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Abstract: Bio-inspired design leverages the superior characteristics of biological organisms in nature, providing es-
sential methodological support for engineering innovation. However, extracting accurate knowledge from abundant biologi-
cal information and effectively aligning it with design requirements remains challenging. Although large language models
(LLMs) have demonstrated potential in automating the bio-inspired design process, they still exhibit notable limitations, in-
cluding: cognitive deficiencies leading to biased understanding of bio-inspired principles; parametric knowledge constraints
resulting in insufficient timeliness and accuracy; and underutilization of external knowledge bases, which leaves generated
solutions lacking domain-specific support. To address these issues, this paper proposes an intelligent bio-inspired design
(IBID) method that integrates a dual-granularity knowledge base with LLMs for automated design solution generation. The
core of IBID lies in the synergistic integration of a dual-granularity bio-inspired knowledge base with an LLM-based collab-
orative generation and review mechanism, enabling the generation of complete and effective bio-inspired design solutions

from problem statements. First, regarding knowledge representation and retrieval, we collect biological superior characteris-
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tics and bio-inspired instances, decompose each biological strategy into coherent segments, and cluster them based on the-
matic similarity to form coarse- and fine-grained knowledge representations, thereby constructing a dual-granularity bio-in-
spired knowledge base. A corresponding dual-granularity retrieval mechanism is designed to improve the efficiency and ac-
curacy of knowledge retrieval. Second, regarding solution generation and optimization, we design a hierarchically collabora-
tive LLM workflow: an LLM-based bio-inspired design writing expert initially generates a structured outline based on the
requirements; subsequently, an expert consultation and review mechanism is introduced, wherein multiple LLMs form a
panel of general experts that independently expand drafts based on knowledge evidence, followed by multi-round Delphi-
method-based opinion exchange, evaluation, and iterative revision to integrate diverse perspectives and enhance consistency
and reliability. Finally, an LLM-based senior expert conducts a final review, performing logical verification, detail supple-
mentation, and overall refinement to prevent viewpoint drift and improve the completeness and effectiveness of the solution.
To validate the effectiveness of IBID, experimental analyses are conducted on a self-constructed bio-inspired dataset. The
results demonstrate that IBID outperforms the best baseline models across retrieval metrics including Precision@ 1 (P@1),
Precision@3 (P@3), and Mean Average Precision (MAP). In the generation quality evaluation, IBID surpasses GraphRAG,
RAPTOR, and other baseline models on most metrics, including professional quality and content relevance. The proposed

method effectively mitigates hallucination and knowledge limitation issues of LLMs in specialized domains, providing a
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practical framework for high-quality and reliable intelligent bio-inspired design.
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Table 1  Domain coverage statistics of the bio-inspired design dataset
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Table 3 Scale statistics of the bio-inspired design dataset
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Table 4 Scoring criteria for bio-inspired design evaluation
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@K = K Z‘re i Table 5 Comparison of retrieval results across different methods
1 KR F5 bx
MAP=— > AP (13)

0| qZQ @ P@1 P@3 MAP
Horp, rel, AR A A WL T AE A RN IC 0 ok Naive RAG Full 0.471 0.454 0.493
iﬂﬁa*% é. ; AP(q) %ﬂ?ﬁlﬁj q E"J Elzi/{l*%fﬁ /—%— . (Qwen2.5-7B) Chunked 0.403 0.436 0.482
4.3 XfEESEIS IBID 0.785 0.465 0.578
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Table 6 Comparison of generation results across different methods
Az BT

Ll B

S B
HH | MR
| Pk
AskNature 4.26 4717 470 | 3.98 | 4.78
GPT-40 3.84 3.64 2.99 | 482 | 431
Qwen2.5-7B | 3.33 3.5 2.62 | 436 | 446

F&S | FuncMatch | M&C

Only LLM Qwen2.5-7B* |3.02 3.74 2.81 | 451 | 4.13
Qwen2.5-14B | 3.06 3.78 2.84 | 4.61 | 4.27
DeepSeek-Chat | 3.59 3.76 273|472 | 4.11

Naive RAG RAG-Full 2.72 3.64 2.85 | 4.44 | 4.68

(Qwen2.5-7B) | RAG-Chunked | 2.70 3.51 2.66 | 4.28 | 4.71
GPT-40 4.17 4.35 3.46 | 4.69 | 4.30

GraphRAG | Qwen2.5-7B* |3.70 4.01 3.41 | 4.30 | 4.64
Qwen2.5-7B | 3.85 3.99 3.32 | 4.51 | 4.55

GPT-40 4.11 4.60 4.02 | 4.66 | 4.51

RAPTOR Qwen2.5-7B* |3.77 3.98 4.21 | 3.69 | 4.50
Qwen2.5-7B | 3.80 4.01 4.06 | 4.01 | 4.39

GPT-40 4.43 4.61 4.61 | 4.78 | 493

IBID Qwen2.5-7B | 4.22 4.46 4.72 | 4.76 | 4.82

Qwen2.5-7B* | 4.24 4.52 477 | 4.62 | 4.90
Qwen2.5-14B |4.22 4.46 4.71 | 4.79 | 4.83
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egy H H VI He 2 ¥ 55 4 /i S, i IBID 5 B Macro-
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A T B D TR, TBID 28 57 455 70 e 0 S A 4
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PR G 2% () A R 0 4 B8 10 56 e Ja P IE 9 5 R
JBE B PR SCHEZR | i A5 AU 7E 41 24Uy e i B Lo B
5] FHBALEI A0y, A 4R B B EAZ 8,
M PRI T AR 27 Bl “UE 4 il AN 78407 33K
B VT 2% . 7E 5 55 0E RAG 7 B i % Herpr , IBID 4
SRR KRS o S0 0 Fdls R W, /R 4E GraphRAG F
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Al FuncMatch (4.61) YT GraphRAG (4.17,4.35) 5
RAPTOR (4.11,4.60) 1) fie =1 2 20 5 Ho o, FuncMatch (%)
P 3 2 BRI A iy S8 % B bR T RE 18 X 55 T Sk
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) UE B8 | 38 BE f2 1 A5 L S HIL B — 25 4 — AT 7 K R
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i 7 2 A T R BR , R R M&C S0 Z BR . L4, IBID-
GPT-40 TE N ZAHENE ik 5 4.93, BRI AskNature 5%
H(4.78), 3% —&5 BAIE 52, IBID 7645 43 5 AH G M %
BUME A R, 30 T A O R Ll DL . F&S R
i B 48 T B Bl T TBID X A A7 5 ] 5 252 4 24 o A Ak
FHE N TS IBID FEAE A BRI A L L RE/H S
HEBCRMLG 7 R BEUEZE ORI R BR 254 T i 1 1
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{ELAS 1 R 2, BV Qwen2.5-7B S5 58/ AR
B TBID F) # A A il o o 7F Z2 3146 b b 8 K GPT-
40 Fll DeepSeek-Chat 25 il ] AR A He 2k o 3 o8 G J=
fy IBID-Qwen2.5—7B*T£ FuncMaich (4.52) f1M&C(4.77)
AR A SR B RS SIE B TR R R A T R
HEAT TR A BB AT AU FH AR R A i S0 R ) SR AIE B
T2 S I A0 I B e R TR R A RO PLEE
AR DL K Ty g e S 3R 3k i de e v R4S S 7
A RSP R FH R R A 40U N, AT 7E FuneMatch 5
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100 1> BioP A\ i A 52 11 75 2K 2| i i 5 % BID J7 58 3¢
A B AER, IR XF 100 A4~ B FE B B0 24 8 JF 1) B
B OERME TR AT LA F], RAPTOR 5 Gra-
phRAG HIF- ¥ HERT 4351 8 57 s 5 65 s, T IBID fF-3
FERT R 117 s IBID AH Eb G B X EE 5 ik FE R BE &7, =
BFHNAE T HER— TR F5] AT BN
BB B, 5 475 RURE B YRR 2R L 45 A8 Ak K 20 0K 3l 5 A
DA 22 GREAR P S5 25 B, DT A1 S 451 4 1) A5 764
FH 5 #E B TF Y 5 (H 455 A0 302 BB i XS 45 L IBID
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Table 7 Comparison of end-to-end inference efficiency across

different methods

Jik T EFEM /s AHXSFEMS /s
RAPTOR 57 1
GraphRAG 65 1.14
IBID 117 2.05
4.4 HREAZW

Ry it — 0 B E IBID 4% O B 5T e o) B 1A P R 42 Tt
BAE T, A SCHEAT T fl S5 5%, f ) IBID-Qwen2.5-
7B, 43 BIAE R B By BRI BB Bz AP 2 B Bl 1 b A
FERLHL, DU H G R GEvERE ™ A 1Y 520

FERT R B B, AR SC v 18U FE TR 2 T il S 5
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MIAE R . BARSEIR B E R« (1) 2R Macro-level 135
JiE (e E w/lo Macro) , HAR B 4I0KE A9 Micro-level SCAS
B b AT #6285 (2) 22 B8 Micro-level H1H ZE (K AE w/o Mi-
cro) , A 1 2R 28 2E WU Y Macro-level 4% 22 JH IR R £ 47
Fg o NSEEGEE S n] DIOWLER 2], 57 8 14 XORLFE 1
VERGAE A KR 4r [ (P@] = 0.785,P@3 = 0.465,
MAP = 0.578) ¥4 T A At T8 — L B2 1) 3 il R A, G
H A BR Macro-level J5 3 Go 14 B8 W 2 T B, JL H 7% P@3
I MAP |53 5 AR 22 0.401 F10.499 , 32 W] 5 247k B A
T 304 Jmy 1 SC A v A R R v M D7 TR AR
JH ,{H 55 Naive RAG #H Lt , 22 5% Macro-level Ji7 £ 4014 fig

5 B2 T+, IR EL T P43 fl A AL 9 320 5 1 2 B
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Table 8 Knowledge base ablation experiments

P@1 P@3 MAP

IBID 0.785 0.465 0.578
w/o Macro 0.713 0.401 0.499
w/o Micro 0.743 0.449 0.508
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Figure 3 Ablation experiments in the generation stage
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TR N O X, PR 2 A R 5 Ja kil & i 2 A 38
S B R E P

INZ% 10 78, Macro-level 2283 2 A5 B 78 5 1F
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AT B[R] I, BE R 5 X G B N A A RO . L

%9 Macro-level REBEREBWIE(FX—H )
Table 9 Macro-level cluster summary quality verification

(factual consistency)

SummaCConv QAFactEval

Macro-level i§ %
(55— 5t)
F 10 Macro-level REBEREWIE(EEES)

Table 10 Macro-level cluster summary quality verification

0.47 0.58

(information coverage)

ROUGE-L BERTScore
(Recall) (Recall)
Macro-level fi}j % 033 0.886
(fF B )

"1, ROUGE-L(Recall ) J B4 22 76 22 T X 2 % 15 2
M EAE 5881 ; BERTScore (Recall ) M| 3% B 375 2 AE 15
SCJZ T BB 58 38 3 Mo X 55 525 LA A0 B S, B il
FEAE ) SO SRS REAR AL, T R AR 4R 48 s 1 o S 75
B BRI S, X 445 2 W Macro-level i B 75 “ {5
SR —18 R Z AR B T 8 ok A B, Ok
Je 45 RORT 4G R A ZR AR T A R = )2 B AT

ZEA LRI SO0 5 ST AR SR S A RURT
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ST AR RS A 2 A 6 RS 280, Macro-level 1R
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HRA A o XA R PERE S . S50 T o BOELAN 1
BRI R 5, MELH] 2 o EBARTE N (1~2)F 41
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| design a system that effectively selects, deploys, and monitors specific fungi and microorganisms for the in-situ bioremediation of

| contaminated industrial soils, ensuring optimal degradation of targeted pollutants while maintaining soil health and ecosystem integrity.
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Table 11 Expert consultation records
i3/ LR BAETR WES o1 200
f 3 The design shows some potential in terms of feasibility and cost, but it lacks -+
A ‘ e 5 This design excels in all aspects, with a robust and scalable system for ---
f 3 The design demonstrates a good understanding of the bioremediation process -
0 b ‘ e 4 This design effectively addresses the core requirements. -+
. f 4 Design { meets the core engineering requirements well. -+
¢ ! e 3 Design e has fair compliance with the core engineering requirements. -+
f 4 The design has made significant improvements since the last round. -+
A ¢ e 5 This design continues to excel, with a robust and scalable system. -+
f 4 The design shows a good balance between functional performance, -+
: b ! e 3 While this design excels in many aspects, it requires more refinement to -+
f 4 The design meets the core requirements effectively, with a strong selection -+
¢ ! e 4 The design is comprehensive and robust, but there is room for improvement -+
e 5 This design continues to excel, with a robust and scalable system ---.
A ¢ f 4 T agree with the other experts that this design has made significant -+
f 4 The design demonstrates a good balance between functional performance --+
: b ! e 3 While this design excels in many aspects, it requires more refinement -
f 4 The design maintains its strong performance, with a well-rounded approach -+
¢ ! e 4 The design’s excellence is recognized, but the feedback suggests that -+
. e 4 I’ve revised my rating to reflect the feedback from other experts, -+
A f 5 After reviewing the feedback from experts B and C, I’'m impressed by the -+
e 4 This design demonstrates a robust and scalable system that effectively -+
: b ¢ f 4 The design demonstrates a good balance between functional performance, -
e 4 The design remains strong, but improvements in cost and sustainability are -+
¢ ¢ f 4 This design is well-rounded and functional, with room for further ---
e 4 This design demonstrates a robust system that addresses the requirement. -+
¢ Auth ! f 5 After reviewing the feedback from experts B and C, I’'m impressed by the -+

AR S TBID J7 3 A2 i i 0 A B 75 %8 5 GPT-4o

Az A5 AR B 5 58 4 e 0 A B R Y T ik
AN FH AR B X P2 ) 00 o e R B (L R e A/
WAt 5 vk ) #EAT TR B AR A, SR 12 Fk 13
iz

wHERF Design 1 PNER TN & e N | 2R
b A7 AR AR S A O T IR A R EOR TR . BV M
A T AR X R —— AR S R G AR Y
WS Y PEAEE R A S e 5 A . AR S A
&, Design 1 5 W 2244 33X Fh BB L AR i ig &
G UKL (Model) ™, JF H WY 8 42 2 8 )y
(Mimic ) " 5% 1l v A8 9y (6] (8RR B AHROE R IR [R] G 2R o A

H2z5 v FRamJE T 38 o “ B (Mimicking ) ™ 52
THBBAEWEE X0 A B R Ren, B
Je B E 5.

1M Design 2 B AR WL R AR 118 b i AE B T g
AR Wy 18] B P [R] 4 R (400 28 e B [ 1k 55 B A )
9 JHE 3 A T ) B B A ( Understanding ) 7 3% #£ £ 1%
TERY FARALH , LUK )R 5 4 A 252 I B (Eco-
logical principles) ” 5 “ 1. #2 5Z & (Engineering prac-
tices) "HHEE G o B IF AT R Design 1IRHE, 42 1 22 D)
— R R RS (AR P R B SN B
HE BTN R A A R et Hof A B
SR LY, B2 0 N AR R o) R IE AL, IR
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Table 12 Comparison of two designs on the elaboration and application of bio-inspiration and mimicry
IBID(Design 1) i1z GPT-40(Design 2) i
Hr BAR BT 2 , R EIF W Z 5 5E H
##(0bjective®*: ---inspired by the interactions be- . . Design 2 RN e R | “inspired by"ﬁ “mimic” € . . et
' P e T |2 MC R | g ol T
tween wetland plants, bacteria, and the physical I AR L AZ O 1B T JEL B, LB 22 A 2 43 A T I 3R b et e N
) A=) 5 IR R AR P SR R
environment. ) SRR R, o
AR CA e,
By aligning engineering practices with ecological prin-
#*Wetland Ecosystem Analogy**: Use the inter- . ciples, we can create systems that not only purify water _ . .
_— y] d]gh o %%u@ﬂi@hp] o dp , R TR B S S
actions between wetland plants, bacteria, an N __ || but also restore and enhance the surrounding environ- N .
etween e Y , ArTOUnCIng CIVIONT | o AL 4
the physical environment as a model for the soil . ment, thus demonstrating that the intersection of engi- e g
i o B “REAL” . ) MR e 2
bioremediation system. neering and ecology can yield remarkable outcomes for
water management.
. System Synergies and Complementarity Understanding . . )
ST 2 e L 21 R O e e RS
*Interdependence and Synergy®*: Mimic the e .. ., || the Interconnected roles of difterent organisms within _ .
interdepend d istic relationshi ARG Mimic)” ) and " Is a rich tapestry of syst PRBRENLRSA B
interdependence and synergistic relationships . X wetland ecosystems reveals a rich tapestry of system N e
. o T £ Wy ] F) A , ) o | 'R AR E s
between different organisms in a wetland. N synergies and complementarity that enhances remedia- R
EXR, : o fii o
tion efficiency.

F13 TR Design WA FIMERMEEE(LARGABAZITFTEHRG])

Table 13 Comparison of two designs on content focus and specificity (system components/design methods)

IBID(Design 1) fiise GPT-4o(Design 2) fifk i3
TV R AR B 4
##Key Components**: Fungi, microorganisms, HAHRSI S 2R GERY || ## 11 Exploratory Chapter 1: Interdisciplinary Per- | 5 ] 5 T X 1 i 2y g

and soil environment.

CRERA T

spectives on Wetland Ecosystem Functionality

AT Z M S
HIBIEIRR o

T Ty
or example, **Phanerochaete chrysosporium* .
) e, AN
for hydrocarbons and **Pseudomonas putida** . .
OB N2 v S
for heavy metals. .
S o

### A. Identifying Contaminants of Concern ###
B. Selection of Target Organisms -+ Establishing
criteria for selecting these organisms requires a nu-

anced understanding of their *-+

Az 08 2 BT 43l
AR 1 s
YL R ST A
) “Frifi(criteria)” o

SRR PR I I
R A,
I B (e
B EFR)

This involves creating a controlled environment
that mimics the conditions found in a wetland,

such as maintaining a consistent moisture level

and providing essential nutrients.

### C. Deployment Strategies In-situ bioremedia-
tion allows for the treatment of contaminated soils
directly at the site of pollution -+ while ex-situ meth-

ods involve the removal of contaminated materials...

T s e LA 2
S W B 2 SURY

B R R ER

TEF 1377, Design 1 AN 255 B2 R F—4~ Ak
W AT SEE R A B B R R, BRI T &R
45 1) 21 RS 43 (Key Components) ™, £ 55 EL B |
WAEY A T IEREE . TEAE IR IESRE [ B AR T
TORERR RN (RE R R TS ) IR A T BRI
A W) FRAE R Cln 8 T T ik S S L IR
0Nz A RIS R N D I A R P i S B R <
FE 1Y A W) B 1 — 38 BBy ¢ 4 8 35 5T (Soil Environ-
ment) ", I H3X A~ R 58 R 2B 1 4 b iy % 1
(Mimics the conditions found in a wetland) ", ] {0 {5 £
— BRI RPN T R . X R B AR A A
T W) 72 8 204 0 SO0 ) PR S B

1M Design 2 14 P9 25 W J& B0 o 00 58 4 ) B AT BRI

Mo HEAREAN B =R T AR A SRS
13 S| RT3 P2 SR B 7/ R Nl =R O IE R (B
FEY T HRRIGER ) AR T TG
TR EMBEE RS, BRI KT 5 iR
9« L A 0y 10 5% S 2 SR L3 T 2 ) S T
R A WG R — B AP RN 2 B T A v
(4, 3 % AR Wy 5 B A DA RE ) | B B8 it 32 ik
S5, AR BT — A 5 A2 e J7 S BAR R
ETHERR T LR R, A Design 1ARFELE
R R — A B T R I FE A

Sy Bl Bl TBID Az A8 537 S A 5 A7 5 A
P77 A8 & i A S I HL S R TR
AT S BT A MR AR L. 2T,
GPT-4o (1475 58 ) S 405 i) A5 25 B 15 2% 3l 7 % 14 )
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E-mail: kxie@qhit.edu.cn
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E-mail: gianhuleil @gmail.com



