N I

2026 F£ £ 71% % 2 H: 355~ 369

BANEESTERRER

LIRS SRR

IR, B

EIATZS MR KAz BEA 5 TR, JEat 100191
* B & A, E-mail: shayin@buaa.edu.cn

& (rhIEREE ) Ae Ak

SCIENCE CHINA PRESS
CrossMark

& click for updates

B CPERERYZE S VI

2025-07-05 Wk, 2025-09-28 &1, 2025-09-29 437, 2025-09-30 P4 ik K& 3%

EIR A AP 34:(12172025) % B

THE 2B MR E LR TR, B MR TR, B 5w S RFEEF TRIE. MAEHEH
AW KR, ERGBERMENN S BN SAEN T UHERRI RS H R, ATt E Rk
RET AT, RHUMEMENTIT IR AR KRR AXEERET S MR EERSER K1 TH
SR AR, H RGBT IR DU 5K AR A A AL B R RE IR A 77 R AL R R AL #t— e, Sl EE RO

B, ReEREEEAEFTA, AEASEATEERRKTANER, By — 1 HHETE,

& T % fvom

T 5 EEREMRTNER. L, RETRETHTEEARRD B XA F S EE N B E TR
A Wik BER RS B REREMATARERE, THTEANBEENEE T &AM ERER 7. 2PN ER
ke R UL EERAAFERONEFTK, ERATEHERLR, BITRARERBmEAR. KAXHRER
B[ R S AR DA B P SUR B SRt R ERETE N RS A

Kkl Z AR, RERK, FEMNE, REAFATH, WH &

Z M [E 4K Bl (cellular solid materials, f&jFRZutf
BTE 2 He A2 T 2ok A vh ol i 5 0 5 1 R i W i
oz R H TR 22 R o fig A A T AR .
LM RHE R fe 22 by = A MR AR T g BEY, 1
i (1) SMERT B SLBr B Z bR it i 2
HERRPEASIE, NN AR R R R AP RIZAE; (2) “F
BRBG IR E|—ANIm SR, Z AR A
SR, Nt AR TR v R RE A R e it L )
IR SEPE R A, N -2 IR S AEAR R W AR
Bl NAERFTE— D BOMEE K, (3) BSfbBirBe: 4
AN — 20 IR, 2355718 Ay M BE 2448 (8] ) AH EL % R A
FHAMBIA S IASTE, N j-RAR IR 2l B, 2EE
i #a R, X — MRS RN AR RE A 7R3
KA Bl N AT BRI MRS g et m] B s il 4 g e
(B, MESE 45 T80T g A (kg 2,

FET iz BB A, B ATRe R sen
TVPAN 7 3l R FH Y- 3 B B4l s Biext 1 iy iy A, B
<22 5K W A5 " (densification strain, HWLHEFR A ESZNAE |
BURARIT R WE R EEA AT RO REZE 13, 83 vy - 2 it
AT AL I T B TR AR R B A o 1 Y R K
S AE (Uspecific energy absorption, SEA). 1% /7% K H: ]
WMz R, JC e E T B AR = B B
ILARA R RTT, TEMGAF TG S BORIEST, MR
SRV RIS H 25 24, BORBRZ 1Y 2 S5 TE 4
R I N AL B AR A A v e R TR
2, Homm i 2 22 ] Dh gl e il tk, DAERY 2
SEAR A I BT EE AN BRI, R H B SR B A
T L HOMEARG,  A502% 3 52 i SEA S48 5 1Y % W
PP,

PRI, A R 2 i LA SEA N AR A% O B PE Y

355-369, doi: 10.1360/CSB-2025-5202

SIS EEGR, B, M Ib A Z Mk Re I rERE A ER & PP, Fla=il4f, 2026, 71: 355-369

Wang H, Yin S. Beyond densification strain: a comprehensive evaluation of energy absorption in cellular materials (in Chinese). Chin Sci Bull, 2026, 71:

© 2025 (PIERFE) Atk

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/CSB-2025-5202&domain=pdf&date_stamp=2025-12-30
emailto:shayin@buaa.edu.cn
https://doi.org/10.1360/CSB-2025-5202
www.scichina.com
csb.scichina.com
https://doi.org/10.1360/CSB-2025-5202

M E LB 2006518 £711% F28H

IRk T ARG, IR E TN A W T
Wi 3 28 R A RE R WORCPEREPTF A &R (EAR TR, B
HR TE5 e I RE IR i AR 2, ANRIBIESY
S TR E R AR S B A A TR A IR
Tia, RAE—E R LR T A RISER A AT A S AT
GRS . HE T —BUR, ASCH R T2
A B S 0 25 T B DU LR Ty~ iy, Sy
JREAFN IR P IE SR BRI, HE RGBT T
YRS S SN E T ik P A TS
B, BEIRA 4R T R A K P JC R AR RESR A
—— W RERCR MBS,  DIAN LG A — 38R AN I
AR, BT LUAY & B, i RS IR
HTH, A0l T MRS BRER . fE28g
JETEARMNZR G RER MO AR, N2 MR ZE
BT PR RET B AR AL A 1 0 BT RE SRS DR,

1 2R UL ARG e

TG B RERIOOP MR R, HEwE
PR 22 WA R R A R R B SE PR S A R ARG
PRES BTl R 1 2 5 M0 22RO )12 i 2 RRAIE,
XEHRR T REE G BAE S SRR, 2
FERMEMERR SR8 00 T BRI AR ik et
WIE S CIVCIRIVEE LTS w1 DI S|

(1) BRERL. BRI R 1 —R 22 i 2 AT B el (2
PEBT B G B BOME SRl B, e B BB K
SFECNRRSE, - I HG R E s A T, IREER
I BRI SCAL B B2 S R (151 1(a)). BAT IR 25
Wi 7 F) 22 S AR TEARSE |« AR BER/ NI 2 22 M e,
A B 175 il B S 4 R A B (lattice) MRS {2
FER AWM RN R4S A Bt (R B
ABPEEE.

(2) REALTY. A AL IR F) IR g 1A% 2 A TET 1 (b)

Jw, Haik a5 =prBobAHar, (H27EF
BB CUHIEB BOR ) 2R B AR AL, N ) 208
g PR AR AL B, F G B BOM S S Bl
T OB B 23 B R R A o — i X 22
PR R B — E A BE AL BURRAIE,  (ELd 0 XA DN,
T PR R RS MR A 2 B b
5. TR AR IR X BE RO IR AR . AR A
BRRHVAE, S5 [ B B A I S, 3o 30 DX AR K.

() P RPN FMRHET- 5 B AR Ry
SFER, WOz, s B A R k.
A IR AL B B2 AR B W b 9 R e A I
AR 7T B AT 2 B AR AR AR (P 1 (), X i e
T OB T BEOR S SR R A TR R, AR AR A
H U R RSz T A A g 1 e s 12O v M BE e - i
EFATRMESAGROATPE R 2. A RRRHE - S BB
b2 M BLFFEE R RISl Xk R T AR RS A 1 %
GRBE.

(4) Bl kb B AR s s A A
(5] PRy 5 BE oA I, AR 52 B AR sl 2t B A ZE A
SiRRE Fh 55 2R R A A, DATTAE N o 2 L
PPN R THEE, BIRBERUHRRIE L,
TSR B —HE(ET1(d)).  IRBY R Z A R A5 2
REABEEVRPPRIZ . AR AR 2 Z B BUE I
BT A RHS 20 IR BS U BT
BB RGN, BB RN S 2k T RER B
BRRE LIRS T, AT HEAC I3 g ML A 1 = B BB =X

IR PYZE T 2 W L BT R R T 22 M AR 4 i i
AIZRENE, Z5A AR SEBrme N ad T B DAL PO AP REAR S
R A, X 2 H ATRE S PR REPE 7 vk il
PRACAARIE.  JCHCURAET- 5 B BONI S S AR By BL o SR
WIRERL T, AR GER LR SR A AN T 8
FELEAE AVER SRR SEPRA RO RERE . NI, A

(a) (b)

)

Rr3%

RIF3

(c) (d)

7

o35 :14:

Fammns o1p23: 53

Bl 1 (ROZ8 R () Ui L R ) Z2 A BRI A TR A 122 (a) ARHERY; (b) BEALRY; (o) “F-BUshAL (d) Brpksl

Figure 1 (Color online) Four types of typical quasi-static compressive responses of cellular materials. (a) Standard type; (b) hardening type; (c)

fluctuating plateau type; (d) stepped type
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Cellular solid materials, renowned for their exceptional energy dissipation capacity, are extensively employed in
cushioning, impact protection, and crash load management. With the advent of additive manufacturing, it has become
possible to freely design and fabricate architected materials and cellular metamaterials featuring intricate microstructures
and tunable mechanical responses. However, accurately evaluating their energy absorption performance remains a critical
challenge for microstructure optimization and material selection. This paper first summarizes the typical quasi-static
compressive response patterns exhibited by cellular materials, including both standard and non-standard deformation
behaviors. It then critically reviews the prevalent evaluation approach based on densification strain, where the specific
energy absorption (SEA) is calculated by integrating the stress-strain curve up to the assumed end of the plateau stage.
While this method is effective for materials exhibiting clear three-stage responses, it becomes less reliable when the
boundary between the plateau and densification stages becomes ambiguous, or when alternative mechanical responses such
as stress hardening or multistep deformation occur. In such cases, SEA values can become highly sensitive to the selected
endpoint, reducing their comparability and physical meaning. To address these limitations, this paper introduces a multi-
dimensional evaluation framework that augments conventional SEA with stress-informed metrics: the energy absorption
diagram, energy absorption efficiency (y), and the ideality (/). The energy absorption diagram, plotting absorbed energy
against stress, provides an intuitive visualization of energy capacity across different stress thresholds. It is especially useful
when comparing a small number of samples, particularly those with non-standard deformation responses. It allows for
detailed, stage-specific evaluation of energy absorption behavior. For larger-scale screening and quantitative comparison,
the framework emphasizes three scalar indicators: SEA, representing the magnitude of absorbed energy; the maximum
energy absorption efficiency, reflecting peak energy conversion efficiency; and the ideality, quantifying stress uniformity
and stability. These indicators collectively capture the magnitude, efficiency, and load regularity of energy absorption,
offering a more complete and physically meaningful evaluation of structural performance. The proposed framework strikes
a balance between two key goals in energy-absorbing material evaluation: achieving high energy absorption and ensuring
effective stress control. It is well-suited for comparing different structures, guiding design optimization, and identifying
performance bottlenecks in materials with complex mechanical responses. To ensure consistency and comparability, this
paper also offers guidance on standardizing the calculation of SEA. It is recommended to use the strain corresponding to
the point of maximum energy absorption efficiency, as this represents the optimal trade-off between energy absorbed and
stress applied, and is widely adopted in existing studies. If substantial energy absorption persists beyond this point, the
endpoint can be extended with appropriate justification. Crucially, both the ideality at the chosen endpoint and the
structure’s maximum energy absorption efficiency should always accompany the reported SEA value to enable transparent
and reproducible evaluations. In conclusion, the proposed framework combines process-level tools (energy absorption
diagram) and scalar indicators (SEA, 7, I) to enable a comprehensive evaluation of cellular materials’ energy absorption
performance. It accommodates both detailed comparative analysis and efficient large-scale screening, effectively
addressing the dual objectives of maximizing energy absorption while maintaining stress control. This provides a solid
foundation for performance-driven design and selection of cellular structures, especially as advanced manufacturing
techniques continue to broaden the design space. Looking ahead, integrating this framework with Al-assisted modeling and
data-driven optimization could further advance intelligent and adaptive structural design.

cellular materials, energy absorption, densification strain, compression behavior, evaluation method
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