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Abstract

Purpose: Flight feathers, as unique and special structures of birds, play an indispensable role in flight,
balance maintenance, and course control. Through the synergistic effect of their material, structural, and
mechanical properties, birds can survive in different environments. In the life cycle of most birds, molting
occurs, that is, the regular replacement of their own feathers. Previous studies on this phenomenon have
mainly focused on the biological principle level. However, problems such as damage, wear, and aging of
flight feathers directly affect the timing and sequence of molting, suggesting that molting behavior is not
only controlled by the biological level but also closely related to the state of feathers. Therefore, from the
perspective  of  physics, this study adopts a multi-dimensional analysis model of
"material-structure-mechanics" to reveal the natural physical mechanism controlling the replacement of
bird flight feathers.

Methods: In terms of material science, it was first revealed that bird flight feathers undergo a
transformation from an amorphous state to a crystalline state during their growth and use, and the
microstructures of old flight feathers and new feathers during molting were compared. In terms of structure,
the tip of the flight feather and the area close to 70% of the root were selected for analysis by
environmental scanning electron microscopy. Aiming at the problems of too small target proportion,
mutual occlusion, and various postures in electron microscope images, the YOLOVS target detection model
was innovatively optimized to achieve automatic identification of hooklets. In terms of mechanical
properties, the vibration modes of aging flight feathers before molting and new flight feathers were
compared to analyze the influence of material and structural changes of flight feathers on mechanical
differences, as well as the relationship between structural degradation in areas with heavy flight loads,
mechanical property attenuation, and increased flight energy consumption.

Results: In material science, bird flight feathers transform from an amorphous state to a crystalline state
during growth and use. Old flight feathers during molting show obvious crystallization, with the
microstructure being orderly arranged crystal tubes, while new feathers are in an amorphous state. The
crystallization process weakens the flexibility of feathers, having an adverse effect on flight performance.
In terms of structure, the angle of hooklets of new flight feathers after molting is significantly reduced
compared with that of old ones. The amplitude of angle changes in flight feathers with different functions
shows a sharp contrast. The flight feather areas affected by high-frequency aerodynamic loads show more
obvious adjustment amplitudes, while the feather areas responsible for maintaining basic balance tend to be
stable in angle changes. In terms of mechanical properties, aging flight feathers before molting show
low-frequency and high-amplitude vibration modes, while new flight feathers show high-frequency and
low-amplitude vibration modes. This difference originates from the changes in the material and structure of
flight feathers. For example, long-term use leads to keratin crystallization of flight feathers, resulting in
damage to the flexibility of hooklets, irreversible increase in their angles, and significant weakening of the
meshing effect between barbs, making them prone to large-amplitude vibration under the influence of
airflow and increasing flight energy consumption. The new feathers have a perfect interlocking structure,
with hooklets firmly connected, strong overall airtightness, and can achieve rapid vibration and effective



force transmission in flight. The structural degradation in areas with heavy flight loads is more obvious,
and the attenuation of mechanical properties is directly related to the increase in flight energy consumption.
Conclusion: This study reveals the mechanism of bird molting from the perspective of physics. The old
flight feathers before molting have reduced flexibility and increased hooklet angles due to crystallization,
and show low-frequency and high-amplitude vibration modes in mechanics, affecting flight efficiency and
energy consumption. These changes may be an important basis for birds to judge the timing of molting.
When the flight performance of old feathers declines to the extent that it threatens safe flight, birds may
activate the feather replacement mechanism. Future research can use extensive exploration covering
various bird species and different feather types to deeply analyze the universality and individual differences

of molting mechanisms in different birds at the physical level.

Key words: Bird molting; Material properties; Structural characteristics; Mechanical properties; Computer

vision
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1.1 BRPENHLSINEE

TES KA IR g T, PRI AR BRI R M 2. K5
REFIAN V8 BRAL M S 2 S & B AP s T HAR . IWRIR. S B FIPERE |, P
EBFEAH S AR RAETATIRER N ATTESRE RN B S ErE .
FRAEORIR GRS BB Kt RE 58 B 2P LA S AR R NI RIS, P B A B & — M2 3™
FEIRLNH RS, AR EEZ LI R, S ERAEEME, oEFt
it 7P ES B NS D Re 23 A B R T 3 SRR, IR R AR S
IL[FESCRR SRR BI2E. Bk AR DL S AT 4L AT TG 31

&P (Flight feather) 1E N SR YATH R EDIREE T, HYE WUT3I A EEBMHEKE, 8
HFESMEAER, A TUTIIR T DAY, 5 S)LRE%E K. B, BiF. B
] 2SR DL S By o8, AT T R EENE . AR CHE L R EEE RS
ANFE AT S AR STT R, 1075 EAE T I 28 COPITAR B4R K08, X Fhah
AT DL AR RURH PLORIEAC IS (8] R AT o T 2T AR S 22 AR 2R 35 i 11 55 D) B A 6 v 0 1 R
(o, $EHLTE m ARG, T PO AR R AT RS A K, )
PIEL AL T SR ATHTT, FFHEEA WAL i 2 i Pk

EERP) AT Y, B (Tail feather) 1) =EEINEE & R AT HE ARSI T M. B
MIZRLT KA BRI R, 115 5 2R Re0e SEUR AERE 0], SXFPRFIE o8 R AE A28 A 3L
A PREER BN PRd [ B, 2 SRR AR, AR RAG IR OG0, BRitk 2 4,
FERAB R R, BOWMAIEE R FAE A EEE X, tinfL#& (Pavo cristatus) JF5FIY,
W 1-1 Fizss

B 1-1 S8 RPIR A s s A
Figure 1-1 Schematic diagram of tail feather
e (B RIE: Singh et al. 2025)
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) (Covert feather) |32 /A T 28BS, ATAERHBET RAAY . gl =it
FORSIAG A B T b <y, fem ATRGR, Er BLRYP T EPE, Pk sz
FIBHYGESN . KRR TR DA S A 5 A1 R 2= IR B A A A B A 407, S K2R T s FH 2 4
VA K2 SRR T ASRAR A AL 2215 5 Dhael>13), anf&] 1-2 s,

1-2 BRI B
Figure 1-2 Schematic diagram of cover feather
7E: SLC (secondary lesser coverts) : {XZ%/NE ], SMC (secondary marginal coverts) : /kXZkZ7% ] , SGC (secondary
greater coverts) : XK RE T
H: (B RIE: Zekry etal. 2023)

%P (Down feather) = EN SRR ALIRIR AT, HANRF A5 H REM S 1 AR 1ML,
REMS SRR R, s AR NI, BRIk e TE e € RR Z, oKt/
TSR ERE SN F IR HCR, FIREAESEIBL T4 AR IR A T R AR K
AR 9P B S ORI RRE RO AR, 0 A2 A5 I 2B A7 /7 RO, A 1-3 B

down feather
K 1-3 E2REPMRE K

Figure 1-3 Schematic diagram of down feathers

i (B RIE: Pap etal. 2020)
¥ P (Contour feather) 7304 T SR HKER 7y, BRIFAE ATt RERS IR 5K B 1k
RIRR AR TS 4 . (RS b, FRERPIZ IAAE TR 7 A 2 ek, ] LU e IRl
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AN B RAS Bl F9AATRL s (RTINS 2 o i A SR h B K R e, e AR E 5
ik BT KA 75K, WA 1-4 Fos

K 14 SREEEPR R
Figure 1-4 Schematic diagram of contour feathers
WIE (Filoplume) 270411 553K AR ARANME J& [, MR W6 T B e ) R 47 IR I
W A WIE BE R S N PR TE BRI , 2] T YL BRI, e R, LRnAE S
R RERYINT, WIS AT OE R B N RS, REE ST AL, St R
o MWHOL AP EARAE M, Bl S S E R fafai & BRRIE, E OAERE
A BN, I 1-5 foR.

v )

] |
9‘ J’k“\ ik

Kl 1-5 SNIEREE
Figure 1-5 Schematic diagram of filoplume feather

. (B 3RIE: Rohwer etal. 2021)
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RORSPIKPERE: MR, EREZREEEseR. AR, HUURFEREML S

TEARFE CATIRRE T T, S 28 CORIRI P N oG S50, e A G vl R TR BB 4%
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FINST, FEIXMAEOLT, @ BOP v DRSSP REFE E4EHE }AT B RIS, — e
TR, SRIEHP B2 R B ATREJIA R, H7 AR BRI, B4
BN, REERENF I EHES), XN TR EREA TR R X E KR 1A, x—idfEE )
TORKE CAT TR SN IRHE, dEmRb BEETH AR, X SO AT A R 5 280
FHEOSOL [, BORAER B SRAEATE . KIT. WE SIS PR R R LS, T
PR Y (Sturnus vulgaris) TEIPIAR CATHERE AR FC R B, e PAT N EHm T
2R RATROR, e KA. AT . RIS, FAN, PR SN SRR A
R B AN BRI 35 R, B S RO R S T T R A 3 B A2, SR T S
B, IEFEHPI Sk AR R ) 2B — @ AR, Ao AR O AT S IR I
o SZSHIH R b i 1-6 Fios o

e

% Old feathers

3
II .I\ \ : N -.-"'-:uc
oS R, . —— 4 -
S0 s Newly molted = =
feathers
K 1-6 38 IH KRR R
Figure 1-6 Comparison of old and new flight feathers

(B k8 : Terrill et al. 2023)
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g LTk, fEREEAT b, S SRS PRSI R R PR, I RE R e 5 S I T |
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AISEWIAE R B, S8 xAT a8 51 KSR AT, 6155 T AE TR I
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