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1. Supplementary Texts

1.1 Synthesis of composite and stencil printing process

A solution of urethane rubber with 5 wt % pyrolyzed pine content was mixed in a container and
vacuum degassed. Then the solution was poured into polyimide taped silver-plated nylon (SPN)
attached to a non-stick surface. After pouring, a biochar composite (BC) film layer was stencil
printed onto the SPN and the structure was cured at room temperature. Then the second BC
solution was prepared in a similar manner and stencil printed onto the first BC layer. When curing
for the second time, a pressure was applied to the surface of the multilayered structure to control
the penetration depth of the second BC layer into top SPN. The dimensions of the devices in terms
of their thickness, length, and width were ~0.95-1.75 mm, ~23-26 mm and ~0.7-0.8 mm,
respectively.

1.2 Layer-to-layer bonding improvement

The structure A with properly embedded BC/SPN interfaces can be elongated by ~250% before
the sample slips from the clamps (force ~15 N). The structure A stays fully intact after testing. The
structure B with improperly embedded BC/SPN interface leads to peeling of the SPN from to the
BC film at 70% elongation (force ~7.5 N). The structure B is almost completely delaminated after

stretching it over 200%.

1.3 Capacitive response under tensile strain

Capacitive response of the device under tensile strain can be expressed as Equation (S1):

A_C _ (Eogr(1+€)lo(1—velec€)wo + CF) _ CO)/CO (Sl)

Co (1-vgie1€)do
where € is the relative permittivity of vacuum, &:is the relative permittivity of dielectric layer, € is
applied tensile strain, lo is initial length of the sensor, velec is the Poisson’s ratio of electrodes, wo

is the initial width of the sensor, vdiel is the Poisson’s ratio of the dielectric layer and do is the initial
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thickness of the sensor. '3 The Cr is an error correction term for the fringing electric field effect
around the electrode edges due to non-ideality of the parallel-capacitor’s structural dimensions
(i.e. ratio of electrode area to thickness).> This error correction term is negligible for BC/SPN.
As known, typical Poisson’s ratios for polymers are in the range of 0.3-0.5, where the value of 0.5
describes an incompressible material having an elastic deformation at small strains. The rubber’s

Poisson’s ratio (~ 0.49) is applicable for BC.

1.4 Capacitive and piezoresistive responses under loading-unloading cycles

The responses of BC/SPN follow a second-degree polynomial regression. The regression
coefficient shows an excellent fit through large coefficient of determinations (R? = .9918-.9956).
The polynomial equations for BC/SPN were found to be -4:10°x?+0.0118x-0.0239 (capacitive
response) and 4:10°x%-0.0069x-0.023 1 (piezoresistive response) under stretching. The fits imply a
strong piezoresistivity and a stress-dependent dielectric behavior. Both capacitive and piezorestive

operation modes show negligible hysteresis (< 2%) during stretching-releasing cycles.

1.5 Hooke’s law
Hooke’s law is applicable for elastomeric materials in a linear stress-strain region. Hooke’s law is

defined by Equation (S2):
g
e=-=— (2
where ¢ is applied tensile strain, ¢ is tensile stress, E is Young’s modulus, F is applied force and

A is the cross-sectional area.

1.6 Response and recovery times under normal pressure
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The response and recovery times were measured with Agilent InfiniiVision MSO-X-3054A
oscilloscope when using a voltage divider circuit. The voltage over BC/SPN device was measured
when connected in series with another resistor. The BC/SPN device showed near instantaneous
response ( ~5 ms) and recovery (~10 ms) to applied pressure of ~50 kPa. The result is similar to
that observed with 555-timer circuit when switching intensity of some LEDs (Video S1).
Furthermore, we expect that the recovery and response times of the device are nearly identical for
piezoresistive and capacitive operation modes as previously shown!®, This relates to the uniform
structure of the sensor for both operation modes leading to identical deformation under similar
stimuli. The voltage divider circuit and oscilloscope eliminate the delay and poor resolution issues
of the Labview program that would lead to significantly higher response and recovery times of the

BC/SPN device.

1.7 Capacitive responses under normal pressure
Capacitive response under normal pressure can be expresses as Equation (S3):
C = (g0&rA)/d (S3)

where A is the area of the electrodes and d is the distance between parallel electrodes.

1.8 Comparison of capacitive and piezoresistive operation modes

The piezoresistivity operation mode offers significantly higher normal pressure sensitivity with
insensitivity to tensile strain and bending, but it has expected non-linear responses. The advantages
of capacitive operation mode are that it mainly relies on dimensional changes offering linearity,
higher precision and stability. The absence of transient behavior is another benefit of capacitive
sensors. However, the capacitive sensing is negatively affected by environmental noise (when

closely fitted) such as natural body capacitance (up to hundreds of pF) and other parasitic sources



(order of tens of pF). This requires high specific capacitances (i.e. capacitance per area) to achieve

robustness and immunity from environmental noise.

1.9 Definition for piezoresistivity

The piezoresistivity can be defined as Equation (S4):

AR

== (1+2v)e+4p/py (S4)
0
where v is the Poisson’s ratio, Ap is change of resistivity and po is the resistivity when no load is

applied to the material.[*! The piezoresistivity arises from geometrical effects, bulk resistivity

change within the material and contact resistance change between active materials and electrodes.



2. Supplementary Figures

Figure S1. Photographs of a sensor.
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Figure S2. Fabrication process of biocarbon/silver-plated nylon sensor (BC/SPN). (a) Mixing
composite solution and pouring onto silver-plated nylon (SPN). (b) Screen-printing composite

solution onto SPN. (¢) Screen-printing the second composite solution onto composite film layer.
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Figure S3. FESEM images of the sensor. (a) Cross-sectional view of the embedded BC/SNP
layers. (b) The SPN are covered inside the biocarbon composite. (c) Cross-sectional view of the
sensor structure. (d) Surface of SPN when unloaded. (e) Surface of SPN when applying a tensile

strain. The porosity increases as the threads of SPN becomes more spacious.

Figure S4. FESEM images of a sensor under compressive stress. (a) Cross-view of the sensor
when applying a small normal pressure. (b) Increased normal pressure leads to significant change

in the spacing between embedded and partially embedded BC/SPN layers
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Figure S5. Stress-strain curve for BC/SPN device. The major difference is that structure A has
properly embedded BC/SPN interfaces in both printed BC layers. The structure B has poorly

embedded interface between SPN and the second printed BC layer.
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Figure S6. Capacitive and piezoresistive response of BC/SPN sensor under tensile strain. The
responses were recorded when applying a tensile strain and then releasing the strain (¢ = 0-105%

and strain rate £ 2.1% s™'). Measurements were done with amplitude of 1 V, frequency of 1 kHz

and in 23 C.
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Figure S7. The response of BC/SPN when applying a tensile strain of 25% and increasing strain

rate between 10-100% s™!. The variation in AC/Co when applying strain relates to the measurement

accuracy of the Labview program for capacitive measurements.
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Figure S8. Dynamic responses of BC/SPN to small strain. (a) Tensile strain of 0.25% (strain rate

0.13% s™") and (b) 0.5% (strain rate 0.50% s™') were applied. These corresponded to frequency of
0.19 Hz and 0.15 Hz, respectively.
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Figure S9. Stress-strain curves for BC films. Films thicknesses were ~300-400 um. Strain at break

for the BC films was observed to be approx. 230%.
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Figure S10. Machine washability testing for BC/SPNs. (a-b) Electromechanical responses of

BC/SPNs (strain 20%, strain rate approx. 8% s™!) before machine washing (ai-3) and after 30 cycles

(b1-3) in 40 °C and 1200 rpm with drip dried samples. (c) Average contact resistance (direct

current) variation during machine washing cycles (> 10 samples) after drip dying samples.
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Figure S11. Response and recovery times of a sensor when measured with oscilloscope and

voltage divider circuit when applying normal pressure of ~50 kPa.
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Figure S12. Piezoresistive responses of a sensor to applied normal pressure of ~25 kPa. Flat,

bended (1, =4 mm) and stretched (¢ = 100%) states are compared to each other.
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3. Supplementary Tables

Table S1. Summary of bending-insensitive sensors.

Working Materials Maximum Range Response times Thickness Bending Min. bending Stretchability Reference
principle sensitivity sensitivity radius

(mm)

(kPa™) (kPa) (ms) (nm) (% mm™) (%)
Capacitive NPB/AgNP 0.036 <3 50 45 - - - [S6]
Resistive/ ITO/PET/ 44.5 /449 <0.1/0.01 50-100/9-30 - ~0.15 5.0 50 [S7]
Capacitive PDMS
Resistive CNT/PDMS 0.01 1200 8-10 <3000 ~0.67 7.5 - [S8]
Resistive FCP/CNT/ >10° ~1 5-20 2 ~0.00 0.08 - [S9]
graphene

Resistive BC/SPN 60.8 50 5-10 ~1100 ~0.36 <4.0 >200 This work

Table S2. Properties of the device under two different operation modes.

Operation Strain Bending Pressure  Linearity”  Degree of Hysteresis” Response/Recovery times
Mode Sensitivity Sensitivity Sensitivity
(GF) (% mm™) (kPa™) (ms)
Piezoresistive -0.35 -0.358 60 No <2% <10
Capacitive 0.75 1.334 0.005 Yes <2% (expected to be identical)

9The capacitive operation mode shows relative linear behavior when sensing tensile strain (< 100%) and normal pressure (coefficient of determination (R?)

> .95); » Maximum hysteresis values when applying tensile strain up to 100%. Degree of hysteresis with strain rates of 2.1% s*' were calculated as

((‘HU};‘IM - 100%, where Hy is value of resistance/capacitance at specific load when decreasing the tensile strain and Hy . is value of resistance/capacitance

|HLel

at specific load when increasing the tensile strain.

Table S3. Average electrical properties for pyrolyzed pine and pyrolyzed pine/urethane rubber

composite films with 5 wt.% filler loading (~10 samples).

Material Resistance Resistivity (O-m) Conductivity (107 S/m)
(W 0)]
Pyrolized pine ~264 ~660 ~15100
Biocarbon composite ~63600 ~5089000 ~2

(5 Wt %)
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Table S4. Summary of resistive and capacitive switching devices that are based on applied
stretching or external pressure.
Working Materials On/off ratio Response Stretchability Tunable Durability/ Reference
principle /recovery time switching Stability
(ms) (%) range

Resistive SWCNT/PDMS ~10°(50 kPa) - /7 (200 kPa) 100 ~10-700 kPa > 300 cycles [S10]

Resistive Polypyrrole ~10%(2 kPa) 50/ - No No - [S11]

Resistive AgNW/PDMS/clo ~107(1 kPa) 4/16 - No > Sk cycles [S12]

th

Capacitive PDPP3T ~10° (4 kPa) <10/- No No >100k cycles [S13]
(1 kPa)

Resisitive G-PDMS/RGO ~10°(350%) 145/ - 350 No > 5k cycles [S14]
(50%)

Resistive E-GWF/PDMS ~10° (50%) 70 /- ~50 No > 5k cycles [S15]
(50%)

Resistive Ag-DS/CF” ~10°(70%) 20/- 75 ~5-75% >3k cycles [S16]
(20%)

Resistive Ag/laser-cut film 10'2(0.006%) - <30 No 15M cycles [S17]
(0.4%)

Resistive BC/SPNY ~10°(50 kPa)  5/10(~50 kPa) >200 ~20-500 kPa > 10k cycles This work

(20% and 90°)

% Machine washable for 3 cycles (40 °C, 1200 rpm, 30 min/cycle); ¥ Machine washable for 30 cycles (40 °C, 1200 rpm, ~45 min/cycle, mesh bag)
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