Mechanical behaviour of large strain capacitive sensor with Barium Titanate Ecoflex composite used to detect human motion.
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Supplementary Table S1 (ST 1): literature review of interdigital capacitive strain sensors.
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[10] | Polydimeth | NR Ag Capillary 30% NR 1000 -1.57 Value NR | NR NR Motion of
ylsilxane nanowire force finger
(PDMS) lithography

(CPL)

[11] Glass- 4.4 silver Printed NR 1 NR NR 11.45pF NR To evaluate
reinforced circuit board | NR perm-
epoxy technology ittivity of
laminate substrate
material material
(FR-4)

[12] | PDMS 2.8 Conductive | Mold casting | 50% NR 1 NR NR 6.3pF NR NR

PDMS
(7wt% of
MWCNT)

[13] Natural 3 Au (gold) | Photo- 10% 0.0041 | 1000000 -0.92 NR 23.7pF NR Tire strain

rubber lithographic mmy/s monitoring
for
Intelligent
tires
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2015 thick brass | micromachin structural

sheet ing and health
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Supplementary information of materials and methods:

Preparation of Carbon Black/Ecoflex™ 00-30 Composite Ink

In this work, CB powder with 50 nm particle size (Vulcan® XC72R purchased from Fuel Cell Store, TX, USA) was selected as a conductive phase to fabricate stretchable
interdigital capacitor (IDC) electrodes. Commercially available silicone-based polymer (Ecoflex™ 00-30) was used as the flexible and stretchable elastomer medium. The
conductivity and printability of CB/Ecoflex™ 00-30 ink is dependent upon the concentration of CB in Ecoflex™ 00-30, and also the amount of added thinners, such as silicone
oil.

The CB/Ecoflex™ 00-30 ink was prepared by mixing one part of CB with five parts of Ecoflex™ 00-30 by weight, and diluted with silicone oil, Besil DM 1 Plus (Wacker
Chemie AG), in order to achieve the extrusion of CB/Ecoflex™ 00-30 ink through the customized Lulzbot® (Loveland, CO, USA) photo polymer extrusion (PPE) printer nozzle.
The ink was mixed with a Kurabo planetary centrifuge mixer (Mazerustar KK-50S). The mixing ratio of CB with Ecoflex™ 00-30 affects the viscosity of CB/Ecoflex™ 00-30 ink.
With a small ratio of CB to Ecoflex, the ink viscosity is low and easy to print, but has lower conductivity, while increasing the CB improves the conductivity but increases the
ink viscosity. Here, in order to achieve repeatable printing of a high-conductivity ink, 3 mL of silicone oil was added as the thinner to 10 mL of CB/Ecoflex™ 00-30 (1:5 wt%)
ink.

Preparation of Ecoflex™ 00-30 and BTO-Ecoflex™ 00-30 Composite Substrates

Three types of substrates were prepared: Ecoflex™ 00-30 with 0, and 40 wt% 100 nm and 200 nm BTO. The BTO nano-particles (100 nm and 200 nm) purchased from TPL
Inc. (Albuquerque, NM, USA) were initially manually mixed with Ecoflex™ 00-30, and then homogenously dispersed in the Ecoflex™ 00-30 using a planetary mixer (Mazerustar
KK-50S). The mixture was then poured into an acrylic mold and left to cure at room temperature for a minimum of 12 h. The loading of BTO was limited to 40 wt% based upon
preliminary experiments that demonstrated that when the amount of BTO reached 50% by weight, the composite substrate took an extremely long time to cure and broke easily
at the first cycle of the stretch test. A 50 wt% BTO would be approximately 14.5 vol% of the total volume, which approaches the theoretical percolation volume percentage of
spheres of 16%. At such high solid loadings of BTO, it is likely that there would be large agglomerated regions of BTO within the substrate, which would result in likely points
of failure under mechanical loading. Fatigue testing demonstrated that substrates with 40 wt% BTO or lower in the Ecoflex survived the 1000 stretch and relax (100% strain)
cycle. Hence, up to 40 wt% (approximately 6.8 and 10.1 vol%) BTO in Ecoflex were examined.

The conformal mapping technique is the most suitable method to calculate the capacitance of IDC structures. The conformal mapping technique provides closed form
expressions for the computation of the capacitance of IDC electrodes based on the geometries of the sensor as shown in Figure 3.



Supplementary Figure S1 (SF 1): Cross-section view of coplanar strip line with fringing electric field.

Supplementary Table S2 (ST 2): Capacitance and relative permittivity of 40 wt % 200 nm BTO.

200 nm BTO

Calculated  Experimental

Capacitance - (pF) 26.50 314

Relative Permittivity 5.98 7.09

The performance of the sandwiched IDC as a highly stretchable capacitive sensor depends on the electrode overlap length 1, width w, height h, and electrode spacing s.
The actual printed dimensions of the IDC are summarized in ST3.

Supplementary Table S3 (ST 3) : The actual dimensions of the printed IDC, dimensions in mm.

Dimension (mm)  Overlap Length,] Width, w Height, h Spacing, s
Average 19.50 + 0.06 0.58+0.13 0.26+0.07 1.06+0.01
Designed dimension 20.00 0.33 0.33 1.50




From ST3, it can be seen that the actual dimensions of the printed IDC deviated slightly from the designed dimensions. The extruded CB/EcoflexTM 00-30 ink flattened
slightly due to a combination of gravitational and capillary forces, causing the width to be wider and the height to be lower. This also made the spacing between the electrodes
smaller than designed. A typical cross section of the printed electrodes is shown in SF 2.

BTO/Ecoflex substrate

Supplementary Figure S2 (SF 2): A cross section of the printed carbon black (CB)/Ecoflex electrode.

An SEM image of a cross section of 200 nm BTO-EcoflexTM 00-30 composite substrate and printed CB/Ecoflex electrodes is shown in SF 3. It does not show any significant
surface roughness in the substrate, indicating that the BTO was reasonably well-distributed within the Ecoflex matrix.
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Supplementary Figure S3 (SF 3): SEM image of a cross section of 200 nm BTO-Ecoflex™ 00-30 composite substrate and printed CB/Ecoflex electrode.
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Supplementary Figure S4 (SF 4): IDC sensor with pristine Ecoflex 00-30™ substrate tested at 0.7 mm per sec, (a) The relative change in capacitance (ACs/Co) strained up to
100% after 1, 100, 500 and 1000 stretch/relax cycles. (b) The ACs/Coversus time as the sensor was stretched to 100% strain.
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Supplementary Figure S5 (SF 5): IDC sensor with pristine Ecoflex 00-30™ substrate tested at 7 mm per sec, (a) The relative change in capacitance (ACs/Co) strained up to 100%
after 1, 100, 500 and 1000 stretch/relax cycles. (b) The ACs/Coversus time as the sensor was stretched to 100% strain.
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Supplementary Figure S6 (SF 6): IDC sensor with 40 wt % 200 nm BTO-Ecoflex 00-30™ substrate tested at 0.7 mm per sec, (a) The relative change in capacitance (ACs/Co)
strained up to 100% after 1, 100, 500 and 1000 stretch/relax cycles. (b) The ACs/Coversus time as the sensor was stretched to 100% strain.
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Supplementary Figure S7 (SF 7): IDC sensor with 40 wt % 200 nm BTO-Ecoflex 00-30™ substrate tested at 7 mm per sec, (a) The relative change in capacitance (ACs/Co) strained
up to 100% after 1, 100, 500 and 1000 stretch/relax cycles. (b) The ACs/Coversus time as the sensor was stretched to 100% strain.
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The distribution of the BTO in Ecoflex is gradually increasing with incrasing the loading of BTO from 10 wt % to 40 wt % and at less loading of BTO (10 and 20 wt%) the
sedementation of BTO is observed

Supplementary Figure S8 (SF8): Scanning electron microscope (SEM) analysis of 10 wt %, 20 wt %, 30 wt % and 40 wt % of 200 nm BTO-Ecoflex composite with Imm scale of
magnification.
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It is evident from the SEM analysis of 10 wt % and 40 wt % of 200 nm BTO-Ecoflex composites that even though there are agglomerations of BTO, the distribution of BTO filler
is more uniform than the 10 wt % BTO because the surplus BTO filler at higher loading.

Supplementary Figure S9 (SF9): Scanning electron microscope (SEM) analysis of 10 wt %, and 40 wt % of 200 nm BTO-Ecoflex composite with 500 pm scale of magnification.
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Supplementary Figure S10 (SF 10): Flow chart of developing the application with IDC sensor to measure the elbow angle.
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