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v" Dissolvable films of silk fibroin for ultrathin conformal bio-
integrated electronic®
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Figure1. Schematic illustration and images corresponding
to steps for fabricating conformal silk-supported Pl
electrode arrays. (a)Casting and drying of silk fibroin
solution on a temporary substrate of PDMS;5-15-um thick
silk film after drying for 12h at room temperature. (b)Steps
for fabricating the electrode arrays, transfer printing them
onto silk and connecting to ACF cable. (c)Schematic
illustration of clinical use of a representative device in an
ultrathin mesh geometry with a dissolvable silk support.
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Figure2. Time-dependent changes as the silk substrate dissolves.
(a)Dissolution of the silk through submersion in warm water.
(b)Total bending stiffness of 7um and 2.5um electrode arrays on
supporting silk films as a function of the thickness of the
supporting silk film. Inset: The ratio of bending stiffness
between 7um and 2.5um. (c)Time-dependent change in the
volume of a silk film during dissolution (left frame) and bending
stiffness calculated for silk treated in 70% ethanol for 5s for two
different array thicknesses (right frame).The 5s ethanol treatment
increases the dissolution time from minutes to about 1h.
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Figure3. Neural electrode arrays of varying thickness on
simulated brain models to illustrate flexibility. (a)Schematic
illustration of trends in thickness and structure that improve
conformal contact. (b)Series of pictures illustrating how the
thickness of the electrode array contributes to conformal
contact on a brain model. (c) Magnified view of the pictures in
(b). (d)image of an electrode array with a mesh design on a
dissolvable silk substrate. The arrows indicate struts in the
mesh that help to stabilize the Au interconnects after
dissolution of the silk. The inset illustrates the high degree of
conformal contact that can be achieved on the brain model
once the silk substrate has been dissolved.



Figure5. Photographs and data from animal validation
experiments. (a—c) Image of an electrode array on a
feline brain(left) and the average evoked response
from each electrode (right) with the colour showing
the ratio of the rms amplitude of each average
electrode response in the 200ms window (plotted)
immediately after the presentation of the visual
stimulus to the rms amplitude of the averagel.5s
window(not shown) immediately preceding the
stimulus presentation for a 76um (a),2.5um (b) and
2.5um mesh (c) electrode array. The stimulus
presentation occurs at the left edge of the plotted
window. In all three images, the occipital pole is at the
bottom of the frame and the medial is at the right.
The scale bars at the bottom of (c) indicate the spatial
scale for the left frames and the voltage and time
scales for the right frames of (a—c). The colour bar at
the bottom of (c) provides the scale used in the right
frames of (a—c) to indicate the rms amplitude ratios. (d)
Representative voltage data from a single electrode in
a 2.5um mesh electrode array showing (a).



v Silk-Based Conformal, Adhesive, Edible Food Sensors®
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Figure 1. Schematics of fabrication processes for
passive silk sensors. a) Inkjet printing of functional
components directly onto the silk substrate. b)
Shadow-mask transfer. c¢) Casting lift off process.
Functional components are fabricated directly on
silanized silicon wafers. Silk is cast directly onto
the silicon substrate, and the functional
components are transferred to the silk after drying
under ambient conditions. d) Direct transfer.
Functionalized surfaces are applied to the silk
substrate, along with heat and pressure. Removal
of the original substrate leaves the functional
components on the surface of the silk substrate. e)
Example of a GHz resonant coil on silk, fabricated
using the STAMP process. f) A THz resonant silk
meta material array fabricated via shadow mask
deposition. g) An Au nanoparticle array on silk,
fabricated using direct transfer.
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Figure 2. Schematic of steps for rapid transfer of silk antennas
onto curved substrates. 1) Water vapor is applied to the back
of non-crystalline functionalized silk films, yielding 2), a
functionalized film in which the back surface of the film has
been partially melted. 3) This melted surface is conformally
applied to arbitrary surfaces, yielding 4), applied functional
sensors on a variety of surfaces.
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Figure 3. a) Photos of THz split ring resonators (SRRs)
fabricated on the silk substrate wrapped on an apple. b)
Cross-sectional view of the silk/egg shell interface. c)
Photos of silk sensors conformally applied to an egg. d)
Experimentally measured reflection spectra of the eggs
with (red solid) and without (blue dash) the THz SRR
sensor.
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Figure 4. a) Experimentally measured reflection spectra of a silk RFID-like antenna attached
to a banana. b) Experimentally measured time-dependent resonant frequencies of the silk
antenna while the banana ripened over 9 days. c) Experimentally measured frequency-
dependent impedance phase angle of a silk sensor applied to a slice of cheese to detect
bacterial contamination. d) Experimentally measured frequency responses of a silk sensor
attached to a plastic container filled with milk during spoilage.



v" A silk-fibroin-based transparent triboelectric generator suitable
for autonomous sensor network?’
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Figure 1 Schematic view of the operating principle of the silk-based triboelectric generator (TEG), where *-' signifies negative
charge and ‘+' signifies positive charge: (a) the triboelectric pairs of silk fibroin film and PET film make contact with each other
under the external force and charges are generated; (a)-(b)-(c) on removing the external force, the TEG reverts to the original arch
shape under the mechanical restoring force—a process called the releasing step; (c)-(d)-(a) following application of the external
force, the TEG deforms from the original arch shape to the contact state—a process called the pressing step. The TEG is constructed
using silk film, which occupies a top-level positive position in the triboelectric series and possesses a strong ability to lose electrons
during triboelectrification. (e) Photograph of the silk-based triboelectric generator (TEG), and (f) cross-section microscope image of
its bottom layer. More details of preparing silk fibroin solution and film are given in Supplementary Figure 51.



Figure 7 Two 4-bit liquid crystal displays were successfully directly driven by the silk-based triboelectric generator (TEG) without
any external circuit. The 4-bit LCDs were connected in parallel, and their Vpp and GND ports directly connected to the electrodes of

TEG. More details are shown in Supplementary Video 53.
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Figure 8 Physical models of (a) TEG and (b) the micro-cantilever, established to theoretically analyse this microsystem. A
microscale cantilever suspended with a gap of 400 um was successfully driven by the instantaneous output of the silk-based
triboelectric generator (TEG) (a). (The 8 mm x 700 pm x 11 pm micro-cantilever is made of Al film, and the bottom electrode is
made of Cu sheet, and the scale bar is 400 pm). More details are shown in Supplementary Video 54.



Thet FMof| mEl A

2| Liate| HS
MM A|EHO A A

o
v 2
EH
=

= 7|20l 712

of

HIYE|H, X 22| 5X0
=
=

=l
=1

o=
H3

M A8

Of0fl A BSO] ArEE A

=]
2 H|AS

M HHHo 2

OHd 1 ©O H—

1

2o
=
o
=

o
—
—

M & HO|2 MAME o|F
FIERS
ol Al
AA o

H=2

Of #uk|n ol 10 mE

i



T8 FUAM AE 8l 7|[=5T - HIO|2(2Q =),

2. 14 /= XEHE 2o HIO| MM £ 4 St 83 0th| 3 £5F M, H|H LM
3 X3, REH,ULQ, 45 A HY X A J|HS EL J|E, ADIE Lhx HA

MAST ot A7 |=EHIE| |, 2018

4. 2482 O|FIHM, Mol F0| A3 =2 Lt dst HO| A 7HE, A T

5. D.-H. Kim and J. Viventietal, Dissolvable films of silk fibroin for ultrathin conformal

bio-integrated electronic, Nature Materials, 9, 511(2010)

6. H. Tao, M. A. Brenckle, M. Yang, J. Zhang, M. Liu, S. M. Siebert, R. D. Averitt, M. S.
Mannoor, M. C. McAlpine, J. A. Rogers, D. L. Kaplan, and F. G. Omenetto, Silk-Based
Conformal, Adhesive, Edible Food Sensors, Adv. Mater, 24, 1067(2012)

7. X.-S. Zhang, J. Brugger, B. Kim, A silk-fibroin-based transparent triboelectric
generator suitable for autonomous sensor network, Nano Energy, 20, 37(2016)



