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v Biomimetic thermal-sensitive Multi-transform Actuator!

2C 48d HFNO|E (thermo responsive hydrogel actuators)E electrical
Joule heating, photo-therma, exothermic reactions 2| At=0{ 2[sl| Fm[L}
SEfZ 57| =0 CHet =0k S8 US.

2 Z8d SI0|EZ A9l Poly N-isopropylacrylamide (PNIPAM)I} 7| S 3}E
FPNIPAMZ MEZ CHE 220 H2 A 8d 2 (LCST)E LEILHD Z 2o
HIIE 22 Mg

XtlM 7w Agt (ultra-violet crosslinking) 7|&2 0| &30 LCSTOIA 7+ 0
olgff EH ZER =l EMOE Jtuw UL FHY HO7t 7tsst A AEE

— -1 O

7l et

et 48 S8 Aot 2= Het0f| ek #iot= bio-inspired artificial
flowerdt 22 S&ct 2 HalIt Jhsot O Bd X E 8.

Atdotel H Xp=ap 2tEtot 25 HHOo = o HF0|0|EHE AFESHY CHE
HHE olg 28 Z5 T X (multi-transform artificial muscle actuated
structures)/t 7tset= E1ot QO O|2{e A4l= FEEHID Of1N2{2 A
D25 U ATE Z&E A0 HEE Ao =E 7|0iE.



[PNIPAM(48.0 °C) fl:}l -

{PNIPAM Actuator(60.8°C)

/-
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Figure 1. Flower blossom-shaped multi-transformation actuators. (a) Real-time image showing the different
temperature-responsive actuation. The thickness of each actuator t = 2mm. The actuation occurs sequentially
when the temperature rises. (b) Schematic image of the making process for the whole flower-type actuator
structure. The two f~-PNIPA M actuators, which have different LCSTs, were attached by N,N-bisacrylamide cross-

linker.
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Figure 2. Actuation properties of {-PNIPAM prepared with different length: thickness ratios. The samples

through the LCST caused bending away from the top surface. (a) Photographs during heating to above the

LCST of four f-PNIPAM sheets prepared to the indicated length: thickness ratios. (b) Variation in the final

curvature of the f-PNIPAM above the LCST as a function of the initial length: thickness ratio. The error bars

represent the variation in the degree of curvature along the sample length.
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Figure 4. Diverse actuation by different LCST phase transitions. (a) The half-to-half structure consists of two
different f-PNIPAMs which have low LCST (48.0°C) and high LCST (60.8 °C). (b) Analysis of curvature change
in (a) with increasing temperature. (c¢) Inverted half-to-half structure consisting of two different f~-PNIPAMs
with the opposite orientation in each half. One side has low LCST (48.0°C) and the other side has high LCST
(60.8°C) (d) Analysis of curvature change in (c) with increasing temperature. (e) Structure of layer-on-layer and
(f) its curvature analysis.



v' A Study on the Mold Cooling Circuit Configuration Method
Applying Biomimetics?
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Fig. 1. Muwray’s Law Fig. 2. Centroidal Voronoi Diagram



Fig. 3. Change of the circuit configuration through the evolution

- 10

o
o
i
L]

Pressure drop (kPa)

Temperature deviation (°C)

1 2 3 1 2 3
Generation Generation

Fig. 4. Temperature deviation and pressure drop according to the generation



Biomimetic engineering of conductive curli protein films3
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Figure 1. Engineering electronically conductive protein-based materials, based on electron transfer via densely-packed aromatic residues
organized along sclf-assembling CsgA proteins. (A) Schematic depicting the production of mutant curli fibers containing aligned aromatic
residues designed to mediate long-range electron transport. (B) Bacteria can be separated easily from conductive curli fibers via filtration to
produce macroscopic conductive biomaterials composed of semi-purified curli fibers. (C) Positions of five arrays of aromatic residues (rows |
through 5) to generate different aromatic CsgA variants, (D) RMSD values derived from molecular dynamics simulations for each aromatic
CsgA mutant, as an indication of the stability of each mutant. Labels from 1 through 5 refer to the positions of the five rows of mutations
shown in B. The stability of mutant fibers with different aromatic residues (His, Phe, Trp and Tyr) was simulated and compared with WT
fibers (black bar). Because all RMSD values are below 2 A, we concluded that the mutations would not disrupt the CsgA structure,
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Figure 2. Expression and morphology of a library of aromatic CsgA mutants, revealing the formation of amyloid fibers. (A) Computationally-
derived models of CsgA bearing various aromatic residue mutations. Residues were organized as one or multiple rows on the surface of

CsgA, or as an incomplete row or random distribution. (B) Bacterial cells expressing curli fiber variants with aromatic residue mutations in
row |, imaged by SEM. Scale bars: 500 nm. (C) Congo red binding assay for bacteria expressing aromatic mutant curli fibers. Normalized
bound Congo Red is a measure of this amyloid-specific dye bound to bacteria-curli fiber pellets, obtained by measuring free dye in solution
and subtracting from total dye signal. Bacteria expressing WT CsgA or maltose-binding protein (MBP) were used as controls, Error bars

represent standard deviation from the mean. Student’s t-tests indicate significant differences in Congo Red binding between every curli fiber
type and MBP (p < 0.01). T-tests comparing mutant fibers with WT fibers: * (p < 0.1), ** (p < 0.05).



Figure 3. Protcin gels or single fibers obtained from aromatic CsgA mutants. (A) Protein gels as obtained directly after vacuum filtration
purification of curli fibers from bacterial culture. SEM images were taken after critical point drying to maintain the hydrated gel
morphologics. Scale bars: 500 nm. (B) Protein fibers on silicon substrates obtained after disassembling and re-assembling protein gels. SEM
images were taken for dried reassembled fibers. Scale bars: 500 nm.
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Figure 4, Current-voltage characteristics of aromatic CagA mulant thin ilms. Average current voliage response for mutant proleing
deposited on electrodes with 20 jm spacing, lor (A) dillerent aromatic residues in row |, (B) five different positional arrays of Trp residues,
(C) Trp mutations arranged in either o contiguous row, an incomplete row or randomly on the CspA surface, and (13) Tyr mutations in row |
of in all five rows simulianeously, compared with W fibers, (1) Conductance of gromatic mutant CigA films caleulated lrom the slope of
ech current - vollage curve between 3 and 5V, For (A) through (T3, error bars on individual dita points represent standand deviation from the
mean (n > 3), For (1), emror bars were derived (rom the muximum emor on the slope of the current-voltage curves, For (A) through (D),
legends list sumples in order, Trom protein lilms yiclding the highist (o the lowest corrent ol 5 V.
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Figure 5. Proposed factors affecting the conductance of CsgA thin films. Design considerations for optimal conductance include the conient
and positioning of aromalic amino acids (lefi, the location of mutations within *sheets with low mobility (middle), and the presence of
fewer charged neighboring residues (righ). The middle CsgA is colored by RMSF, with the lowest values in green and highest values in blue
and ce-carbons shown. Charged residues neiphboring row 2 are shown at the right, with () charges in red, and (+) charges in blue.



v" Surface Engineered Biomimetic Inks Based on UV Cross-Linkable

Wood Biopolymers for 3D Printin*

LI AEZE QX (nanocelluloses)= extra-cellular matrix2f FAFSH 7| AAE Z &,
TZ2E 7K U0 CiYot =& ZHNE X Zo5t7| {2t 3D HiO|L ZElE9
MEZ MY 422 E0E10 QS

MEZRX Lt M8 (cellulose nano-fibrils, CNF)2F 7t ZA20| 7ts% 8|0
MEZQX S M| (cross-linkable hemi-cellulose derivatives)E 7|Bt2ZE UV-
aided extrusion printing0| 7ts¢t x| 2H A3 /&S 205

Extrusion-based 3D printing 7|8t x| 28 Y32l UV cross-linkable galacto-
glucomannan methacrylates (GGMMAs)= GGMMAZS| X|2t 8 GGMMAS} CNF
AHO|2] Z=-dH[Q| B30 et 25 ~ 225 kPal| =52 SI0|E= Zo| 7[AHH

= o ==
=842 BEagh

CNF/GGMMA 3= QM= XXM 27t T8 M]0t MZE (human dermal
fibroblasts)2t H& &L M= (pancreatic tumor cel)0fl 83l £2 If 3t
M= Hehd, XIXH el £&d, ME S4s Y5

CNF/GGMMA Y3 = =& &% (tissue engineering), & M= &3 (cancer cell
research), 2|1 128 24E A32|'d (high-throughput drug screening) &+
SO0 MZE OjEZA (cell-matrix)2 M ZE-MZ A 2L A (cell—cell
interaction studies)dlA| 75l MEF 3D Z2I8 Hi0o|Q AIAZA JjLHES
Hash



Scheme 1. lustration of the Chemical Structures of GGMMA and GGM 0 (a)
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X ¥ T Figure 2. (2) QCM-D adsorption curve of GGMMA onto the CNF layer; (b) adsorbed GGMMA mass on the CNF layer; and (c) AFM images of

) 5 CNFs in the height mode (i) and phase mode (ii) and of GGMMAQ.40 on the CNF layer in the height mode (ii) and phase mode (iv) with a scale
GGM bar of 400 nm.
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Figure 4. Compressive stress—strain profiles of the cast disc with
different ink formulations (a) and their compressive Young's moduli
(h}_ [Ce]l imge Was repm.duced “rith Pem\issiun ﬁ'ﬂl’l‘l Springer Flgl.ll‘e 5. Scaffold with l'l.lgh resolution was ]Jﬂ]'ltﬁd with ink IA after UV LTUSS']]RI{.IIIS (ﬂ'd]. TIJP view (il), edge view (I}], l'lﬂ.l']d]mg with Spatll]ﬂ
Nature). (c), and holding with needle (d) of the printed scaffold with dimension of 10 mm 10 mm X 2 mm. Standing printed and cross-linked spruce tree
model with ink 1B (e). Printed and cross-linked nose model with inner structure in high resolution by ink IA (f) and (g).
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Figure 6. Cell survival rates on the seeding matrices printed with various inks were measured for HDF (a) and for SW-1990 (b) after 48 h of
incubation at a density of 5 X 107 cells/96-well by using the MT'T assay; bar = mean + STDEV and n = 3. Representative confocal images of the
cells were recorded after 48 of incubation for HDF in the 3D matrix of CNFs (¢), ink IB (d), and ink IC (¢) and for SW-1990 in the 3D matrix of
CNFs (f), ink IB (g), and ink IC (h). The cell morphology is shown by phalloidin (green), and nuclei were counterstained by DAPI (blue). Scale
bar: 50 pm.



v Biomimetic Peptide Nanowires Designed for Conductivity?
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Figure 1. Amino acid sequence (a, c), secondary structure representation showing side chains (b, d), and atomic force microscopy (AFM)
topography images for F6 (e) and L6 (f). Scale bars on AFM images: 500 nm (x) and 4.5 nm (z).
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Figure 3. Ratio of the voltage-dependent conductivities between F6
and L6 peptide films. The data indicates a consistent ratio as a
function of voltage across the entire voltage range, though noting that
the uncertainty increases for smaller values of voltage. The solid line
indicates the weighted mean value, and the shaded area indicates the
uncertainty around the mean. Corresponding values are 3.5 + 0.9
(2SE), indicating that F6 is indeed more conductive than L6.

L6

Self-assembly

Figure 6. Self-assembly of L6 (above) and F6 (below) into nanofibrils as obtained from MD simulations using the coarse-grained MARTINI model
for the peptides. On the left are snapshots of L6 and F6 peptides randomly distributed inside simulation boxes with leucine and phenylalanine
shown in green and yellow, respectively, and different peptide chains presented in different colors. On the right, after 10 ps simulation, L6 has
assembled into a nanofibril with moment of inertia (MOI) along the principal axes of the largest cluster of 7.74, whereas F6 has assembled into a
higher dimension nanofibril with MOI of 2.23.



v Advances in biomimetic stimuli responsive soft grippers®
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Fig. 1 Blomimetic soft gripping robots composed of stimulf responsive hydiogels, polymes, o hybiid combination of them a
Nsopropylacrylamide (NIPAM) modulated thermal responsive blgel stripped grippers (reproduced with permission {171, Copyright 1995, AMS)

b PolyN tsopropylacrylamide- acrylic ackd)pNIPAM-AAC) soft gripper that reverbly actuates when riggered by temperature of pH (reproduced
with permission [13). Copyright 2014, 10P Publishing). ¢ Thermally resporisive sell-foldineg bilayer soft gripper that closes and opens reversibly when
passing by LCST at 36 °C (reproduced with permission [9], Copyright 2015 American Chemical Soclety). d Reversible four-state shape changes of
solt grippers during heating and cooling process (reproduced with permission [26], Copyright 2018 Wikey-VCH)




» Material selection
- N-isopropylacrylamide (NIPAM)-based stimuli-responsive hydrogels
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Fig. 2 Riomimetic stimuli responsive soft grippers composed of poly N-isopropylacrylamide {pMIPAM) based hydrogels hiybridized with
nanoparticles. a Programmable folding cube composed of single-walled carbon nanotube (SWHMNT}-pMIPAM and low-density polyethylene

{LDPE) bilayer that actuates reversibly in water (reproduced with permission [66], Copyright 2011, American Chemical Society), b hMult

near-infrared light (MIR), ionic strength (15), and temperature change responsive soft gripper composed of graphens oxide (GO)-pMIPANM

and pHIPAM-poly(methylacrylic acid)(PMAA) bilayer (reproduced with permission [65]. Copyright 2016, Wiley—WVCH). € Thermoresporsive
biomimetic flower shaped flucrescent color displaying soft gripper composed of graphene oxide (GOFpNIPAM and pH responsive perylene
bisimide-functionalized hyperbranched polyethylenimine (PBRI-HPEI) hybrid bilayer (reproduced with permission [68]. Copyright 2017, Wiley—VCH). d
lemperature-controlled pMIPAM/pNIPAM-co-clay nanocomposite bilayer hiydrogel gripper that grips a moving pearl {reproduced with permission
[22]. Copyright 2005, Wiley-VCH)




- Liquid crystalline material-based stimuli-responsive hydrogels
» Y ABAED (ICH) U HH HEYA
(LCN)2F &2 978 =& (Liquid crystalline
materials) 2 | A=0 oo 2o
Hot7F M7/ 22 Y. LCELQ LCN2
OI|:||-I-I og OE| I—|o| 2L (Tg)Qf 7|7;||I-I
S48 2t 27 2 = A=0l LCE= MPa
qSE 9 %EOHH H2HLC 2 TgE
LIEFLf = BHH, LCNS Ebd 74|*E HNE

ro z2t7 oo ttraw LCN/LCE

» HS & OHX J|HF AOIE AZE 2L

=S (reSpOI‘\SIve ||qU id CrySta”me based Fig 3 Photohermal esorsive i crysteline nebwors (LN and i crsteline elastomers ) st rppes  Pholothenmel actuation
smart soft g ri ppmg I’ObOt) O OH 7(‘| XH E Ol Of 4o B-mexd soft ripers when expased to 460 nmllmination thtae coposed of sl o 0" twited nematic ligpment patiems i a

o X =4 E A—I o 7| Hto = 7H |=| F El i crytal potymex networks im (eproduce vt permison 73] Copyright 2017 Wiley-YCH). b Ftrap mimetic ot responsive sel-foldng
o ?_ = = o N‘ — i crytal fastomers (L CEs) grinper tht captutesan objectaccording to it lumination itenshy eedback eproduced with pemision 76]
El' %I: ol_l- g :I'L / |' L El %I\E Acapted with permison under the tems of the reative Commons Atbution Non CommercalLicense 40 icense. Copyriht 2017, The Authors,
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» Methodology: Photolithography or 3D printing
- A=20 B3 ot= 3D X (stimuli-
responsive 3D devices)E N &fot= HHEHOZ
AH =& X8 (direct manual assembly),
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(bottom—up synthesis) & Ct&st & =0|
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Fig- 4 Two main photolithographic and 30 printing methods

to fabricate stirmudi responsive soft grippers. a Process flow of
photolithography to oeate stimull responsive soft grippers with
following two-step UV exposures. The photopatternied bilayer soft
grippers that dose on heating and open up on cooling reversibly
[reproduced with permission [79]. Copyright 2018, IEEEL b
Photalithographically patterned biodegradable soft grippers that
respond to temperature change (reproduced with permission [B3).
Caopyright 2019, American Chemical Sodietd, e 40 printing that
creates themmally resporsive shape maonphing flower shaped grippers
composed of cellulose fibrils alignments programmed hydrogel
composite nk [reproduced with permission [93]. Copyright 20016,
Springer Nature), d 3D panted shape momphing soft gippers that
pick-and-place a light ball [reproduced with penmission [25). Copyright
2018 American Chemical Sodety)




> Applications
Soft actuators (tethered or untethered)

 ZE g(a0eo 2 3D ZEE 59 HEHE2 WH 2 00| H
(biomimetic actuator), &F= FE = (drug delivery capsule), & A A
(optoelectrical sensor), mlcrosurgical devices, bio-inspired tubular, @&
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Fig. 5 Tethered soft grippers as smart actuators or manipulators. a Pnesmatically driven tethered soft grpping robat that provides a range
of complex motions by asling upwards ar downwards controlled by expansion and contraction in elastomenic structures [ﬂepmdmt.d\mlh
permission [15] Copyright 2001, Wiley VOH). b X-shaped ion-printed tethered electrical assistant soft gripper that presents rapid grasp a tanget
in ethanol and releases it in water reverssbly [r\:'p'nducc!d with permi 1
camaouflageable hydraulic hydrogel gripping robot that holds and releases a live goldfisk wasively (reproduced with permission [100. Adapted g, crassk
with permission under the terms of the Creative Commeaons Attribution Mon Commerdial License 4.0 license. Copynght 2017, The Authors). d Stmuli - with pesrr
responsve ion dip dyeing and transfer printed tough hydrogel-based soft gripper that can fold to grig a target in water and release it i ethanol
rewersibly (reproduced with permission [101]. Copyright 2006, Wiley\WCH)

Fig. 6 Urethensd solt grppens as smant actuatons of manspulatons, a Themmomagnetically responsive untethered soft gripper thar detects and
sonts differently colored beads in the respectively colared deop areas sutonomously freproduced with permission [57], Adapred with permission

f the Creative Commans Attribaticn Non Comenercial License 4.0 icense. Copyrighn 2017, The Authors). b Shape prograsmmable
ed untethered soft gripper that presents shape morphing in response 1 programmed DNA in sequences. (reproduced
dssiaon [10F). Copyright 2007, AAASE € Bifurcation rismatch strain dreiven shape
ges in a thin lJII ;yu r structune [:L :Jmuﬁm |IW|lh [|| rrmission |HJ [+ u||ynr|h| A,




. Biomimetic thermal-sensitive Multi-transform Actuator, T. H. Kim, J. G.
Choi, J. Y. Byun, Y. Jang, S. M. Kim, G.. M. Spinks & S. J. Kim*, Scientific
RepoRts, 9(7905), 2019

. A Study on the Mold Cooling Circuit Configuration Method Applying
Biomimetics, J. H. Choi*, J. S. Gim, B. J. Kim, B. O. Rhee, Conference:
KSMTE, 2018

. Corrigendum: Biomimetic engineering of conductive curli protein films,
N.-M. D. Courchesne, E. P. DeBenedictis, J. Tresback, J. J. Kim, A. Duraj-
Thatte, D. Zanuy, S. Keten and N. S. Josh, Nanotechnology, 29(45), 2018

. Surface Engineered Biomimetic Inks Based on UV Cross-Linkable Wood
Biopolymers for 3D Printing, W. Xu, X. Zhang, P. Yang, O. Langvik, X.
Wang,* Y. Zhang, F. Cheng, M. Osterberg, S. Willfér, and C. Xu*, ACS Appl.
Mater. Interfaces, 11(13), 2019

. Biomimetic Peptide Nanowires Designed for Conductivity, Rhiannon C. G.
Creasey,* A. B.Mostert, A. Solemanifar, T. A. H. Nguyen, B. Virdis, S.
Freguia, and B.Laycock*, ACS Omega, 4, 2019

. Advances in biomimetic stimuli responsive soft grippers, C. Yoon, Nano
Convergence, 6(20), 2019



	슬라이드 번호 1
	슬라이드 번호 2
	슬라이드 번호 3
	슬라이드 번호 4
	슬라이드 번호 5
	슬라이드 번호 6
	슬라이드 번호 7
	슬라이드 번호 8
	슬라이드 번호 9
	슬라이드 번호 10
	슬라이드 번호 11
	슬라이드 번호 12
	슬라이드 번호 13
	슬라이드 번호 14
	슬라이드 번호 15
	슬라이드 번호 16
	슬라이드 번호 17
	슬라이드 번호 18
	슬라이드 번호 19
	슬라이드 번호 20
	슬라이드 번호 21
	슬라이드 번호 22
	슬라이드 번호 23
	슬라이드 번호 24

