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Note 1. Design of micro-pyramids

The pyramid structures with excessive height (e.g., over 1 mm) can be difficult to
encapsulate or package. Buckling may also occur for those with a high aspect ratio as
discussed in the “Gradient pyramidal microstructures from laser-ablated molds”
Section and Supplementary Figure 3b. The pressure-sensing range is directly relevant
to the deformation of the microstructure. In general, the microstructures with high
aspect ratios (or larger size) are beneficial for the increased sensitivity ! (or increased
sensing range). As reported in the literature, the pressure sensors with a microstructure
size smaller than 100 pm often show a sensing range of less than 50 kPa
(Supplementary Table 4). In contrast, the sensors with a large microstructure size (e.g.,
side length bigger than 500 pm) can provide a sensing range of more than 1000 kPa* .

As for the pyramidal microstructures, when the L/H ratio (L is the bottom side length

and H is the height) is V2, the sensors can exhibit a balanced performance between

sensitivity and linearity >,

To imitate pyramid structures and also avoid buckling, we design the gradient structure
GPML 7o structure with L/H of 1.2 and 2.2, which resulted in linear sensing ranges (for

all three ionic liquid concentrations).



Note 2. Theoretical analysis of UPM and GPM at the dielectric/electrode interface
to understand the enhanced sensitivity without bending

The normalized cross-section w of the contact surface of the pyramid microstructure
increases proportionally to the square root of the compression force F against the

pyramid’.

w « VF. (1)

However, the capacitance C is directly proportional to the area or square of the cross-
section of the contact surface, thus, the capacitance becomes directly proportional to
the compressive force.

Cxw? xF (2)
The linear dependence of capacitance and force thus originates from the non-linear
relationship between the cross-section and compressive force given in equation (1). For
gradient microstructure, the effective cross-section weg of the contact increases in a
cascading order for each new pillar i < N after exceeding every corresponding force
m;. The corresponding force m; depends on the gradient of the microstructure, as the
gradient increases, more exceeding force m; is required to start deformation of the ith
pillar. For example, the corresponding force will be zero for all the pillars for a uniform
pillar distribution, whereas, for a gradient pillar distribution, only the exceeding force
1, corresponding to the initially deformed pillar i = 1 will be zero, and this force
increases with the pillar index m; < ;4 Vi < N. The force F; deforms each pillar i
with width w; as the following relationship

w; X Fi: F > T;

w;(F) = {
The effective cross-section weg 1s given by

Weir = 2o wi(F) « B F 3)
Using Cauchy—Schwarz inequality,

werr < Ny i < [Zi1] F; ~ N(F)(F). )

Thereby, the effective capacitance Cqfr is given by

Cett < N(F)(F), )



Where N(F) is the number of pillars deformed with 7y < F < 1y, and average force

ﬁZf’:(f ) F; = (F). The number of pillars N (F) increases monotonically with force as

the force increases with the number of pillars deformed. Moreover, the average force
(F) corresponds to the pressure applied P over the sensor cross sectional arca A.
Therefore, the number of pillars N (F) is also a function of pressure applied N(P).

The slope of effective capacitance Ceg With pressure or sensitivity S is thus given by
OCeft
§ == < kAN(P), (6)

Where k is the proportional constant. As the effective capacitance depends on the
square of the effective cross-section, the slope of the capacitance force is upper-

bounded by the number of pillars N that depends on the pressure P.



Note 3. Mathematical model of the electric field distribution
The governing equations for electrostatics in the ionic liquid domain are given as

follows:

V-D=p, (7)
D = gydet(F)(FTF)™'E + eoxrE + P(€erastic) (8)
E=-VV 9)

where p, is the formed free electron surface charge density and D is the electric
displacement vector. The domain has a deformation gradient F, electric susceptibility
of x, with a polarization of P in the elastic limit. The domain is under an electric field
caused by the potential difference V between the boundaries of the domain. The
governing equations for compressible neo-Hookean materials in the mechanical

domain are given as follows:

0=V-(FS)" +F, (10)
_ oW
S =% (11)
e=~(F'F—1I) (12)
1 1
Ws = Eﬂ(ll —3) — ulogUeiastic) + Emog(]elastic)z (13)

where W; is the elastic strain energy density that is a function of elastic strain state €.
For a compressible neo-Hookean material, the elastic strain energy depends on the
elastic volume ratio J.;4stic, Lame parameters p, A, and the first invariant of the elastic
right Cauchy-Green deformation tensor /;. The governing equations for the transport
of dilute species in the ionic liquid domain are given as follows:

V-J]=R (14)
J = —-DVc¢ — zu,,F,cVV (15)
where the concentration ¢ of each species and diffusion constant D contribute to the
current /. The other contribution comes from the migration of species of charge z and
mobility u,, due to the electric potential V. The space charge coupling between
electrostatics and the transport of dilute species is given by the following governing
equations:

V-D=p, (16)
py = Fy i zic; (17)



where F, is Faraday’s constant.
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Supplementary Fig. 1. Schematic showing the fabrication process of the iontronic

pressure Sensor.
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Supplementary Fig. 2. Different microstructures created by the laser with a Gaussian
beam. a Schematic showing the laser power distribution (I: intensity; Y: running direction).

SEM images showing b conical frustums, ¢ cone, and d square frustums microstructures.
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Supplementary Fig. 3. Fabrication of single-layered microstructures. a Optical images

showing the microstructures with higher aspect ratios as the laser power increases
(fabricated with the square pattern). b Schematic showing the buckling of the slender
microstructures upon pressure loading. ¢ Comparison between the high (blue) and low
(red) laser power with a Gaussian distribution. d Schematic showing the deformation of a

square frustum upon pressure loading.
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Supplementary Fig. 4. Fabrication of pyramidal microstructures with tri-layered patterns.
Schematic showing the a top and side b views of the laser-ablating patterns for creating
the PMMA mold and ¢ the resulting PDMS pyramid microstructure (without shape edges
because of the Gaussian distribution of the laser power) de-molded from the PMMA mold.
Note: the numerical number represents the sequence of the laser ablation. SEM images
showing the pyramidal structures with different sizes: d 700 um and e 500 um in the unit

cell, as well as f the failed pyramid created by three square patterns with a small difference.
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Supplementary Fig. 5. Fabrication of gradient pyramidal microstructures with an
additional base layer (lilac with a varied power). Schematic showing the a top and side b
views of the laser-ablating patterns for creating the PMMA mold and ¢ the resulting PDMS
pyramid microstructure. Note: the numerical number represents the sequence of the laser
ablation. d SEM images showing gradient pyramidal microstructures (GPMLsoo) from the

top and side views.
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Supplementary Fig. 6. The comparison between GPMLsp0 and GPML7o9 in terms of
electric potential distributions and microstructures. Nonuniform electric potential
distribution in GPMLs¢0 and GPML7¢o a before and b after pressure loading. The change
in the electric displacement field with the increasing pressure for varying IL concentrations
is shown at the bottom (the top boundary was selected as the probe). ¢ Side-view SEM
images showing the difference in the size of pyramids between GPMLsoo and GPMLp.



Q
<

UPMyg0 700
600

400

300

200
100

GPML;qo
300 ' —A— GPML,y 50 wt% A
—A— UPM,,, 50 wt% A/
250 |
P A/
200 | o
S ¢
s} /
150 A
A/
100 | / P
50 f /‘
o} A—/A—A—A—A—A—A—A—A——A—A
0 0.5 1.0 15 2.0
Pressure (MPa)

Supplementary Fig. 7. The comparison between UPM700 and GPML7¢9 in terms of the
electric potential distribution and calculated sensitivity. a Comparison in the potential
distribution between the uniform (top) and gradient (bottom) structures. b The normalized
relative capacitance changes as a function of the applied pressure between the gradient

and uniform structures, with a 220-fold increase in the sensitivity for the gradient structure.
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Supplementary Fig. 8. Performance comparison in the sensitivity and full sensing
range between the flexible iontronic pressure sensor from this work and other capacitive

pressure sensors. Note: The reference numbers correspond to those in Supplementary
Table 6.
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Supplementary Fig. 9. Demonstration of the flexible sensor and its performance under
bending. a Optical image of the iontronic sensor bent over a diameter of 13 mm. b The
pressure sensing performance and ¢ schematic diagram of the iontronic pressure sensor

under different bending conditions.
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Supplementary Fig. 10. Tip of the micropyramid, response from the sensor on the mouse,
and pressure measurement using a commercial weighing scale. a Top-view SEM image
showing the rough surface on the tip of a single pyramidal microstructure. b Measurement
of mouse movements for static and dynamic pressure detection, including
single/double/triple clicks and hold-and-drag operation (IL of 35 wt%). ¢ Calculation of

the pressure resolution of the commercial weight scale with pens.



GND
5V

|NdEeX D2 A7

Ip‘ ‘l

)Y

A5

A2

k e Thumb D10 A0 /

I°°|

)Y

b

C
—0. lfCO< Cb& C1<C|_ \—| AB=0 |
® Elseif Cy;<C, & C,>=C, —>| “Error” A6=0 |
C.
—1 ® Else
A J I
A >
P kpe(t) j 9!
c N Error ¢ A6 >
1Setpoint >® > |1k f e(t) dt —>®—>®
0
de(t) I
L Actual C,
] System < ¥
Actual 6,,, 6111

Supplementary Fig. 11. The operating mechanism of the robotic hand. a Circuit diagram
of the robotic hand with two iontronic pressure sensors. b Schematic diagram showing the
use of the proportion-integration-differentiation (PID) system to control the robotic hand
based on the capacitance measurements Co/C from the iontronic pressure sensor on the
thumb/index finger. Cy and CL are the boot thresholds of the sensor on the thumb and
index finger, respectively. 6 is the rotation of the motor for the robotic finger with 6; for

the present value. Cisepoint 1S the desired value and its difference with Ci is noted as error.



Supplementary Fig. 12. The comparison between microstructures obtained from two
PMMA templates that were separately created by using the same laser parameters,
demonstrating reasonably good consistency in the morphology (e.g., height, outline, and

surface topography).



Supplementary Table 1. Different fabrication methods comparison for microstructure templates

Method Materials Facilities Fabrication process | Environment Notes
requirement
Photolithography 1. Silicon wafer 1. Cleanroom 1. Silicon nitride High 1. Templates are regular,
silica template® ° 2. Photoresist 2. Lithography | deposition temperature uniform, and high precision,
3. Silicon nitride equipment 2. Mask for etching along with complex fabrication
4. Potassium hydroxide 3. Spin coater | preparation Processes.
5. DI water 4. Wet bench 3. Silicon etching 2. High equipment
6. Trichloro- 5. Oz plasma 4. Remove the requirements.
(1H,1H,2H,2H- remaining silicon 3. The template fabrication
perfluorooctyl) silane oxide time>5h
7. IPA 5. Oz plasma
8. Acetone treatment
6. Trichloro-
(1H,1H,2H,2H-
perfluorooctyl)
silane deposition
3D printing® 1 Special materials for 3D 3D printer Printing (3D | Ambient 1. Additive manufacture (low
printers (e.g., ABS, PLA, modeling needed) | conditions throughput)




etc., depending on the type
of printers)

2. Some materials (e.g., PLA)
can not bear high temperatures
(e.g., more than 40°C)™¥, taking
longer time to cure polymer.

Electrochemical
oxidation aluminum

oxide template!2 13
14

1. Aluminum plates
2. Perchloride acid
3. Ethanol

4. Oxalic acid

5. Phosphoric acid
6. Chromic acid

7. Trimethylchlorosilane

1. Voltage
supply device
2. Temperature
control device

1. Annealing

2. Electrochemical
polishing

3. Two-step
anodization

4. Surface
treatment

1. High
temperature
(annealing and
chemical
etching)

2. Low

temperature

1. Structure limitation (most of
them are templates for cone and
column).

2. High density and uniform
parallel nanopores.

gas (anodization)
3. DC voltage
Micro-engraving®*® | Plastic boards (e.g., Engraving 1. Cutter switching | Ambient 1. The shape and size of
polycarbonate) machine and 2. Engraving conditions microstructures are limited by
microdrill cutters.
2. Cutters are easily getting
abrased.
Laser ablation PMMA boards CO: laser Printing Ambient 1. Easy to start.
system conditions 2. High prototyping efficiency.




3. High design flexibility to
adjust the
size/shape/height/density of
microstructures.




Supplementary Table 2. Performance comparison of different capacitive pressure sensors

Linear
Structure L ) ) )
o Sensitivity | Sensing | Linear sensing Pressure Response/recovery | LOD
Number Type fabrication ) ) Ref.
(kPal) Range factor (Sp) resolution time (ms) (Pa)
method
(kPa)
_ ] , 0.02% (base
1 | EDL:mold- ) Photolithography |, 4 3 3.9 oressure of 5 15/15 0.2 | 1
based Silicon wafer kPa)
p | EDL:mold- | Photolithography | - g 6 44.94 NR 9/9 09 | ¥
based Silicon wafer
3 ED'E;;:(?M' 3D print mold 49.1 | 4485 | 2.3710° NR 0.61/3.63 NR | 18
EDL.: Transfer 0.0056% (base
4 structure- sandpaper 3302 10 3.302x10* | pressure of 320 9/18 0.08 |
transfer structure kPa)
EDL.: Transfer
5 structure- sandpaper 5.5 30 165 NR 70.4/92.8 2 20
transfer structure
EDL: Transfer 0.013- 4 21
6 structure- sandpaper 3.17 2063 1.89x40 NR 5/16 13




transfer structure
EDL.: Transfer
7 structure- sandpaper 6.94 100 694 NR 48/ 288 | 2%
transfer structure
EDL.: Transfer 1.4% (base
8 structure- sandpaper 200 60 1.2>10* weight of 71 98/70 20 23
transfer structure kg)
EDL: Directly usin
9 structure- ectly using 6.5 10 65 NR 30/30 75 | %
fabric materials
transfer
EDL: Directly usin
10 structure- ectly using 0.24 70 16.8 NR 18 35 25
fabric materials
transfer
11 Conventional: Mlcrq-engravmg 77 086 6.622 NR NR NR 26
mold-based | plastic template
12 Conventional: Pho_t(_)hthography 251 10 25 1 NR 84/117 5 1
mold-based Silicon wafer
13 Conventional: Pho_t(_)llthography 0.022 5 0.11 NR NR NR 27
mold-based Silicon wafer
14 Conventional: Pho_t(_)llthography 0.43 1 0.43 NR 33/33 34 28
mold-based Silicon wafer
15 | Conventional: | UV lithography |- qq 0.5 3.84 NR 30/28 1mg| 2
mold-based copper foil
Commercially
16 | Conventional: anodic 0.35 2 0.7 NR 48/60 4 | w
mold-based | aluminum oxide
template
17 | Conventional: | Commercially | ¢ ;oq 0.1 0.6583 NR 48/36 3 | &
mold-based anodic




aluminum oxide
template

Conventional:

Polyurethane

18 0.062 0.3 0.0186 NR 45/83 3 32
mold-based | sponge skeletons
19 Conventional: Nickel foam 313 1 313 NR 94/ 007 |
mold-based template
Conventional: | Micro-engraving 1% (base
20 mold-based ' lastic template 0.065 1700 111 pressure of 100/100 / 2
P P 1000 kPa)
) ) Transfer the
Conventional: outline of
21 structure- 30.2 0.13 3.926 NR 25/50 0.7 34
polystyrene
transfer
spheres
Conventional: Transfer the
22 structure- outline of reed 0.6 1 0.6 NR 180/120 45 35
transfer leaves
Conventional: Transfer the
23 structure- outline of 2.08 1 2.08 NR 500/700 20 36
transfer bamboo leaves
Conventional: Transfer the
24 structure- outline of lotus 1.2 2 2.4 NR 36/58 0.8 37
transfer leaves
Conventional: Transfer the
25 structure- surface structure 1.1 0.5 0.55 NR 1000/NR 1 38
transfer of obscured glass
Conventional: %':;ﬁ%#@':rg
26 structure- 1.54 1 1.54 NR NR 0.6 39
petal as
transfer

dielectric layer




Conventional:

Transfer the

40

27 structure- surface structure 0.62 2 1.24 NR NR 6
transfer of paper
, 0.00725% (base
ED'géSr:c?'d' éﬁjﬁ;ﬁ%é‘;‘; 337 | 1700 | 5.729x10" pressure of 6/11 0.36 V(VDO“rL
2000 kPa)

Note: NR (not reported), Sp=S°AP (S: sensitivity and AP: the corresponding linear sensing range)




Supplementary Table 3. Different designs in the laser ablation pattern for varying
microstructures

Side
Laser power (color ) .
Number Pattern length/diameter Distribution
sequence)
(bm)
a (S2-b) ‘ 30% 500
b (S2-c) . 30% 250
c (S2-d) . 30% 700
d (S4-d) 30%/25%/20% 704/563/422
yellow/blue/pink
30%/25%/20%
e (S4-e) ) 526/421/316
yellow/blue/pink
f (54-f) n 30%/25%/20% 352/282/211
yellow/blue/pink
25%/21%/14% 30%/25%/20%
GPMSsqo .
black/red/purple yellow/blue/pink
2506/10%/10% 3006/25%/20%
GPMLsoo | & :
H black/red/purple yellow/blue/pink
259%/219%/14% 309%6/25%/20%
GPMS700 B :
black/red/purple : yellow/blue/pink
25%/10%/10% 30%/25%/20%
GPML700 .
black/red/purple yellow/blue/pink




Supplementary Table 4. Microstructures with different aspect ratios used in the pressure

Sensors
Principle Structure | Side length Height L/H Maximum Sensing | Ref.
(L) (pm) | (H) (bm) range (kPa)
Piezoresistant | Pyramid 4.64 2.97 1.56 3 4
Conventional Pyramid 50 30.25 1.65 35 42
capacitor
Conventional Pyramid 4.88 1.65 2.97 7 43
capacitor
EDL-based Pyramid 6.49 35 1.85 50 44
capacitor
Piezoelectric Pyramid 60 42 1.42 10 45
Conventional Gradient 500 700; 450; / 1700 2
capacitor Dome 200
EDL-based Gradient 700 570;310 | 1.2;2.2 3000
capacitor pyramids




Supplementary Table 5. Molarity calculation

wt% miL(g) Mevor-Hep (0) | Macetone (§) | Molarity (mol/m?3)
20 0.06 0.3 2 59
35 0.105 0.3 2 105
50 0.15 0.3 2 149

N20 wi%=MiL20 woe/ MW =0.00015 (mol)
N3s wis=MiL3s wio/ MW =0.000268 (mol)
Nso wis=MiLs0 wis/ MW =0.00038 (mol)
V=Macetone/ Pacetone=2.55>10 (M?)

CoNnz0 wie=N20 wtz/V=59 (mol/m®)

CoNss wis=N3s wiee/V=105 (mol/m?)

COoNso wiz=Ns0 wize/V=149 (mol/m?)

n: amount of substance of IL; m: mass; MW: molar weight of IL; v: volume

of the acetone; Con: molarity; wt%: weight percent of the IL in PVDF-HFP.
Density of acetone (p): 0.784g/cm?® and MW=391.3




Supplementary Table 6. Sensing range comparison between this work and other capacitive pressure sensors

Types
Numb yP Sensing Sensitiviti ) Paramet
(EDL/para Material Structure Ref.
er range (kPa) | es (kPal) ers
llel plate)
arallel Pyramid (dielectric
1 P 0-5 0.022 PDMS Y ( (d, €) 27
plate layer)
5 parallel 0-0.3 0.062 Graphene nanoplatelets Porous structure @ ¢ »
, €
plate 0.3-4.5 0.033 IMWCNTS /Silicone rubber (dielectric layer)
Different height
parallel ) )
3 at 0-1700 0.065 CNT/PDMS domes (dielectric (s) 2
ate
P layer)
parallel 0-15 0.42 Tilted micropillar
4 PDMS o de) | *
plate 5-14 0.04 (dielectric layer)
0-1 0.51 Nanofibrous
parallel ) )
5 it 10-150 0.01 TisC,T«/(PVDF-TrFE) composite scaffolds (d, €) “
ate
P 150-400 0.006 (dielectric layer)
llel L 0.73 PU and calci titanate | S (dielectri
aralle and calcium copper titanate onge (dielectric
6 P at 1.6-22.8 0.135 (high 'ttp'p't ) P gl ) (d, €) 48
ate igh permittivi ayer
P 22.8-120 0.026 ane y Y
parallel 0-0.5 0.854 o Foam (dielectric
7 Boron Nitride/PDMS (d, €) 49
plate 0.55-2.1 0.29 layer)
8 parallel 0-1 1.12 PVDF and insulating PMMA PVDF Nanofiber (d, &) 50




plate and PMMA
microbeads
(dielectric layer)
0-0.5 1.194 Porous PVDF with
9 EDL PVDF and [BMIM]PFs [BMIM]PFe (s) 51
0.5-120 0.109 . .
(dielectric layer)
0-30 55 PVA and a superhydrophilic Copy sandpaper
10 EDL bis(trifluoromethane)sulfonimide structure () 20
30-250 1.5 o :
lithium salt (LS), and TizC2Tx (electrodes)
parallel 0-2 6.42 Porous (dielectric
11 Ecoflex—-MWCNTs (d, €) 52
plate 2-10 1.72 layer)
0-10 6.5 Fabric (dielectric
12 EDL [BMIM] PFs (s) 24
10-175 13.5 layer)
0-0.1 6.583 Interlocked
parallel asymmetric-
13 P(VDF-TrFE) and DMF (d, €) 81
plate 0.1-1 0.125 nanocones
(dielectric layer)
Copy sandpaper
14 EDL 0-100 6.94 (PVDF-HFP) and ([EMI][TFSA]) | structure (dielectric () 22
layer)
parallel Three-dimensional
15 0-0.5 7.68 Graphene (d, €) 29

plate

microconformal




graphene
(electrode)
0-0.86 7.7
parallel
16 it 0.86-4.90 3.95 PVA/PANI Cone (electrode) () 26
ate
P 4.90-7.4 1.26
17 parallel 0-1 8.31 TPU-dielectric layer Fabric (dielectric (d, e 53
plate 1-5 2.32 TPU and AgNW-electrodes layer) s)
parallel 0-0.13 30.2 PVDF (dielectric layer) and gold
18 Dome (electrode) | (d,s) #
plate 0.13-10 0.47 (electrode)
parallel CIP/NdFeB/PDMS and Cilia array and
19 1000 0.314 (g,5,d) 3
plate CNT/PDMS dome array
0-70 0.24
20 EDL 70-150 1.5 Polyacrylamide-Nacl hydrogel Fabric electrodes () 25
150-330 0.13
. . Our
EDL 1700 33.7 P(VDF-HFP) and ([EMI][TFSI]) | Gradient pyramids (s) c
wor

Note: d, ¢, and s represent the distance between two electrodes, dielectric constant, and contact area between electrode and
dielectric layer, respectively.
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