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ABSTRACT: Wearable epidermal sensors are of great importance to the next generation
personalized healthcare. The adhesion between the flexible sensor and skin surface is critical for
obtaining accurate, reliable and stable signals. Herein we present a facile approach to fabricate a
micro-structured, natural silk fibroin protein based adhesive for achieving highly conformal,
comfortable, adjustable, and biocompatible adhesion on the skin surface. The micro-structured
fibroin adhesive (MSFA) exhibits reliable and stable bonding force on skin surfaces, even under
humid or wet conditions, and can be easily peeled off from the skin without causing significant pain.

Such MSFA can greatly improve the sensitivity and reusability of epidermal strain sensors due to its
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conformal and tunable adhesion on skin surfaces. The MFSA has a great potential to be applied as
functional adhesives for various epidermal electronic sensors in the era of personalized healthcare.
Keywords

Micro-structured adhesives, silk fibroin, high sensitivity, reusable, flexible epidermal sensors



1. INTRODUCTION

3

Wearable electronic devices can be used as artificial tissue,!”* and represent powerful tools towards

the long-term health-monitoring due to non-invasive measurement, light weight and high comfort,*

11-13

7 which can monitor heart rate,3 respiration rate,'? electrocardiograms,'!"!* electroencephalogram, 4

electromyography,'>!” blood oxygenation,'® skin temperature,'*?° body motion*'">> and blood

pressure,® 23

etc. To obtain accurate human physical information through skin surface, the adhesion
between the skin surface and devices is pivotal. However, it is still a great challenge for the
epidermal electronic devices to achieve conformal attachment to the rough, soft and textured
surface of skin.?*?” This challenge is further amplified in hot and humid environments or during
exercise, in which the sweat and motion of human body may cause bonding failure (detachment) of
many artificial pressure sensitive’s adhesives. 25!

Another important aspect for epidermal electronic devices is to achieve a suitable range bonding
strength of adhesion between pressure sensitive adhesives (e.g. medical tape and plastic bandages)
and the surface of skin, which can lead to uncomfortable feelings such as sharp pain during the
removal of the devices.>? People (new-borns, older adults, and medications) with fragile or delicate
skin may even experience skin injury during the removal of medical adhesives due to strong
adhesion.!"* 3 The next generation moisture-resistant pressure sensitive adhesives with tuneable
adhesion is therefore critical for the wide application of epidermal electronic devices.

Nature provides excellent examples for achieving reliable and comfortable adhesion to complex
surfaces for epidermal electronic devices.?-3% 3436 The hierarchical structure of the gecko foot has
inspired numerous studies on developing gecko-inspired skin adhesives.’”** The conformal contact
between the micro-pillars with skin can also improve the efficiency in conduct mechanical
deformations from rough surfaces to the device. However, such devices still needed to use medical
tapes and the performance of such structured adhesives on the skin surface under wet or sweating

conditions has not been fully investigated. *!-?

Silk fibroin is a highly biocompatible and biodegradable natural protein that has been widely

3



employed as polymer based substrates, dielectrics of transistors and water-soluble sacrificial
layers.***7 Recently, calcium-modified silk fibroin was demonstrated as a biocompatible adhesive
for epidermal electronics, and the adhesion of fibroin could be well maintained in environment of
the high humidity.***° Thus, it is highly desirable to use silk fibroin as an adhesive on the epi-
electronic devices for conformal and comfortable bonding with human skin.

Herein, we present a fabrication and design scheme for fibroin adhesives with micro-pillar
structures on PDMS substrate, which we denote Micro-Structured Fibroin Adhesive (MSFA)
(Figure 1a). The MSFA shows strong and tunable adhesion on human skin even under humid
conditions, and can be readily integrated into epidermal electronic devices. A flexible strain sensor
with a MSFA layer was fabricated, which showed a conformal, firm and comfortable adhesion on

the surface of human skin (Figure 1b).
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Figure 1 (a) Fabrication process of micro-structured fibroin adhesive (MSFA): preparation of the
PDMS micro-pillars film, plasma treatment and silk fibroin coating. (b) A schematic of an MSFA

on the surface of wrist skin. The MSFA is highly flexible and conformal on the rough skin surface



due to the micro-pillar structure, whereas a flat silk fibroin adhesive layer cannot perfectly attach to

the skin.

2. RESULTS AND DISCUSSION

2.1. MSFA fabrication and characterizations

The MSFA is constituted by PDMS micro-pillars coated with fibroin (Figure 1a). Firstly, PDMS
micro-pillars were fabricated using a template method. After oxygen plasma treatment, the PDMS
micro-pillars were dipped into a silk fibroin solution (weight ratio of silk: formic acid:CaCl: is
1:4:0.4) followed by spin coating at speed of 700 rpm/min, forming a silk fibroin adhesive layer on
top of the PDMS micro-pillars. The effects of the micro-pillar geometry on the adhesion of fibroin
were investigated systematically through the measurement of adhesions of various micro-pillar
geometrical dimensions. PDMS micro-pillars at different diameters, 20, 40, 60, and 80 um, were
fabricated in regular arrays with a spacing distance of 100 pum between the centers of two pillars
(Figure S1). Coating the pillars with fibroin slightly increased their diameter (Figure 2a and Figure
S1 and S2). The bonding force between PDMS micro-pillars and a bare spherical glass disk (R=5
cm) was measured using the tensile testing instrument with a Johnson, Kendall, and Roberts (JKR)
geometry”’. (Figure S3a). The measured bonding force, F, was converted to the adhesion energy
based on JKR theory, E=2F/3nR. As expected, the bonding force as a function of load increased
with the diameter of the pillars increased, due to the increase of the contact area and mechanical
stability of the pillars (Figure S3b, ¢). The bonding forces of three micro-pillars with different pillar
heights, 40, 80, and 120 um, were measured with a fixed diameter of 80 um. The adhesion force
slightly decreased as we increased the pillar height as PDMS pillars with larger heights were easier
to buckle. Microscopic image of the skin surface (artificial PDMS skin replica) revealed that the
skin surface is composed of island-like planar areas and the microgrooves have a vertical roughness
of around ~70 um (Figure S4). To achieve a better on-skin adhesion and easy fabrication, the

micro-pillars with diameter of 80 um and height of 80 pum were chosen for further study.
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Figure 2 Bio-inspired micro-structured fibroin adhesives. (a) SEM images of bare (top) and
fibroin (bottom) coated micro-pillars with a diameter of 80 um and heights of 40 um (left), 80 um
(middle),120 pm (right). (Scale bar: 100 um). (b) Adhesion energies of a flat PDMS film, a fibroin
coated flat film, a PDMS micro-pillar film and MSFAs of different pillar heights against a spherical
glass surfaces (R = 5 cm). (c) Photos of an MSFA before and after twisting, compression and
stretching on human skin (The dotted box indicates the micro-pillars film). (d) The adhesion energy
of medical tape, fibroin coated flat and an MSFA in 10 conservative tests. The MSFA can preserve
~70% of its original adhesion strength. (¢) Commercial medical tape can lead to hair stripping
during its removal process while the MSFA did not strip any hair during the peeling process. (f)
The MSFA can firmly adhere to the skin in humidity conditions.

2.2.The adhesion and peeling properties of MSFA



The fibroin coating greatly improves the adhesion between the micro-structured PDMS film and
human skin. The MSFA is firmly bonded on the skin surfaces of the forearm and maintained its
position without detachment after various deformation such as twisting, stretching, compressing and
strenuous movements (Figure 2c and movie S1). Various amino acid residues in the silk fibroin protein
can form hydrogen bonds with the skin surface, leading to strong adhesion.’’ Additionally, the good
viscoelastic properties of silk fibroin protein in the presence of Ca*" lead to a good contact at the interface
and appropriate cohesion.* The bonding strength can also be easily tuned by controlling the density
and diameter of the micro-pillars. This tunability is useful in many applications, such as medical
adhesive tapes for sensitive skins.

To evaluate the durability of the MSFA, we compared the bonding forces of a MSFA and a
commercial medical tape in cycling tests. As shown in Figure 2d, the commercial medical tape
showed the highest adhesion energy (11.48 J/m?) in the first cycle. However, its adhesion energy
decreased significantly in the following cycles. After loading and unloading repeated 10 times, the
adhesion energy of the commercial medical tape was only 1.67 J/m?, about 15% of the value in the
first cycle. The dramatic decreasing of adhesion was mainly due to the cohesion reduced in the
adhesive layer. During the cycling test, the residues of adhesives were found on the glass disk,
which could be the main reason for the reduced bonding force in the subsequent cycles. A flat
fibroin film on a PDMS substrate also displayed a similar monotonic decrease of adhesion energy.
In contrast, the MSFA had the lowest adhesion energy to the glass substrate at the initial cycle (4.83
J/m?); whereas, it showed superior durability during the following cycles. The adhesion energy only
decreased by about 30% after 10 cycles. The lower initial adhesion of MSFA was mainly caused by
a smaller contact area with the substrate due to the microstructure. The smaller contact area also
minimums the possibility of adhesive failure of the fibroin adhesive layer during the separation.
Therefore, the stable bonding force is observed during the consecutive tests.

One shortage of the commercial medical adhesives is the unpleasant sharp pain caused during the

device or tape removing since there is a strong adhesion between skin surface and substrate. Thanks
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to the tunability of the MSFA, such shape pain can be greatly reduced or even fully avoided. The
180° peeling forces were measured for a commercial medical tape, a flat fibroin adhesive film and
an MSFA on PET substrates, respectively (Figure S3d). The MSFA showed the lowest peeling
force of 61.5 N/m at a peeling speed of 5 mm/min, whereas the medical tape showed a high peeling
force of 162.6 N/m. To further demonstrate that the MSFA can reduce the shape pain during the
adhesive peeling process, we peeled a medical tape and an MSFA adhered on the skin at a fix
peeling angle of 90°. The skin deformed significantly when pulling off the medical tape, resulting in
sharp pain (Figure S5). It was also found that some androgenic hairs were peeled off by the
medical tape in the tests (Figure 2e). In comparison, there was no obvious deformation of the skin
surface when pulling off the MSFA. No androgenic hair was peeled off and no significant pain was
reported during the MSFA peeling process (Figure 2e and movie S2). This clearly shows that the
micro-pillar structure of the MSFA can decrease the peeling force during the removal of the
adhesives, which can greatly reduce the discomfort during the adhesive removal process.

The MSFA can firmly bonding on the skin under higher humidity and sweating conditions
(Figure 2f). We adhered a medical tape and an MSFA on the surface of skin of wet forearm
(mixture of sweat and water), then performed excise. The medical tape detached from skin during
excise, whereas the MSFA is still firmly sticked on the skin surface (Figure S6 and movie S3). The
90° peeling force (with a peeling speed of 0.1 mm/s) of the MSFA on a pre-wetted forearm skin was

18.843.7 N/m. Therefore, they could function very well in high humidity environment and large

motion activates. Biocompatibility is another very important advantage for this type of adhesives.
The skin of bonded area showed no difference from the other part of skin after using the MSFA for
more than 8 hours, and no hypersensitivity was observed (Figure S7). The microstructure also
provide the MSFA excellent gas permeability due to the space between the micropillars as well as
the good gas permeabilities of silk fibroin and PDMS. %52

2.3. Fabrication of MSFA strain sensors and their Synchronous electro-mechanical

characterization



The excellent flexibility and on-skin adhesive properties, as well as the easy peeling of the MSFA
make it a high potential candidate as adhesives element for epidermal devices, such as flexible
electronic sensors, which often require good conformability and stable adhesion on human skin to
provide a mechanical interface between the human skin and the epidermal devices. To demonstrate
such possibility, we fabricated a flexible strain sensor with a MSFA layer and a SWCNTs net layer
by dropping the SWCNTs solution on the PDMS film (Figure 3a and Figure S8). The length and
width of the SWCNT ring in the MSFA sensor were ~ 8 mm and ~ 6 mm, respectively. We denote

it the MSFA strain sensor in the following session.
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Figure 3 Flexible strain sensor with micro-structured fibroin adhesives. (a) A photo of the flexible
strain sensor with the MSFA (upper) and the cross section schematic of the sensor (lower). (b)
Normalized resistance change of the MSFA strain sensor with 0.1%, 0.2%, 0.5%, and 1.0% strain.
Small strain leads to significant resistance changes. (c¢) The microscope images of SWCNTS ring
after tension, which showed SWCNTSs’ densely accumulated and many micro-cracks distribute in
the SWCNTs ring. (d) Normalized resistance change as a function of the strain from 0 to 0.2%
shows good linear relationship.

The MSFA strain sensor is highly flexible and easily attached on human skin. Figure 3b shows the

durability behavior of the fabricated sensor under repeated stretching-releasing cycling. The sensor
9



showed large electrical resistance change as the strain of the sensor increased from 0.1% to 1% with
a gauge factor of ~392. The high sensitivity of the MSFA strain sensor could be ascribed to the
micro-crack’s opening-closing mechanism of the SWCNTSs net layer under stretching-releasing
cycling (Figure 3c and Figure S$9).2*3* When increasing the strain from 0% to 0.2%, the normalized
electrical resistance change showed a very good linearity with the tensile strain (Figure 3d), which
is essential for precise measurement of small strain (such as pulse). The normalized resistances
change of the sensor as a function of the strain showed no obvious change before and after 10 times
peeling-attaching tests (Figure S9d). The fabricated micro-structured strain sensor also showed
good cycling durability with more than 1700 cycling loadings (Figure S9¢), which is demonstrated
stable ability under large number of cycling.

2.4. Pulse measurement by MSFA strain sensors and their Strain distribution from FEM

simulation
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Figure 4 Output signals of the MSFA strain sensors mounted onto the radial artery of the wrist. (a)

An MSFA strain sensor adhered to the wrist. Artery pulse signals of a flexible strain sensor with an
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MSFA layer (b,c), with a flat fibroin adhesive layer(d,e), and with only the PDMS micro-pillar
structure (without the fibroin adhesive layer) attached by a medical tape (f). Inset: the photo of a
sensor attached on wrist by a commercial medical tape. Signals from the sensor with the MSFA
clearly reflected discernible stages and abundant detailed medical information owing to its high
sensitivity. (g) SNR comparison of flexible strain sensors with an MSFA layer, a flat fibroin
adhesive layer, and only the PDMS micro-pillar structure. Simulation strain of the strain sensor
with an MSFA layer and with a flat fibroin adhesive layer adhered on the wrist, the figures show the
typical strain profile at 0.3 s of one cardiac cycle (h) and peak strain value for one cardiac cycle (i).
The MSFA strain sensor exhibited much larger strain changes than the sensor with a flat fibroin
adhesive layer, leading to high sensitivity.

The MSFA strain sensor not only can be worn on the skin surface without any adhesive taps, but
also illustrated ultra-high sensitivity when it was on the wrist of a male volunteer for measuring
theartery pulse (Figure 4a). The signals from the sensor exhibited well identified detailed medical
information within one pulse, including forward wave, peak systolic pressure, dicrotic notch, and
tricuspid valve opening (Figure 4b,c). >*>* The high sensitivity of the sensor is mainly due to the
perfected bonding between the MSFA layer and human skin and the high skin compliance and
flexibility. When a flat fibroin adhesive layer without any structure was used, the artery signals
amplitude were only one third of the signals from the sensor with the MSFA layer (Figure 4d,e).
Additionally, some important details were lost in the signal output, such as the peak representing
tricuspid valve opening (Figure 4¢). When we bonded the same sensor on the wrist with the PDMS
micro-pillar structure using a commercial medical tape, only very small signal output was recorded,
i.e. the weak transformation of the wrist skin deformation to the sensor resulting from the poor
adhesion between the wrist skin and the sensor (Figure 4f). The signal-to-noise ratio (SNR) was
defined as*': SNR= avg(ARmax/Gbascline), Where avg(ARmax) is the average resistance change of the
maximum radial pulse, obaseline is the standard deviation of the baseline signal without strain. The

signal-to-noise ratio (SNR) of the flexible strain sensor with MSFA layer (93.5) is much higher than
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the SNRs of the same sensor without the fibroin adhesive (8.4) or with a flat fibroin adhesive layer
(30.5) (Figure 4g). The SNR depends on the strain transmission from the deformed skin surface to
the sensor. For the sensor bonded by a medical tape at both ends, there may be a lot of small void or
air bubble between the skin surface and sensor due to the roughness of the skin surface. These gaps
can lead to the loss of the strain signal from the skin surface and therefore a very low SNR. Even if
the sensor coated with a flat layer of silk fibroin protein can adhere to the skin surface, the rough
skin surface can also lead to a poor surface contact. Therefore, the strain signal may still not be able
to transmit to the sensor effectively. On the contrary, the MSFA can adhere to the rough skin
surface seamlessly. So the strain signal from the deformation of the skin could be effectively
transferred to the sensor, which significantly increases the SNR of the MSFA strain sensor.

To investigate the mechanism of the superior behavior of the MSFA, a Finite Element model was
established to simulate the sensor response on pulse cycle. Strain distribution of the micro-
pillars/flat sensors was visualized at pulse peak instance (Figure 4h), and peak strain value was
evaluated and plotted within one cardiac cycle for both sensors (Figure 4i). The flat fibroin film
sensor had a much lower strain since the skin deformation cannot be transferred well to the sensor
as the flat film was not conformal for rough skin. On the contrary, the micro-structured fibroin film
could be well conformal for the rough skin and was able to attach on the skin surface seamlessly,
which effectively transferred the deformation of skin to the sensor deployed. In the one cardiac
cycle, the micro-pillar sensor also showed much higher strain changes and resistance changes (more
than two times) than the flat film sensor.

2.5. The stable output signals from MSFA strain sensors and their reused performances
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Figure S Output signals of an MSFA strain sensor adhered onto the arteria radialis of the wrist (a)
in static condition, (b) and (c)( enlarged signal) when turned wrist from the MSFA sensor. The
MSFA strain sensor showed stable output signals under static condition, and can also show
discernible stages and abundant medical details. Output pulses signals of (d) MSFA strain sensor
and (e) a strain sensor with a flat fibroin adhesive film in 10 repeating measurements. The signal
from the MSFA strain sensor showed excellent stability during the repeating measurements,
whereas the signal from the sensor with a flat fibroin adhesive film significantly deteriorated during
the process. (f) Schematic illustration shows that the MSFA strain sensor can be easily peeled off

from and re-attached to the skin for repeating use.
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The MSFA strain sensor outputted extremely stable signals in static state (Figure 5a) when was
bonded onto the skin surface of wrist. During the wrist turning, the signals from the sensor still very
clearly showed for each pulse (Figure 5b,c). More importantly, although there were changes in the
base resistance of the sensor under large straining conditions, the medical details still could be
found in the pulse signal, such as peak systolic pressure, discrotic notch, and tricuspid valve
opening (Figure 5c). Such details were completely lost in the signal recorded for the sensor without
the MSFA layer (Figure S10).

The reusability of the epidermal sensors is also an important concern since it can greatly reduce cost
in daily health monitoring. However, for many flexible epidermal sensors, the reusability is
inadequate due to either the deterioration of the adhesives or the damage of the sensor itself during
the removing of the sensors. With moderate adhesion and easy peeling-off, our developed MSFA
provides excellent reusability (Figure 5f). We have performed continuously measurement of pulse
signal on the wrist using the MSFA strain sensor. When re-wearing the sensor after peeling off the
sensor from the wrist, the output signals of the MSFA strain sensor showed no perceptible
attenuation even after ten repeating adhering-peeling off cycles (Figure 5d and Figure S11). In
comparison, the output signals of the sensor with a flat fibroin adhesive layer showed significant
attenuation after each repeating cycle (Figure Se and Figure S11), and almost no meaningful signal
after 10 repeating cycles due to the deterioration of the adhesive layer. Such a large decrease of the
output signals of the sensor is likely due to the decrease of adhesion force between the flat fibroin
adhesive layer and the skin surface after repeated use (Figure 2d). In contrast, the adhesion force of
MSFA showed superior durability after 10 cycles due to the microstructure, which insured stable
output signals for the MSFA strain sensor.

CONCLUSIONS

In conclusion, we developed a natural silk fibroin protein based, micro-structured adhesive for
applications in wearable electronic devices. The MSFA is highly biocompatible and conformable

with strong and tunable adhesion on human skin surfaces, and is highly effective even in humid and
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wet conditions. The adhesion of MSFA can be finely tuned to avoid the shape pain during the
removal process, which is a common problem for all current medical adhesive tapes. The excellent
adhesive properties and reusability of the MSFA make it a great adhesive candidate for various
epidemic sensor and device applications, such as pulse, body temperature, or chemical sensors. The

MSFA can also be used as adhesives for people with sensitive skins and athletes.

4. EXPERIMENTAL SECTION

Fabrication of micro-structured fibroin adhesives (MSFAs). The fabrication process of micro-
structured fibroin adhesives is illustrated in Figure 1. The purification of silk fibroin protein has
been reported previously.** A PDMS micro-pillar film was coated with silk fibroin solution. The
PDMS micro-pillar film (micro-pillars side) was treated with oxygen plasma for 5 minutes
(pressure of 5 mbar, 80 W), and then immersed into the fibroin solution for 30 s, then spun with a
speed of 700 rpm for 60 s using a spin coater. Finally, the micro-pillars film was put into a glass
petri dishes and dried in fume hoods for overnight evaporation of formic acid, resulting a micro-
structured fibroin adhesive (MSFA) layer.

Adhesion force and peeling force test. The adhesion force and peeling forces tests were performed
using a mechanical tester (C42, MTS Systems Corporation). The samples were pre-placed into a
chamber with controlled ~ 55% humidity using saturated salt solution (NaBr) overnight. The test
environmental humidity was ~55%, measured by a commercial humidity meter HI 9565 (HANNA
Instruments). The adhesion forces were measured between a spherical glass disk (R = 50 mm) and
the samples (Figure S3a). During a test, the glass disk was moving at a speed of 2 mm/min. After
reaching the pre-set compression force, the glass disk would retract from the sample. The adhesion
force was defined as the largest negative force measured during the separation process. In the 180°
peeling force measurement, the fibroin coated PDMS film sample was adhered onto a PET film,
and then kept in a chamber with controlled ~55% humidity overnight. During the test, one the end

of the PET film was fixed on one clamp, the one end of the fibroin coated PDMS film was clipped
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onto another clamp fixed on the load cell (Figure S3c¢). The 180° peeling forces between the PET
film and different samples were measured at a speed of 5 mm/min.

Fabrication of MSFA strain sensors. The fabrication process of flexible micro-structured fibroin
adhesive strain sensor (MSFA strain sensor) is illustrated in Figure S1. A thin single wall carbon
nanotubes (P3-SWCNT, containing 1.0-3.0 atomic% carboxylic acid, Carbon Solutions Inc.) layer
was used as a conductive layer on the PDMS micro-pillar film. SWCNT solution (1.0 mg/mL) was
prepared by dispersing SWCNT in de-ionized water with ultrasonic treatment (Fisher Scientific
FB15051) for 3 days, and placed for~24 h to remove large agglomerates. The side of the PDMS
micro-pillar film without the micro-pillar structure was covered by a mask with a hollow rectangle
(0.6 cm *0.8 cm) followed by oxygen plasma treatment (pressure of 5 mbar, 50 W and 1.0 minutes)
to increase the hydrophilicity of the PDMS surface. 20 uL supernatant solution of the SWCNT
solution was dropped onto the hydrophilic PDMS surface, and dried in room temperature. Finally,
the SWCNT treated PDMS micro-pillar film was coated with silk fibroin as described to form the
MSFA strain sensor.

Synchronous electro-mechanical characterization. Copper wires were glued to the two ends of
the SWCNT layer using liquid metal (Gallium-indium eutectic, Aldrich). The coppers wires were
then connected to a Keithley 4200-SCS for resistance measurement. Tensile machine (C42, MTS
Systems Corporation) was employed during the tests at speed of 1 mm/min. To achieve stable
electrical performance, all the electro-mechanical testing was conducted after 200 cycles as
microcrack pattern in the SWCNT network would become stable after warm-up cycles (usually 50-
200 cycles).

Strain distribution from FEM simulation. Numerical models adopting Finite Element Method
(FEM) were established to investigate the sensitivity of sensor in this study. The FEM models with
and without micro-pillar were built up using commercial software ABAQUS (schematically shown
in support Figure 10). Since the cross section of wrist and sensor device is approximately uniform
along the length direction of the sensor device, plane strain 2D models were used in this study for

minimized the computational cost with better approximation. To evaluate the effect of skin surface
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roughness, the skin surface geometry profile was modeled using real scan data. The bottom of the
sensor was placed upon the skin surface. The sensor with micro-pillar was assumed to make a full
contact with the skin surface, while the flat device was assumed to make contact with the highest
crests of the skin surface. The model was meshed using ~66K linear quadrilateral elements for the
both device and skin, and ~400 beam elements were used to model the carbon nanotube sensor. The
material parameters of PDMS was in-house measured through a simple tension, and calibrated with
hyperelastic material (Mooney—Rivlin model with C10=0.25484MPa, C01=0.06371MPa,
D1=0.006283MPa!), while the skin was simulated using linear elastic material model with
parameters selected according to Ref.® with E = 0.6MPa and v = 0.4. Material interface was
simulated through a direct tie of different regions with different material parameters. To simulate
the effect of pulse cycle, the pressure was applied on the bottom center in the model, while the other
area of the bottom was fixed in all directions, to mimic the effect of muscle constrain on the skin.
The applied pressure was calibrated, so the maximum height caused by pulse was the same as
experimental measurement, i.e. 31um.>® Based on above settings in the FEM models, one cycle of
pulse =1.1 second was simulated using implicit dynamic FEM, which was same as the experimental
testing. The strain output from the beam elements was treated as the strain measurement of sensor

on the PDMS surface. Mesh convergence was checked and observed in this FEM model.
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Supplementary Methods

Fabrication micro-pillars. Silicon wafers were cleaned by nitrogen purging and treatment of
oxygen plasma (80 W) at a pressure of 5 mbar for 5 minutes. SU-8 photoresist were coated onto the
wafers according the operating instruction of MICRO CHEM for SU-8 to achieve film thicknesses
of ~40 pm, 80 pum, and 120 um, respectively. After soft bake, UV exposure with a mask, post
expose bake, developing, rinsing, dry and hard bake (Table S1), the SU-8 patterns were prepared.
The SU-8 patterned silicon wafers were further coated with hexadecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane using chemical vapor deposition by heating the silicon wafers to 180

°C with 40 pL hexadecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane in a sealed glass container.

Table S1. The parameters of photoetching

Pillars heights 40 pm 80 um 120 um
soft bake temperature (°C) 95 95 95
soft bake time (min) 9 14 20
exposure time (s) 3.5 4.0 4.5
post expose bake (°C) 95 95 95
post expose bake time (min) 8 13 18
developing time (min) 8 15 20

Sylgard 184 prepolymer and crosslinker were mixed at 10: 1 ratio, then poured onto the SU-8
patterned wafers. The wafers were degassed in a vacuum oven for 30 minutes, then spun with speed
of 900 rpm for 45 s using a spin coater. The PDMS was cured by baking for 24 h at 60 °C. Peeling
the fully cured PDMS layer from the mold giving a PDMS film with arrays of micro-pillars of

different diameters (from 20 to 80 pm) and heights (40, 80 and 120 pum).
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Pulse measurement. A MSFA strain sensor was adhered onto the skin surface of the wrist above
the radial artery. The output signals of the MSFA strain sensor were recorded. The volunteer is 170
cm height. The signals of MSFA strain sensor clearly showed that the time delay (TDVP) was
around 300 ms. Then the derived arterial stiffness index (S.I. = volunteer height/TDVP) is 5.7%,
and the reflection index (R.I. = P2/P1 x 100) is 50.6%, which are all in the normal range of a
healthy adult."> SNR was calculated according to previous method: *SNR= avg(ARmax/Gbascline).
Where avg(ARmax ) is the average resistance change of the maximum radial pulse, Obaseline 1S the

standard deviation of the baseline signal without strain.
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Supplementary Images

i Cro-Di fibroin coated after 10 times’
FICTO-pIEES micro-pillars _adhesions

diameter

20 ym

40 pm

60 um

80 um

Figure S1 Optical microscope images of micro-pillars and fibroin coated PDMS miciro-pillars with

different diameters at height of ~80 pm. Scale bar: 50 pm.
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Figure S2 The magnified SEM of silk fibroin coated micro-pillars with diameter of 80 um at (a)

~40 pm, (b) ~80 um and (c) ~120 um height. scale bar:20 pum.
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Figure S3 (a) The photo of equipment to measure adhesion energy using the JKR method. (b)
Adhesion energy of PDMS micro-pillars with diameter from 20 to 80 um (80 um pillar height)
under different preload force. (¢) The micro-pillar (diameter of 40 pm) under small pressure leads to
bend. (d) The photo of peeling forces measurement by MTS. (e)The peeling forces of 180° peeling

between a medical tape, a fibroin coated flat film, and an MSFA layer.
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Figure S4 (a) Microscopic image of an artificial PDMS skin replica. (b) The roughness of skin

replica scanned by Surface Profiler, showing a vertical roughness of ~70 um.
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Figure S5 Photos of peeling an MSFA (left) and a medical tape from the arm skin of a healthy adult.
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wet forearm adhesion after exercise

Figure S6 The performance of the MSFA and medical tape in wet conditions. The micro-structured
fibroin adhesives and medical tape adhered onto the skin of wet (mixture of sweat and water)
forearm, then exercised. The medical tape was detached from skin, however, the MSFA still

maintained its adhesion on the skin surface.

Figure S7 The biocompatibility the MSFA. The MFSA adhered on the skin for 8h (The dotted
boxes were the adhesion area of the film). After peeling and washing, the skin showed no difference

with the normal skin, demonstrating no hypersensitivity.

32



I Fabricating strain sensor

/ PDMS Castmi

SUS8-templates
Demoldmg

s TRTRRTTIT

pillars film

Plasma treatment l

drop CNTs solution l
\ Strain sensors /

Figure S8 Illustration of the fabrication method for stretchable strain sensors integrated with micro-
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Figure S9 The characterization of SWCNTs ring in the sensor. The microscope images (a) and

SEM images (b) of SWCNTS ring before tension. (¢)The SEM images of SWCNTSs ring under
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tension. (d) Normalized resistance change as a function of the strain before and after ten times’ repeated

peeling-attaching tests. (€) The cyclic durability test of 1700 cycles under 1.0% tensile strain.
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Figure S10 Output signals (a) and enlarged signals (b) of a strain sensor with a flat fibroin adhesive

layer adhered onto the skin surface of the wrist near the radial artery during the turning of the wrist.
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Figure S11 The signal-to-noise ratio (SNR) of a flexible strain sensor with the MSFA layer and

with a flat fibroin adhesive layer in ten times repeating tests.
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Figure S12 Schematics on the modeling detail and boundary conditions applied for (a) MSFA
strain sensor and (b) the same strain sensor with a flat fibroin adhesive layer. A pressure is applied

on the bottom center of the model to simulate the effect of pulse jump caused by blood pressure,

while the other area of the bottom is fixed, to mimic the effect of muscle constrain on the skin.
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