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Water harvesting of bio-inspired micro/nano-structured spider silk

LI Chang™, NI Zhongshi®
(1. Department of Mechanical Engineering, Imperial College London, London SW7 2AZ, UK;
2. College of Engineering, University of Massachusetts Amherst, Amherst MA 01002, USA)

Abstract: Water is necessary for organisms to survive in nature. In the animal and plant kingdoms, there are many
interesting wetting phenomena. Recently, the research on the wettability of bio-inspired micro/nano-structured
composites is an emerging and hot topic, which involves interdisciplinary and multidisciplinary subjects. This pa-
per reviews the research progress of spider silk-like micro-composites with water collection for the field of bionic
engineering. The micro/nano-structure and related mechanism for controlling wettability or liquid behaviours are
briefly analysed. The fabricating and preparing methods of bio-inspired spider silk and integrated spider web are
summarised, including dip-coating, electrospinning, micro-fluidics, 3D braiding, 3D printing, etc. The structure
and fog harvesting ability of diverse micro/nano composites are displayed. This article also analyses and compares
the bio-inspired structure design, fabricating and preparing technology, and water collection performance of di-
verse spider silk-like micro/nano composites. These composite materials which have water-harvesting function will
have further or new applications in chips, weather forecast, seawater desalination, drug release, micro-reactor, en-
ergy storage and conversion, etc.

Keywords: bio-inspired; spider silk; micro/nano composites; water collection; droplet transport; wettability
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B P (Wettability) 2 5328 W A X5 A4k 2 T i
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FEEBUK A PR NIZAE 65° 48471240 AN, Cy>150°
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oy DU E 4R gh . REMAL 5 LI . A RmfRe
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15, VBT TR T R R R T BOK B, RGN AR
LR TR

ERHRZ I P P £ 8 2 7K 5 64 8L & T AR
HAE AR OCHE , D WO e AR R T AT
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50 . AR G ARG o X PR AN
W IR A, AT A R e Y R R T Y — A
22 fluh 2 V5 45 VT 1) G BRE M BT, T B e W 32 B
3% 1 et Bl J1). 2021 4F, Li 2519 76 jif A\ S 4l
SRR TOAHOCERE, IR R T T A R
e TR LN RS LR E SR N N
MR A, AT AR R R 1,
1.2 FEEKEMNBTREEZ M

TEFA R N LE A B, AL Wk 22 (Spider
silke) i i W 5 52 A — Tl R ok 1) R I 1 2 R Y £
4k, JEALGE R AT T LR R S BR R AR Y 5 xS
AEfE r= A= P b (Laplace) JE 1 22 K R TRTREAS
U 2T AE W N AR Bl g, o H: ) 25 A Y G
3l X ELIR B A7 Bl T 0 1% A I ORI
PEE ) /E BI04, S Bl m R 4E KB,
E 1(a) Br 7~ , YT 76 A 4 BE 1) 45 #4932 Laplace
UK zh 1 Fy, WA IRy AR T RN

1 1 si

FLNY(R—I,—R—Z,)rniZV (1)
Horbs y W AR K JT 5 Ry Ry 53 il 52 W
A i VT o 2 T ) AR A i it 32 R
RoJ2 Jry &5 207 4 15 99 v 1 T R AR BAE G R T Y
T, YT RIBIRAR T A G, VY
VR AR Wk 22 ) 2 R YT A BT AT A B
FLA O Tt e REORE B, DR O R Y 5 K Y Sl
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Table1 Different surface contact states classified via wettability/adhesion property and corresponding liquid dynamics

Contact state Biological model Wettability and adhesion  Liquid behaviour/trend
Hydrophilic Tear film Hydro}phlhc, and highly  Droplet can wet the surface
adhesive or even spread flat
. Droplet turns spherical,
Pinning Red rose petal; Salvinia (Supfe r) hy(.:lrophoblc., but and stays still on the
relatively high adhesion
surface
. Droplet turns spherical,
Slippery Lotus leaf Sggii;&igggiﬁnc’ and and can easily leave the
surface
(Super)-hydrophobic,
Anisotropic Butterfly wing; Rice leaf  different retention force for dDil;()pift;eIlllditlov
different direction ectionally move
@ F (b) Fy Hr, CRWHFZEBMEM T, R ZWIHEE
— —
%, . ARG (RIBE 2 i L Bt s M AL ) 1 il R AR, 5
\ BEfilf0 . EAN LN WA X
1 J Ay N A >, Moo > N > v 3
/ 1 2 ASCIN A, 28 Wk 22 48R 7 AR BT B 52
PR B 151 E PR R B R Al A A
© C AKEERY BT . VTR P S T 4 S O T s
I

F,—Laplace driving force; R;, R,—Radius of curvature at both ends of
local spindle node; C—Capillary force on the droplet; F;—Driving force;
W,.—Capillary thickness; f—Half vertex of the spindle node; R,

R, —Local curvature of the three phase contact line at both ends of the
droplet along the spindle node; 6—Contact angle; 6,, §,—Contact angle
on material/location

B Pk S BTN 32 1 s
Fig.1 Force analysis sketch of droplets on

bio-inspired fog-harvesting units
Ly
F, = JL v (cost —cosbr)dl (2)
1

Forb e 00M10,73 591 3 7 TR 16 M Wk 22 1 (4 AN [ 5
A fik R, DR A 4R B (L) B 95 R RS
(L) ROy AR o BE AN, Wk 22 2T 4k 1 77 A6 ] I
KA P, T 2 ik 22 B4 ) 4 2 4 5t vl o 2
ZAL. MU SR AF AN . X e g A R i A
YERJ1 (B 1(c)) M B Sk A, al ey 30

C=2/R @)

AU AT X (2) #5005 QB B SR K B0 2 2
D HERI S5 R B R I A R HEA, KDL
RS T B L R s g 2E AR I RERE L, AT
A3 A (1) A (2) R ey Al B Y B A
AR B e s A, R R X (3) HE .

Prvb R AL E R SRR, BT
AR A W Wk 22101 75, B0 A R AR 5 A 0 4 K
PERERLAR™ ;s H iy T %2 MPRAS B O - T = 2
PR, MUK HLE R b8 5 Sy R ] 4%
AR FEM R R TR EEK AR . 2016 4F LA
K, ZIBETLSTO G W, BRI K A
TE /9 58 SUESHE BT RE B8 7 A= B3 1, W]l 52X (1)
o 3 (2) #E— 2T, 1% T T T R 1) 58 X
AARIEER XTI E 1) % i S B AR 7 A
s, R RT3 R AR KRR . X I 3 AR
BOIE e AR RN 2 S AR BERE, A
M4 RAE K RAE . S Tl BB AL K B 8 T
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25 7 AR UL R Y 2T 2 ol K 5 AT Ak KA R
KIjgeRt, A2 Mudk, k2R, GiEKF
2 A -1 B Bk (Dip-coating)®5 | # HL 25 22 3k
(Electrodynamic)®>® i & -%h 5] 45 $7 1 (Fluid-
coating) ™ | A A (Microfluidics)! %9 3x

8677 vk DAL R F 452 RSO R 45 Tl ok 5245 41
kB, BEREY . R @EAR AR
S, TR 2.1-24 54 IR QFRT RIS . A
[ 4 7K BE 1 28 W vk 22 B RE (BE LS 3 ). iE 3
ARk, mFTHEIEZ IPLIK . 25 4035 ST AR il &
7 0k O R RS SRR AR, TR 2.5 YA o

R2 LWLV BIHIERARDE

Table 2 Fabrication technologies of mimic spider silk

Method Advantages/features

Sketch?

Firstly developed to mimic artificial spider silks;

Easy to operate;
Dip-coating
structures;

Can be combined with phase-separation avenues to control micro/nano-

Solution film § Draw out quickly
© | Rayleigh break-up
O

Can realise relatively large-scale preparation

Same composition of the knot with the host fibre;
Can be combined with wet-assembly techniques;

Coaxial electrospinning/

X Can use/make bio-materials;
electrodynamic

Can fabricate membrane on a substrate;

= Inner f}]ui_d
B Outer fluid

Can spin on other micro/nano-structured materials to optimise the function s I

Mechanical automation;

Fluid-coating Can prepare ultra-long fibres;

Modify the speed of motor to control the knot size;
Can prepare gradient structures by setting an acceleration of motor

Rolling motor:

Usually use biocompatible materials;
Can prepare relatively long fibres;
Can prepare hollow fibres;

Highly accurate and controllable

Microfluidics

T
- N

s - 3
R T,

Aim to prepare large-scale water-collecting materials;

Can be combined with the above methods to enlarge the scale of materials;
Being a trend and a latest research direction (see details in subsection 3.2);
e.g., 3D printing/additive manufacturing (as shown in the right figure);
e.g., multi-dimensional multi-directional braid

Mechanical or
textile approach

Note: *—Sketch maps of dip-coating, electrodynamic, fluid-coating, and microfluidics are adapted with permission from®®,

2.1 KEZN-RAE

KR A - hr ik (R AR PLIEL) S 5 5 T
BRIk 22 T E vk . MR 2, |, W
EARKZ) 7400 um A48 (A0 Je . B 4E | 4
22 B EAE) IRIRIR AR E T MEREGY
Wt BE, BHU—gER RN RAEWE
W, MR, RE WSRO BT 4E R — )2
HE ;BT Em A A F2 € (Rayleigh instability) Ji
ploLeTe] o AR A SR BJn, MR AR SR 4
R MR, @ ERIE, BREWER
AT B, T8 B W1 2 B T 4T A sk AR AR 4
TEM R, SRR T, W
A I8 -5 X (Sol-gel) % A . I [¥] (Breath figure)
TR A — R RS T R AT A Ay, mT Al

YRy R R 2L MR ZE R Y TR Rk
Tt by, TERDAGE B O — 2 S W AR
e, S BR HAE R A

2.2 EIMERRL 2%

) il #5977 22 15 25 5 T [R) il LIS 55 (Coaxial
electrospraying) 1% 4 i) L 4j (Electrospinning) iX
P34 AR T2 A 25 B ol 4 Hh ELAR 4N (200 nm~
12 um) H 5 5 AR 5K (47 4E B AR 10 3~6 £%5) [ 2R
RAFde, WE 2(c) i, BAARFZERE. 7%
) TR A A A T A S [ 73 T 5, R B AT
P4 V5 YT 71 308 0 W S5 Sl BOKORE -, T A 7 e AV
BRT FNER KW IARAE NIEIE, R Y7 ROk
SR T HE RS 27 % e R A At S A
R AT Yl TR Rk 22 Bk LG, B R T
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Much lower

retention of wetted fiber

Broken-up

Water dew 100 pm

Y AL :ﬁ ‘ e

N3D—Novel 3D multi-intersectional network; BNF-10—Bioinspired nanofibril-humped fibers (106 humps); BNF-20—Bioinspired nanofibril-humped
fibers (212 humps); BNF-30—Bioinspired nanofibril-humped fibers (317 humps)

2 3 3 AEEGHHRIE BRI 5 AE K b - () BRAOR SR = 24 22 A5 I D A2 SRK FUB , BiR ) e IR P AR 1 (b) Wi TEf L
2L A 2R I 52 X 22 E i3 IR T ™5 () W TE RO Pk il i (2 R I P4 T 22 L 45 5547 41

Fig.2 Bio-inspired large-scale fog-harvesting webs reported in the recent 3 years: (a) A novel 3D multi-intersectional network inspired by spider web,

super low retention for liquid transport of wetted fibre*”; (b) Droplet behaviour on crossing fibres of artificial spider web made with electrospinning™;

(c) Droplet behaviour on parallel fibres of artificial spider web made with microfluid device!™
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TR e 1 B 2 g, g g e,
2.3 F-5hE R E

AR Bl AR R (TR AR AR 1) B KRR A -
PERTE R, B e S £ 4 K ) A
mFk 2 PR, ¥ WRAEK (KT GEERE) W
Y wAERAYE WA (2 cmx3.5 cmx
3cm) Y EAME (NEZ 400 um), 2F 24— 5
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3 WMKESHEUMER. EKEEDT
3.1 BUNREREBERZTF4%

2010~2017 4, % L 4 BE At S 56 = B o ol
HEES 2 5 TR I A R AL TR e S8k, BRI
PR 25T 0 L SO B R 35, FE IR ST LT SR K
REJIMSE . T b SCHE e, HOREMOBLE AR ZFE4L
AN [ S b Ak 9 A 2 A A5 5, 5% e et 1Y
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TEAE, AT i i 20 W ok 22 2 4 M ORHI SR K BE T .
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(1) 25 8 15 B R ER 45 40 2 258 WA vk 22 b b Ak Ak
KBS, 45K B9 YE & H (Slenderness) —
N 5 il 7E 1~10 2 [a] 95263850550 © ) fifi 512 #i Laplace

Spindle-knot Joint

(K3 ZZREVER O AR MR 22 272 . ((a), (b)) KAR MR 22 e fehi ]
LG INEY LA ((0)~(e) W g 2kl s i B 2L |
HURESSF AR 1T R s (F) $RALIRZS G W IR - BRI B 4 A B E 111
TR ISR TEY s (g) WMl A5 (B RF G155 (h) 2%
SR (1), () ORI 45 123 O G5 4R 2 O =4k
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Fig.3 Diverse bio-inspired spider silk: ((a), (b)) Natural spider silk and
the traditional periodic spindle knot made using dip-coating®®; ((c)-(e))

Porous/ rough spindle knot made using electrodynamic®; (f) Periodic
spindle knot with spiral microgroove made using dip-coating with sol-gel

technique’™,; (g) Spindle knot with gradient size made using fluid-

coating®; (h) 2D self-assembly crossing design of artificial spider silk'*";

((1), (j)) Hollow spindle knot made using microfluidics and the 3D

artificial spider web!*”
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