaces on ZrO2 balls and arapaima scales under different test types after 180 min: (a) LC-type, (b) SC-type, 
and (c) SE-type. Cross-section profiles of wear scars on scales after 180 min: (d) LC-type, (e) SC-type, and (f) SE-type. 

Table 1 Maximum wear depth at the center lines of wear scars after 180 min (unit: μm). 

Type Line1 Line2 Line3 Line4 Line5 Average value Standard deviation 

LC 45.93 60.34 70.29 63.01 72.00 62.31 9.28 

SC 76.28 92.61 91.64 107.29 97.03 92.97 10.02 

SE 114.03 84.14 85.05 76.32 69.52 85.81 15.20 
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In the abovementioned process, some of the energy 

from the ZrO2 balls was consumed by the fiber 

bridges. For the LC-type tests, the angle between the 

fiber bridges and the force (F1-LC) direction of the 

mineralized units was 45°; in contrast, for the SC-type 

tests, the angle between the fiber bridges and the 

force (F1-SC) direction of the mineralized layer units 

was 90°. Thus, in the LC-type test, fiber bridges could 

play a more protective role and consume more energy. 

Consequently, the energy conversion coefficient (ξ) 

for the LC-type test was smaller, meaning that less 

energy was used to generate wear debris; this resulted 

in a lower wear rate [37]. 

The formation of transfer films on the ZrO2 balls  

is an important aspect of the wearing process. The 

area of the transfer film (
tf

S ) relates to a number of 

factors: 

tf 1 2 3 4 c
S K K K K S t             (2) 

Here, 
tf

S  denotes the area of the transfer film on the 

ZrO2 balls, 
c

S  is the contact area between the ZrO2 

balls and arapaima scales, t is the wear duration, 
1

K  

is a constant related to the properties of ZrO2 and  

the arapaima scales, 
2

K  is a constant pertaining to 

the experimental environment, 
3

K  is a constant 

corresponding to the material removal rate of the 

arapaima scales, and 
4

K  is a constant related to the 

rate at which wear debris adheres to the ZrO2 balls. 

On the one hand, for the LC-type test, 
3

K  is small 

because of its low wear rate. On the other hand, for 

the LC-type test, the force (F2-LC) of the wear debris is 

45° with circulus; for the SC-type test, the force (F2-SC) 

of wear debris is 90° with circulus. Therefore, for the 

LC-type test, wear debris is more easily extended and 

diffused to both sides; this makes 
4

K  smaller, meaning 

that less material is attached to the ZrO2 balls. In 

general, for the LC-type test, both 
3

K  and 
4

K  are small, 

leading to a small transfer film area. Consequently, 

insufficient lubrication during friction leads to higher 

friction coefficients. 

 

Fig. 7 Theoretical explanation of the tribological properties of arapaima scales under different test types: (a) LC-type, (b) SC-type, 
(c) SE-type. (a1–c1) Top view of the contact between arapaima scales and ZrO2 balls; (a2–c2) cross-section view of the local contact area 
between arapaima scales and ZrO2 balls; (a3–c3) top view of the local contact area between arapaima scales and ZrO2 balls; and (a4–c4) stress
and expansion of wear debris on circulus or bumps. 
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Moreover, the surface morphology of the exposed 

region is characterized by bumps (Fig. 7(c)); this 

produces a smaller contact volume between the scales 

and ZrO2 balls (compared to the covered region). The 

relationship between the contact volume and contact 

stress (between the arapaima scales and ZrO2 balls) 

can be expressed as 

ball c
/F V                   (3) 

where 
c

V  is the contact volume between the 

arapaima scales and ZrO2 balls, 
ball

F  is the load of 

the ZrO2 balls, and   is the contact stress between 

the arapaima scales and ZrO2 balls. Hence, when a 

constant force (Fball) was applied, the contact stress of 

the exposed region was higher, making it easier to 

remove the material. However, the lacunae created 

by adjacent bumps can accommodate wear debris 

(Figs. 5(c)–5(f)). Furthermore, the wear debris fixed 

in the lacunae was subjected to resistance from the 

bumps (F2-SE). As a result, the transfer films on the 

ZrO2 balls were larger because the expansion of wear 

debris to the sides was limited, leading to a lower 

friction coefficient of the exposed region. Furthermore, 

the transfer films formed rapidly under SE-type 

conditions. Although the material in the exposed 

region is initially removed very quickly, the rapid 

formation of transfer films can reduce the rate of 

material removal. Therefore, when the sliding direction 

was parallel to the short axis of the scales, the wear 

rate of the exposed region was lower than that of the 

covered region. 

4.2 Effects of unique tribological properties of 

arapaima scales 

As shown in Fig. 8, in addition to the fixed force from 

the flesh (FF), the imbricated scales experience forces 

from predator attacks and neighboring scales (FA, FB, 

and FC) when attacked by a predator. FF, FA, FB, and Fc 

are all related to the tribological properties of the 

arapaima scales; they are the resultant forces of 

friction (FAf, FBf, and FCf) and pressure (FAp, FBp, and 

FCp). The friction coefficient of the covered region  

was high, whereas that of the exposed region was 

low, which affected the values of FAf, FBf, and FCf. 

Consequently, the tribological properties of different 

regions influence the force received from the 

predator attack and neighboring scales; this is crucial 

for protection. The exposed region has a low friction 

coefficient, which reduces the friction between the 

predator’s body and the scales. When attacked by 

external objects, the friction coefficient of the scale 

surface affects its displacement ( x ) and tilt angle 

 

Fig. 8 Effects of tribological properties across different regions. 
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( t ), as Eq. (4): 





    

 

2 2
t A Ap Af

2 2
Ap A Ap

/ /

( ) /

x F K F F K

F F K     (4) 

Here, t  is the tilt angle, x  is the displacement, 

and K is the elastic modulus of the arapaima scale; 

A  is the friction coefficient of the arapaima scale on 

the exposed region. The friction coefficient of the 

exposed region is lower than that of the covered 

region, and a lower friction coefficient on the exposed 

region reduces the friction between the predator’s body 

and arapaima scales, resulting in a lower inclination 

of the scales. The tilt angle of the scales ( t ) is a critical 

factor in the flexible dermal armor of arapaima, and a 

high tilt angle is a precursor to failure [30]. Therefore, 

the low friction coefficient in the exposed region can 

improve the protective performance of the arapaima. 

Moreover, a low friction coefficient on the exposed 

region has other functions; for instance, it can cause 

slippage of the predator's weaponry and reduce energy 

consumption when combined with mucus; thus, it 

plays a protective role [38–42]. 

The high friction coefficient of the covered region 

increases the values of FBf and FCf. When the arapaima 

is under attack, the adjacent scales can slide against 

each other, and the resulting friction can dissipate 

some of the energy of the attack; this is expressed as 

B Bf B B Bp B
* *E F d F d              (5) 

C Cf C C Cp C
* *E F d F d             (6) 

where 
B

  and 
C

  are the friction coefficients of the 

arapaima scales at Positions B and C, respectively; 

B
d  and 

C
d  are the displacements of the arapaima 

scales at Positions B and C, respectively; and 
B

E  

and 
C

E  denote the energy consumed by the friction 

of the arapaima scales at Positions B and C, respectively. 

A high friction coefficient can lead to greater energy 

consumption when adjacent scales slide directly into 

each other [43]. As a result, the energy dissipated 

through the tilt and penetration of scales is reduced, 

thereby improving puncture resistance. In general, the 

unique tribological properties across different regions 

of the arapaima scales play an important role in their 

resistance to predator attacks. The aforementioned 

protective strategies serve as a source of inspiration 

for the advancement of personal protection systems, 

particularly targeting areas of the body that necessitate 

flexible movement, such as the neck, elbow, and knee. 

5 Conclusions 

In this study, we investigated the surface morphologies 

and tribological properties across different regions  

of arapaima scales. To summarize, our findings  

shed light on the characteristics of these regions and 

contribute to a better understanding of the scales’ 

tribological properties. This study demonstrates that 

arapaima scales exhibit distinct surface morphologies 

across different regions. More specifically, the exposed 

regions of the scales feature grooves and circulus, 

whereas the covered regions exhibit bumps. The 

tribological tests conducted in this study disclosed 

significant differences in the tribological properties of 

different regions, attributable to the distinct surface 

morphologies. More specifically, the friction coefficients 

varied considerably across the different regions, with 

lower values observed in the exposed region and 

higher values observed in the covered one. Moreover, 

the friction coefficient of the arapaima scales in the 

covered region exhibited directionality with respect 

to sliding. These findings indicate that the tribological 

properties of arapaima scales are significantly 

influenced by their unique surface morphologies. 

The surface morphologies of arapaima scales can 

significantly affect the material removal rate, transfer 

film formation rate, and consequently the friction 

coefficient and wear rate under different conditions. 

Consequently, the tribological properties of different 

regions can influence the forces received from predator 

attacks and neighboring scales, which are critical 

factors in the arapaima’s protective capabilities. The 

complex structures of arapaima scales make it difficult 

to fully understand their properties. Through our 

investigation, we aim to enhance our understanding 

of arapaima scales and complement existing biological 

studies, to yield new insights into the mechanisms  

of natural flexible dermal armours. Ultimately, the 

findings of this study offer valuable insights that  

can contribute to the development of innovative 
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design concepts for protecting the neck, elbow, and 

knee—regions that require unrestricted mobility on 

the battlefield. Consequently, these findings can serve 

as a catalyst for inspiring fresh approaches in the design 

of personal protection systems, with the overarching 

goal of enhancing the effectiveness of battlefield 

protection for soldiers. 
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