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Intelligent Lubricating Materials and Surfaces

GAO Peili  XIE Guoxin LUO Jianbin
(State Key Laboratory of Tribology in Advanced Equipment, Tsinghua University, Beijing 100084, China)

Abstract: Novel intelligent lubricating materials and surfaces exhibit on-demand responsiveness and adaptability. The biomimetic
self-regulating mechanism empowers in-service tribo-pairs with the autonomy to sense external environmental stimuli and adaptively
modulate interfacial lubrication states. Such capabilities provide a groundbreaking solution for the “online
sensing—decision—execution” intelligent transformation of advanced equipment in aerospace and defense sectors. Concurrently, the
Al-driven intelligent inverse design of lubricating materials has revolutionized the traditional trial-and-error paradigm, enabling
highly efficient and demand-responsive customization of lubrication for mechanical interfaces. This innovation provides a novel
pathway for establishing a scientific framework for high-performance and high-reliability lubrication materials and surface systems
capable of addressing diverse complex operational conditions. The intelligent evolution of lubricating materials and surfaces is
progressively redefining the research paradigms in mechanical interface science, potentially unlocking breakthrough opportunities to
advance frontier tribological theories and technologies. This paper discusses current research on self-lubricating, self-repairing, and
self-diagnosing intelligent lubricating materials and surfaces, the frontier progress of Al-accelerated inverse design, and their future
development trends, taking intelligent lubricating materials and surfaces and their Al paradigms as the pointcut. Currently,
self-lubricating tribo-pairs that are environmentally robust and operationally adaptable use solid lubricating materials as the matrix,
with liquid or solid-liquid-coupled lubricants as the dispersed phase. Effectively enhancing the interfacial lubrication performance can
be achieved by releasing trace liquid lubricants to form fluid or boundary films. Two primary approaches are used for incorporating
liquid lubricants into a tribo-pair matrix: porous-based self-storing and lubricating strategies and capsule-based self-storing and
lubricating strategies. The development of capsule-based self-storage and lubrication techniques makes it a novel solid

superlubrication method after carbon-based superlubrication and two-dimensional material superlubrication. This method enables
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macroscopic superlubrication at temperatures between 0 and 250 °C. Although intelligent capsule-based self-storing and lubricating
technologies can significantly reduce friction and wear on tribo-pair surfaces, material degradation and surface damage are inevitable
during prolonged service. It is important to promptly repair wear and damage to improve the wear resistance and service life of
tribo-pair materials. Intelligent surface healing technologies for tribo-pairs can be broadly categorized into extrinsic and intrinsic types.
Extrinsic repair typically employs stimulus-responsive materials (for example, microcapsules or microvascular networks) to
encapsulate active repair agents that are autonomously released upon external stimulus-induced damage, thereby facilitating
physicochemical reactions for localized repair. Intrinsic repair leverages the reversible reorganization of dynamic covalent bonds (for
example, Diels-Alder (DA) bonds, acylhydrazone bonds, and disulfide bonds) or non-covalent interactions (for example, hydrogen
bonds, metal-ligand coordination, and host—guest interactions) to enable autonomous damage repair. Moreover, excessive wear on
tribo-pair surfaces generates clearance, and its enlargement exacerbates vibration during equipment operation and reduces service life.
Thus, it is imperative to endow tribo-pairs with self-diagnostic capabilities for real-time monitoring of wear locations and damage
severity, enabling intelligent lifecycle management and predictive maintenance of equipment. Three approaches are the primary focus
of the current intelligent self-diagnostic technologies: dye-based chromatic detection, electrical signal diagnostics, and optical signal
diagnostics. The latest paradigm in the research and development of lubricating materials and surfaces, driven by Al, is the fourth
paradigm after empirical, theoretical, and computational science paradigms. The primary technical approach involves employing
machine-learning models to establish potential mapping relationships between the properties (such as composition and structure) of
lubricant materials and surfaces and their lubrication performance. This enables prediction of the lubrication performance of new
materials and surfaces. Furthermore, by integrating optimization algorithms or deep-reinforcement-learning techniques, global
optimization within the high-dimensional nonlinear design space of lubricant materials and surfaces can be achieved rapidly, thereby
facilitating the efficient inverse design of materials and surfaces with target attributes. This transformative research paradigm is
expected to decipher the lubrication and friction reduction mechanisms at mechanical interfaces, overcome the efficiency limitations
of traditional trial-and-error iterative methods, and ultimately realize demand-driven customization of lubricant materials and surface
designs.

Keywords: intelligent lubricating surfaces; intelligent storing and lubricating; intelligent healing; intelligent diagnosis; inverse design

RITFR R S —J7H, FIAA LR (Artificial
intelligence, AD SR KMIELMIEZHAE ST, MK
SR IR EBBAE A RO R, NI SRS

0 Fi=

TR BAT v R B 0 PR 1P R 14 2 T ¥ T 4k B
I VEREAT AT SEVE (32T, — ERNUMER I 5+
mREE A E s SRT, ENERRR 2
IV REDEALIE 7 Z AT KR ML, X
FERE BRI, FLME LAR T min B 25 S o B 2 T 004
rPERE . RAEE . KRAFGIEIEAOESR . AR, 14
PR A 3l i 1 A AT sk =2 S SRR 5 2 4
71, CREHLHRMIER S NEHSEN. Hik
Tl AR A A A A B B NASEE /K, 7
ZUH BRI -

AR, TR I AR R R e %6
¥ SRR ] e o BRI 1A, — Dy, JE
REARL-S 18- D BE — A Vit FEARBEHE R SR 1 AT
H SN RIS (J1. # o6, WL RS
e B 38 LR 7 BE A S T IR A, T A e o 2
A % KRB B AR - R AT B

A RERNZ I AR AE ) P e ORI [ Be i, v R A
T AL S L7 SR AR AL T AR AT R I

AL VAR RETR MR AR I BOR S S AT
NUIARL HiE T BA BT . ABEEMAZEKE
THREETE MR AN R I FEUIR, L& AT s i
PRI T R Bk Rt Fe b e, F s AR
AR TR Re K R BT T T8

1 RREHEEMERIR B

X BESR R AR A RHEEAT 707 B A A 3,
A DA 3 BESR EIAE G TR L B B A TUIF S W R
RPN R, X RE A BEHR B Ty n] LA A K
SRR ¥ R R A 1 B R R B 1 PR
HIvEA BIETE . BIEEMB2KE DR R TE
BN T B A S 2



%6 1

EREEAN, SF: R REIETE AR T 3

BT R REIE A RRI 2 B AR B AR J B
Fig. 1 Mechanism of intelligent lubricating materials

and surfaces

11 EERIREEEFEEEEREA

M) 82470 SRS A R 5 22 DA (e,
WA WERAR . BT B I R
W CAnsKA RN XCEEMERD, ERARIE R X2 5
BIER. A MEES S ZmENL. SR E RS
PR, DR B A PR B e P R T 00 3 S 1 8 e AT
fith Vi PR ) 3 B DA A v A SO A, AR ER
] - YR Gl o A TR A ORI R T A
T AT BCRLAAR I B S, T A A v S T i
B HET, CRRRARIE N A 5N EE R R SR
A LUF P Fh AR
111 ZHAAEEEEA

Z FAFE TS HAR SRR 2 LA R A
W, FEAEAN TR S T ORE ORI [ v v v
FR . PR E-peds ikl & 2 LR G ME &M
Bl IR BRI 7V IR B T A AR ) A5 2
FUAFA I AR B 57 iz VA £ 19 3
(1) N 5 8 TR AR 1) 2 FL R Bk Bk R ( PEEKO & & 4}
AABEEFE (COF) A 0.0493, BEHZEN 2X
107 mm’ / (N «m) v AR, e R 2 7L
TRHORERA Z AL RO B A “IEIE-th” B
SR AR, MR “miE” SGmEsE
ERORE, LA T i Rk T RS D AR R e B e 1),
T 5 ARAE 2% [R]85 A VR B i 7R R R AR R
BT, N2 FLARR B R (PD AR,
MbAh, G|, BA VRS ARENE R AR
AR Z FLAAAR, 1T B4 8 5 F I BRI T 2 FL
THATRHE &M 0 eI T T 45 RO VA VR 1 Th e
11, ZHANG 29t 4 7 1206 8 TR i 2 7L
W/ A SR A PRE, R I AN 0 S RN
SRS, ST M Rl B A R ) P AR R Y

112 TREER GEAE M B

TR, ZAUAFAEIE AR 0 FLRR 2 A
Stk JFL A R R il 43 A B A A AR KR . A
PO &, 1P A T A e AHE [/ 9 A i ) 2
TER G FeRE R, R HT N BRI R
MR, IR T REAP ik BRI R, (e &
AN BN RE 7 8. [FIRE, T i s s (1
Fegs M Re g M M A ML/ TOHLTERE . SIAGK
TINF REEWAMRIE T, SR SRR
PEANT PRSI RE RO R . 5 2 FLEAE I AR
bl i 3 52 ARV A R R SRR S IO S 1) T
BEo DRI, e JEHE AR BT R B 1 R 3R THT S BE AT
fite I BOAR 1 F S 787 11

MHLER FoRyE, T TR BEAR N ) a4k
AR T R AEREEY,  SRAGRE I PN A 2 R
GUIH, TERGHIE . R I s A i, Sl
TG AN T B F T . MRS AR T
TH RS SEHIL AL O M L2 PR TR T SO M o0 AT 3
BRI JE o B AHZFARMES, HHEART T
AN TR A% 576 25 K6 RO ZH 43 0o T B8 52 4 M R HIE M 14 BB 11
SO, FRIEETE R T MBI TOLERE. Th
RESEAE . o R M I R AR AR R

B, B o Bl (PAO4) @2 J%-EEls 2053
RY (EVA25) WRTERA BE AR mNAT R, H
A PRI COF LLaliph IR IR T 86.2%, BEHi
R T A ECRLG, JEREAE 70 C T EEHEZ 300 s
IR Y. PAO6@EH 4% (PS) MR #EE A
WARHE EE BRI B R R TROE M, e COF 543k
AR IERARAH ELBRAR T 96%, BESRERAL T M3
1, PAO10@ZE (PSF) / PU4E AL =4k (Fes04)
S W] 7 i e BB ) A i i b R A ST 40 A % R A e
15 s ]ERTHREPE 7+, §38 COF &% 0.04, #
Bt E R E A 0.09M", R T PAO BRI A N
AL, EEH (SOD. Alfih. B PR, TR
(LOD. e 45 4 Bl FHAE Ui 28856, 54K
(TiO2) SALHE (SiO). BRALHE. BRERES S50 i
TR Z 4 FERUIR e i . oh, —2p Bl
2 PR I A O PR . A FLAY T SBALS! &
JB-AHUELE (MOFs) "% Lk pmiop: ! 2L A
I RALBREE R, AR AR R BEAT Ak T AR 1) it
THETT.

TEAREROL v M RE R RN, IRm e "R A
MR R T TAEN R AR B, Hara 8ch
EGE FOEIDNG S FAE LA ANC SN ERSE Y o
B A I RRIEORL IR R T R E IR PR



4 h @B Xk W L B

2025 4F

TR R SRR R TS At (8 2) Y. GONG
Ol R MR BE R S R R A M R B 3
PEFE I B i B A 8 5 [ 1 R RS TR A TR 4 7K H
s (GMAYZETFBL, fli PAO6@E (H EE IR H
fig-co-GMA) (PM-G30) K[ (KifE%) 65 nm)
IR TR R A S A Bk, AT A A AR
5 S ANFIME LLRCK IR 3E ChifR 40 100 pm) & &40k
Sl 1.5 540 3.8 %, COF FlEEF KA AWM g
FAK 3.9%F1 0.6%. CHEN ZEUSH itk 2
i (PDA) %I PAO@PI TR FEdEAT F T e tk, SE3

TORERER O N o EOE I BB, T HLAE E Re
ACHR T o B 5 B 1) ST 45 A PR e S B 80
. & Swt.%f) PAO@PI/ PDA JR¥EE &HEHK
PUE SR i R A AR 1.4 £5, COF B&IRZ ARk
HEIRFE SR 65%, FEAERIR~190 CHyM &
W K COF /NF 0074. BEJ5, REN ZU7zg
PAO6@PI / PDA /iR # R I3 — DB 3R £ .
Jtie (PED), i — 5 5 it i 28 AN F A 1) F T SS IR BiR i
HE G MR SR BRI R4 A HLIUE PDA &
MR 2 E AR R = T 7% F0 14%.

B2 (a) BRI IREED > G ae b e U B R REXT EE (527 250 [ A M/ RS R t /L X
WA BT AR e 5 AT ARDRI AR L3 i / B/ RIAFR LD (b) ARAMERUR BRI 5L
RS EMR AR T R IR SR (o) B IR R AR A )

Fig.2 (a) Tribological properties of intelligent lubricating
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