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Supplementary Figures 

 

Supplementary Figure 1. Comparison curves of the three mechanisms. Readout signals as a function of 

pressure-induced deformation based on three transduction mechanisms were calculated and shown by the red 

curve (F-N tunnelling), black curve (Percolative) and blue curve (Contact-resistive), respectively. 
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Supplementary Figure 2. SEM images of the unannealed polyaniline spheres. Scale bar, a, 700 nm. b, 300 

nm. 
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    Supplementary Figure 3. Cytotoxicity assay using spectrophotometry. Cytotoxicity of UHCS-PDMS, 

HDPE (as a non-toxic material), and normal cells (as blank control) in NIH 3T3 cells. Relative cell viability 

(%) = mean OD of experiment group/ mean OD of blank control group ×100%. The error bars represent one 

standard deviation. 
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Supplementary Figure 4. Cytotoxicity assay using fluorescence microscopy. Calcein-AM/PI staining of 

NIH 3T3 cells incubated with UHCS-PDMS and HDPE, respectively. The live cells were stained green, and 

the dead cells were stained red, scale bar 250 μm. 
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Supplementary Figure 5. Blood compatibility assay. Hemolysis of UHCS-PDMS, HDPE (as a non-toxic 

material), tri-distilled water (as positive control), and saline (as negative control), after 2 h incubation with red 

blood cell suspension at 37 °C. a, the tubes after incubation and centrifugation. b, the supernatants for 

absorbance determination. c. the histogram shows the results of each groups. The error bars represent one 

standard deviation. 
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Supplementary Figure 6. Pressure sensing behaviour under different testing voltage. a, When voltage is 

0.2 V, the highest sensitivity is 0.312 kPa-1. b, When voltage is 0.5 V, the highest sensitivity is 2.12 kPa-1. c, 

When voltage is 0.75 V, the highest sensitivity is 90.06 kPa-1. d, When voltage is 1 V, the highest sensitivity is 

228.43 kPa-1. e, When voltage is 1.5 V, the highest sensitivity is 224.56 kPa-1. f, When voltage is 2 V, the 

highest sensitivity is 251.9 kPa-1. g, The relationship between voltage and sensitivity. 
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Supplementary Figure 7. Pressure sensing behaviour of different UHCS contents. a, When cUHCS is 1.18 

wt.%, the highest sensitivity is 12.6 kPa-1. b, When cUHCS is 1.32 wt.%, the highest sensitivity is 146.2 kPa-1. c, 

When cUHCS is 1.43 wt.%, the highest sensitivity is 241.5 kPa-1. d, When cUHCS is 1.49 wt.%, the highest 

sensitivity is 221.8 kPa-1. e, When cUHCS is 1.59 wt.%, the highest sensitivity is 0.42 kPa-1. f, The relationship 

between UHCS content and sensitivity. 
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Supplementary Figure 8. SEM and TEM images of UHCS with 300 nm and 900 nm in diameter. a, SEM 

image of 300 nm UHCS, scale bar, 300 nm. b, SEM image of 900 nm UHCS, scale bar, 250 nm. c, TEM 

image of 300 nm UHCS, scale bar, 120 nm. d, TEM image of 900 nm UHCS, scale bar, 350 nm. 
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Supplementary Figure 9. Resistance response to pressure with different UHCS diameters. Since the 

change in UHCS diameter will change the optimum concentration of UHCS for pressure sensing, the current 

density as a function of UHCS concentration is plotted for each UHCS. The optimum cUHCS is selected when it 

is just at the transition from exponential behaviour to hyperexponential behaviour of the curve. a, When 

dUHCS= 300 nm, the optimum cUHCS determined from b is 0.72 wt.%, and its highest tested sensitivity is 

10.66kPa-1. c, When dUHCS= 600 nm, the optimum cUHCS determined from d is 1.43 wt.%, its highest tested 

sensitivity is 241.5 kPa-1. e, When dUHCS= 900 nm, the optimum cUHCS determined from f is 1.72 wt.%, its 

highest tested sensitivity is 47.6 kPa-1.  
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Supplementary Figure 10. Resistance response and pressure sensitivity of the pressure sensor with 

different precursors. a, Pressure sensor prepared with polyaniline-derived UHCS with the highest sensitivity 

of 95.1 kPa-1. b, XPS survey spectrum of UHCS obtained from polyaniline, the quality fraction of carbon is 

84.10 %, and the quality fraction of oxygen is 8.71%. c, Pressure sensor prepared with polydopamine-derived 

UHCS with the highest sensitivity of 0.58 kPa-1. d, XPS survey spectrum of UHCS obtained from 

polydopamine, the quality fraction of carbon is 81.70 %, and the quality fraction of oxygen is 14.45 %. 
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Supplementary Figure 11. Resistance response and pressure sensitivity of the film pressure sensor with 

different calcination temperatures. a, 750 °C, the highest sensitivity, 0.384 kPa-1. b, 800 °C, the highest 

sensitivity, 4.86 kPa-1. c, 850 °C, the highest sensitivity, 8.246 kPa-1. d, 900 °C, the highest sensitivity, 241.5 

kPa-1. e, Raman spectrum of the four UHCS. f, The relationship between D/G strength and sensitivity from e. 
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Supplementary Figure 12. Resistance response and pressure sensitivity of the film pressure sensor with 

different thicknesses. a, 75 μm thick, the highest sensitivity, 8.42 kPa-1. b, 40 μm thick, the highest sensitivity, 

26.5 kPa-1. c, 20 μm thick, the highest sensitivity, 241.5 kPa-1. d, 2 μm thick, the highest sensitivity, 4.5 kPa-1. 
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Supplementary Figure 13. Array test of recognising a toy ant. a, Photo of the ant on sensing array, scale 

bar: 16 mm. b, Output image from the readout circuit. 

  



15 
 

 

Supplementary Figure 14. Readout circuit of the microcontrollers for the 64 × 64 detection array. 
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Supplementary Figure 15. The schematic diagram for calculating the effective contact radius. 
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Supplementary Figure 16. Schematic diagram of the measurement to estimate coefficient A and B in the 

F-N equation and electric potential calculation method. 
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Supplementary Figure 17. Scheme of projection along the height to show the defined area unit of Model 

3. 
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Supplementary Figure 18. Scheme of the P0, P1, and P2. 
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Supplementary Tables 
 

Supplementary Table 1. Comparison of performances of the pressure sensors. 

Materials 
Sensitivity** 

Min 

detection 

limit 

Working 

voltage 

Response 

time 

Pressure range at 

sensitivity over 1kPa-

1 Year 

 (kPa-1)  (Pa)  (V)  (ms) (Pa) 

This work 260.3 1 1 30 0-800 2020 

Honeycomb-like rGO film1 161.6 9 0.01~1 - 0- 300 2015 

PPy hollow-sphere2  133.1 0.8 - 47 0- 200 2014 

PEDOT:PSS/PUD3 56.8 13 0.2 - 0- 800 2014 

Gold film/ PDMS4 50.17 10.4 0.01 20 0-200 2015 

CNT/G PDMS5  19.8 0.6 0.03 16.7 0-300 2017 

rGO-paper6 17.2 * - 60 0-1000 2017 

PPy/PDMS7 17 2 - - 0-400 2014 

rGO foam8 15.2 165 - - 0-300 2014 

CNT/PDMS microdome9  15.1 0.2 - 40 0-50 2014 

PDMS/PEDOT:PSS/Parylene10 14.15 0.212 - - 0-20 2016 

Hierarchically graphene /PDMS11 8.5 1 1 40 N/A 2016 

PDMS microstructure OFET12 8.4 * 200 10 N/A 2013 

CNWs/PDMS13 6.64 * - 30 N/A 2019 

MOFs/PI14 6.25 0.73 1 10 N/A 2015 

rGO/PDMS microstructure15 5.5 1.5 1 0.2 N/A 2014 

GMI/air gap16 4.4 0.3 1.5 - N/A 2018 

ZnO nanowires17 2.1 <3500 1 - N/A 2013 

SWNT/PDMS18 1.8 0.6 2 10 N/A 2014 

Porous PDMS/air gap19 1.5 2.5 - - N/A 2014 

SWNT/PDMS20 1.25 * 10 100 N/A 2013 

Au NW/ tissue paper21 1.14 13 1.5 17 N/A 2014 

Fluorosilicone/air gap22 0.91 1.6 - 40 N/A 2014 

rGO/molecular pillars23 0.82 7 0.2 24 N/A 2019 

GO foam24 0.8 0.24 - 100 N/A 2017 

Micro rubber dielectric25 0.55 3 80 <<1000 N/A 2010 

pDA-rGO26 0.29 * 30 54 N/A 2018 
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ACC/PAA/alginate mineral 

hydrogel27 
0.17 * 3 50 

N/A 
2017 

Graphene/ion gel FET28 0.12 5 0.3 500 N/A 2014 

Galinstan microchannels PDMS29 0.0835 50 0.03 90 N/A 2017 

Carbon black/PU sponges30 0.068 17 - 20 N/A 2016 

Cu NW/PVA31 0.036 400 - - N/A 2014 

SWNT/cotton thread32 0.0156 500 - - N/A 2016 

STENG33 0.013 1300 1 200 N/A 2017 

Polyamine/AgNPs34 0.0067 * - - N/A 2018 

* means no related test was shown in the papers, all the minimum pressure has been regarded as 0 Pa. 

** The sensitivity was calculated (readout signal change divides external pressure change, S=ΔX/ΔP) and normalized (the 

integral of the sensitivity from 0 kPa to infinity should equals to 1, 
0

1Sdp
∞

=∫  ) to be comparable. 

- means no data were shown in the papers. 

 

Supplementary Table 2. Comparison of performances of pressure sensor arrays. 

Technology Density (cm-2) Limitation of high density Year 

UHCS-PDMS (this work) 400 minimum detection area 
 

Human fingers35 70 
 

1979 

Human palm35 8 
 

1979 

Pressure sensor rubber36 64 Crosstalk 2013 

Stretchable CNT37 25 Crosstalk 2011 

All-graphene38 25 Fabrication limitation 2016 

Hemispheres39 18 Microstructure 2016 

Biodegradable polymer40 13 Microstructure 2015 

CNT active matrix41 8.9 Crosstalk 2015 

Organic active matrix42 7.3 
 

2005 

All-textile43 5 Fiber and weaving process 2017 

Flexible suspended gate44 1.8 Sensor structure 2015 

SI-TENG45 1.8 
 

2018 

Self-healing sensor46 1 Enough cross-section area 2012 

Organic digital47 1 
 

2015 
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Supplementary Notes 

Supplementary Note 1. Relations between ΔJ and ε of the percolation threshold.  

According to the effective medium theory (Equation 1), the current density J (x) increases 

with the mass fraction of conductive fillers x, which reflects the change in thickness when the 

composite is compressed due to external pressure. The black line in Supplementary Figure 1 

shows the relationship between the readout signal and the pressure-induced deformation under 

the percolation effect. 

 M c( ) ( - )tJ x = J x x    1  

where x is the mass fraction of conductivity fillers, J (x) is the current density of the composite, 

JM is the coefficient current density, xc is the percolation threshold, t = 1.6 for the three-

dimensional case.  

Define ΔJ as the change of current density caused by external pressure, J0 as the initial current 

density, thus, 

 0J J J= + ∆   2 

Then, define a sample with a cross-section of S0 and height of d0, the volume V0=d0×S0. When 

the pressure applied, d would change Δd, then, 

 0d d d= −∆   3 

  Then the mass fraction can be described as follows, 

 0

0 0
0

(1 )

mx dd S
d

=
∆

−
  4 

  Thus, combine Equations 1-4, the relationship between J and Δd is as follows. 
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 0

0

M c

0
0

( )
(

1
)tJ m

dS d
d

J x= −
∆

−
  5 

Then ΔJ can be described as follows, 

 c
0

0 0

M 0

0

1
)

( )
( tm JJ dS d

d

J x∆ −
∆

= −
−

  6 

As strain ε is defined to be Δd/d0, the relationship between ΔJ and ε is as follows, 

 c1
( )1 txJ

ε
∆ −∝

−
  7 

It is usually a three-dimensional type in the application, so t=1.6 and xc can be set as 28.95% 

when the filler is assumed to be perfect spheres48.  
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Supplementary Note 2. Relations between ΔRcon and ε of contact resistive. 

The relationship between the contact resistance Rcon and the contact force F is described as 

equation 849 and accordingly, the relationship between the readout signal and pressure-induced 

deformation is shown by the red line in Supplementary Figure 1. 

 con (0.102 )m

kR
F

=    8 

where Rcon is the contact resistance, k is a coefficient related to contact materials, F is the contact 

force, m is determined by the contact form (empirical studies have shown that when the contact 

form is point-type, m= 0.5; when it is line-type, m is between 0.5-1, approximately 0.7; when the 

contact form is face-type, m= 1). 

  While using E, S0, d0 to represent the modulus, cross-section area, and total thickness 

respectively. When the sample was pressed with a force F, its thickness will change Δd, then F 

can be described as, 

 0

0

ESF d
d

= ∆   9 

  Thus, the ΔRcon and Δd can be as follows, 

 con con0
0

0

0.102[ ]m

kR RES d
d

∆ = −
∆

  10 

As strain ε is defined to be Δd/d0, the relationship between ΔRcon and ε is as follows, 

 con
1
mR

ε
∆ ∝   11 

To compare the slope with other two mechanisms, Equation 11 can be changed with mirror 

symmetry and translational symmetry, define ε’ =1-ε, then the relationship between ΔRcon and ε’ 

is as follows, 
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 con
1

( '1 )mR
ε

∆ ∝
−

  12 

It is usually a face type in the application, so m= 1. 
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Supplementary Note 3. Relations between ΔJ and ε of F-N tunnelling effect. 

According to the F-N tunnelling equation described below, 

 2expd
d

BJ AE E
 =  
 

  13 

where A and B are empirical constants (A>0, B<0). J is a function of Ed, which is the electric 

field between two neighbouring UHCS in this study. 

Ed is defined as (E is the electric potential, d is the thickness), 

 d
EE
d

=   14 

  Δd can be defined as follows,  

 0d d d= −∆   15 

 Combine Equations 13-15 to get the relationship between J and Δd, 

 

0

2
0

0
0

0

( ) ex
)

p[
(1

(1 )
]

dd
d

dd
d

B
EJ A J

E
=∆

∆
−

−
∆

−
  16 

As strain ε is defined to be Δd/d0, the relationship between ΔJ and ε is as follows (A>0 and 

B<0), 

    21 (1 )( ) exp[ ]
1 1

J ε
ε

−−
∝∆

−
           17 
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Supplementary Note 4. Advantages of preloading for composite pressure sensors. 

There are two reasons why a preloading process is needed in our manufacturing process: First, 

the sensing film and the electrodes are fabricated independently, so a preloading force is 

beneficial for ensuring good contact between the electrodes and the sensing film. Secondly, the 

sensor film is basically a polymer composite and it is widely recognized that the filler 

concentration in a polymer composite may vary from sample to sample even within the same 

batch during manufacturing. Given that the sensitivity of the composite film is highly dependent 

on the filler concentration, this variation in filler concentration may lead to an inconsistent 

sensitivity of the produced sensors. Therefore, in the fabrication process, we reduced the 

concentration slightly below the optimum concentration to avoid the inconsistency in sensor 

performance. Furthermore, by preloading process, the filler concentration can be tuned to make 

sure every sensor has the same sensitivity. Therefore, the preloading process is helpful in the 

sensor’s performance and reliability. The preloading force can be controlled in the packaging 

process or tuned by the user before measurement. Of course, this may add an additional step in 

practical applications. 
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Supplementary Note 5. Basic requirements of the pressure sensing film for injection 

application in in vivo. 

There are three prerequisites for the PDMS-based thin-film pressure sensors to be used in the 

implantable area.  

First, the film should be flexible and thin enough to ensure a large sensing area after self-

unfolding. A sensor array film should be large enough to cover the target organ in practical 

applications. In order to facilitate the implantation of the sensor array, it can be folded into a 

small part and be injected to the body. For example, to insert a 10 × 10 mm sensing film into a 

needle with diameter of 1.54 mm, the film should be folded at least for 5 times. To achieve the 5 

times folding, the film should be thinner than 49.7 μm that can be calculated by Equation 1850. 

   
3( 1)
2π 2

n
W t

−
=  18 

where W is the width of a square piece of film with a thickness of t, and n is the desired number 

of folds to be carried out along alternate directions. Our sensing film is 20 μm thick and flexible, 

which allows sufficient folding before inserting into the syringe needle. 

  Secondly, the film should have the ability to unfolded with no damage after being folded and 

injected. Most flexible sensors with ultra-high sensitivity based on micro/nano structure usually 

cannot be bended for 180° for multiple times, which will damage these structures. Additionally, 

the injected sensor should be able to unfold in seconds. When immersed in water, our folded 

sensor quickly unfolded within 9 s (Fig. 3a and Supplementary Movie 2), demonstrating its 

potential for injection into the body and in vivo self-unfolding to support large-area detection.  

  Thirdly, the implantable sensor should overcome the in vivo isostatic pressure. The isostatic 

pressure would greatly reduce the sensitivity of sensors while the in vivo application usually 
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needs high sensitivity. Our UHCS-PDMS keeps a 0.1 to 1 kPa-1 sensitivity under a 20 cm depth 

PBS solution which may satisfy some in vivo applications. 
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Supplementary Note 6. Establish the relationship between the current density, the external 

electrical field and three fabrication parameters (cUHCS, dUHCS, lspine) in the UHCS-PDMS 

system. 

The known parameters based on experimental measurement are as follows: 

Average length of spines: lspine = 80 nm; tap density of UHCS: ρUHCS = 0.10188 g·cm-3 = 

0.10188×10-21 g·nm-3; density of PDMS: ρPDMS=1.03 g·cm-3=1.03×10-21 g·nm-3; thickness of the 

film: h = 20 μm; the test voltage E= 1 V. 

The variables include: 

Diameter of a UHCS (dUHCS, nm), radius of a UHCS (rUHCS, nm), mass of a UHCS (mUHCS); 

radius of cylinder unit: Model 1 (rcylinder1, nm), Model 2 (rcylinder2, nm), Model 3 (rcylinder3, nm); 

diameter of cylinder unit: Model 1 (dcylinder1, nm), Model 2 (dcylinder2, nm), Model 3 (dcylinder3, nm); 

concentration of UHCS (cUHCS, g·nm-3). 

 

Model 1. An upper boundary model is obtained when the neighbouring spheres are in direct 

contact with each other no matter how they move, i.e. the film is always conductive.  

As shown in Supplementary Figure 15a, we first consider the one-dimensional situation where 

spheres (suppose the number of spheres is (n+1)) without spines are evenly distributed in a line 

with a fixed length (h). The inter-sphere distance can be easily calculated from the formula (h/ 

(n+1)). Once the inter-sphere distance equals to the diameter of UHCS (dUHCS), all spheres are 

contacted with their neighbours, and the number of spheres, which we define as (n0+1), is the 

maximum number of spheres that this line can accommodate. Then, we consider the situation of 

spheres with spines: Because of the spiky structure, every sphere could be moved in its 

horizontal plane at a certain range while still keeping in contact with their neighbours by spines. 
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Supplementary Figure 15b shows two adjacent spheres at a critical position where spheres A and 

B can just contact with each other. By drawing a circle with point E as the centre and CE as the 

radius, a round area is formed.  If the projection of all the sphere centres on the horizontal plane 

falls within this area, they will be in contact with their neighbours no matter how they moved 

horizontally. We define CE as the effective radius (rer), thus a “cylinder 1 (Supplementary Figure 

15c)” can be built with a radius of (rcylinder1=rer+rUHCS+lspine), in which all the (n0+1) spheres will 

always be in contact with each other. 

If spheres with a diameter of 600 nm are used, AB and AC are the radii of a hollow sphere 

(300 nm). BE is the spine length (80 nm). So, the effective radius can be calculated as follows: 

 2
er spine spine UHCS2 233.2r CE l l r nm= = + =  19 

  The concentration of spheres in the cylinder 1 of Supplementary Figure 15c can be calculated 

as 

 ( ) ( ) ( ) 3
UHCS UHCS UHCS UHCS UHCSUHCSs

UHCS 2 2 2
cylinder1 cylinder1 cylinder1 cylinder1

1 1 1 π
π π 6π

n m n V n dmc
V r h r h r h

ρ ρ+ + +
= = = =     20 

  Where mUHCSs is the total mass of all UHCS in a cylinder 1 unit, mUHCS is the mass of one 

hollow sphere. Then, 

 
2

cylinder1 UHCS
3

UHCS UHCS

6
1

r hc
n

dρ
+ =   21 

  As mentioned previously, (n0+1) is the maximum number of spheres that a column can hold.  

 0
UHCS

1 hn
d

+ =   22 

  Then, 

 
UHCS

1 hn
d

+ <   23 
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  Thus, 

 
2
UHCS UHCS

UHCS 2
cylinder16

dc
r
ρ

<   24 

Model 2. Combination of the tunnelling distance with Model 1. 

  According to the F-N tunnelling equation described below, 

 ( )
1 3* 2 22 2

2
2 e

4 2
exp xp

16π 3
dd

d
dd d

qmq E BJ AE EE

 Φ   = − =   Φ  
  

 

  25 

To estimate the unknown coefficients A and B, we fabricated two pure PDMS samples coated 

on HOPG (Highly Oriented Pyrolytic Graphite) to mimic the situation in the UHCS-PDMS-

UHCS system. The measurement (Supplementary Figure 16a) was performed under an applied 

voltage of 10 V and the testing area was 1.3 cm2. Sample 1 with a thickness of 460 nm shows an 

average current of 0.000054 A; Sample 2 with a thickness of 290 nm shows an average current 

of 0.006291 A.  

 

  Coefficients A and B can be obtained as follows: 

 A= 3.3292×10-11 A/V2，B= -2.29947×106 V/cm 

  Even if two adjacent spheres do not contact with each other, current can still go through based 

on the F-N tunnelling effect. A variable td is introduced to taking the tunnelling effect into 

consideration. td is defined as the nearest distance between two adjacent spheres when they are 

not in direct contact. Thus, td /2 could be regarded as the extension of the radius with UHCS. In 

this situation, the cylinder diameter dcylinder2 is increased compared with cylinder 1, and 

considering that the td is in the range of 0-30 nm of 600 nm diameter spheres, here we may use 

the following expression to calculate the diameter of cylinder1 with a parameter td. 
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2 2
cylinder1 spine spine UHCS UHCS spine spine spine UHCS UHCS spine2[ ( ) 0.5( ) ] 2( 0.5( ) )d d dd l l d t d t l l l d d t l= + + + + + ≈ + + + +

                   26 

To simplify the following calculation, and this estimation makes a variation less than 0.8%, 

thus, dcylinder2 can be calculated as follows, 

 ( )2
cylinder2 cylinder1 spine spine UHCS UHCS spine0.2 5d dd d t l l d d l t≈= + + + + +   27 

  The volume (Vcylinder2) of the cylinder can be written as follows: 

 
2
cylinder2

cylinder2

π
4

d
V h=   28 

  The numbers (ncylinder2) of UHCS in this cylinder can be written as follows: 

 cylinder2
UHCS d

hn
d t

=
+

  29 

  The mass (mcyclinder2) of UHCS in one cylinder can be written as, 

      cylinder2 cylinder2 UHCS UHCSm n Vρ=   30 

Combined with Equations 7- 10, the cUHCS of UHCS should be written by, 

        
( ) ( )( )

3
UHCS UHCS 3

UHCS UHCS UHCS
UHCS 2 2

cylinder1 UHCS cylinder1

2

π 3
6

4

d

d d d

h d
d t dc

d t d t d t
h

ρ π
ρ+

= =
+ + +

×

  31 

  By changing Equation 31 into a cubic equation of td, 

 ( ) ( )
3

3 2 2 UHCS UHCS
cylinder1 UHCS cylinder1 cylinder1 UHCS UHCS cylinder1

UHCS

22 2 0
3d d d

dt d d t d d d t d d
c

ρ
+ + + + + − =   32 

  By putting dcylinder1 into Equation 32, we could deduce the relationship between td, lspine, dUHCS, 

and cUHCS as follows: 
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( )
( )

( )
( )

3 2 2
spine spine UHCS UHCS spine UHCS

2
2
spine spine UHCS UHCS spine

2
UHCS spine spine UHCS UHCS spine

32
2 UHCS UHCS

UHCS spine spine UHCS UHCS spine
U

2 4 2

4 2

2 4 2

24 2
3

d d

d

t l l d d l d t

l l d d l
t

d l l d d l

dd l l d d l
c

ρ

 + + + + + +  
 + + + 

+ 
 + + + +
 

+ + + −
HCS

0=
                         33

 

  To solve the cubic Equation 32, we define x=td. Thus, this equation can be reduced as, 

 3 2 0ax bx cx d+ + + =   34 

  From Equations 32 and 34, 

          ( )
cylinder1 UHCS

cylinder1 cylinder1 UHCS

3
2 UHCS UHCS

UHCS cylinder1
UHCS

2

1
2

2

3

a
b d d

c d d d

dd d d
c

ρ


 = +
 = +

 =


=

−

  35 

  Assume, 

             
3
bx y
a

= −   36 

  We can change Equation 34 into, 

              3 0y py q+ + =   37 

  In which p and q can be calculated as follows from Equation 36 and Equation 37,  

             

2

3

3
3

9 2
27

c bp

bc bq d

 −
=


− = −

  38 

  Bring Equation 35 into Equation 38, 
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( ) ( )

( ) ( ) ( )

2

cylinder1 cylinder1 UHCS cylinder1 UHCS

3
3

cylinder1 UHCS cylinder1 cylinder1 UHCS cylinder1 UHCS2 UHCS UHCS
UHCS cylinder1

UHCS

2 2 2
3

9 2 2 2 22
3 27

d d d d d
p

d d d d d d ddq d d
c

ρ








+ − +
=

+ + − +
=


− −

 39 

  Known from Cardano's Formula, 
2 3

2 3
q p   ∆ = +   

   
 

  As 0∆ < , there are three unequal real roots, so we further replace p and q with parameters r 

and θ, where 

                

3

3
1 arccos
3 2

pr

q
r

θ

   = −   
  = −   

  40 

  Then the solutions to Equation 37 are 

             

3
1

3
2

3
3

2 cos
22 cos π
3
42 cos π
3

y r

y r

y r

θ

θ

θ


 =
  = +  

 
  = +  

 

  41 

              ( ), 1, 2,3
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  As there are three real roots, in this study, td is the distance between two spines, so we can 

choose the root 0 <xi< 600 as the root for td. 

  On the other hand, according to the electric-field characteristics on the point of a conical 

conductor51, the electric potential difference is, 

            U Crλ∆ ≈   43 
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where ΔU is the electric potential difference, C is a constant determined by the electric and 

geometric parameters, r is the distance, λ is a constant determined by geometric parameters. 

  As shown in Supplementary Figure 16b, A and B are located at the bottom of two spines of two 

adjacent UHCS. The electrical potential of A and B is defined as UA=u0, UB=0 respectively. The 

distance r between A and B is approximately (2lspine+td). Since the surface of UHCS is an 

equipotential surface, according to the voltage division principle, the electric potential difference 

between A and B is, 

            s0
cylind

pin
r2

e
e

(20 )dB A
EU CU l

n
tu λ= +− − = ≈   44 

  Thus, C can be calculated as, 

            i
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  The parameter λ can be calculated as follows51 

            12[2 ln( )] 0.163209
π

λ
β

−= ≈
−
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  where β is the angle between the central line and the surface of the spine as shown in 

Supplementary Figure 16c. 

Taken Equations 44-46 together, the electric intensity Ed between two neighbouring spines can 

be calculated as  
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  Taking td into Equation 47, we can calculate Ed as a function of the three fabrication parameters 

of the sensing film (i.e. dUHCS, lspine, cUHCS) within a fixed the external field. Therefore, by putting 

Ed into Equation 25, we can calculate the relationship between current density and the 
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concentration and diameter of UHCS (with given spine length and external field), as shown in 

Fig. 4b of the main text.   
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Supplementary Note 7. Calculation of the minimum detecting area statistically. 

Model 3. Establish the probability model to calculate the minimum concentration of UHCS. 

As shown in Supplementary Figure 17, we define a new cylinder unit in Model 3. Suppose one 

sphere already exists in the centre when the second sphere is added to the cylinder. When the 

projection of the centre of the second sphere drops into the green circle, the radius of which is 

2rer, the probability of the two UHCSs in contact with each other is 100%. Also, we define a 

yellow circle to double the area of the green circle. The radius of the yellow circle will be, 

        2
eryellow 8 659.5892nmr r= ≈   48 

  Thus, when the centre of the second sphere drops in the yellow circle, the probability of the two 

UHCS contacting each other is 50%. All the UHCSs whose centre drops on the yellow circle will 

form the big black section, which defines the border of cylinder 3, as shown in Supplementary 

Figure 17. The radius of cylinder 3 is, 

     cylinder3 yellow UHCS spine 1039.5892nmr r r l= + + ≈   49 

  When (n0+1) UHCSs are placed in cylinder 3, where n0+1=h/dUHCS, the probability of two 

neighbouring UHCSs contacting with each other is 1/2, and for the whole column to form a 

conductive pathway is (1/2)n, approaching 0. Therefore, this situation is used as the lower 

boundary for cUHCS. 
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Model 4. Calculation of the minimum detectable sensing area at a high probability 

For a basic unit in cylinder 3 with a height of dUHCS, two UHCSs are added and the probability 

of contacting each other is 1/2. To make the cylinder conductive, more UHCSs can be added to 

the unit. With a content of cUHCS, the spheres number (k+1) in this basic unit is defined, and k can 

be calculated by the following formula. 
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  We define P0 as the probability when two UHCS cannot contact with each other in a basic unit 

in cylinder 3 (shown in Supplementary Figure 18), 
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  Where, 

 ( )2 2 2
green er yellow doubleπ 2 π 8π, erS r S r r= = =  54 

  So, 
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  The probability of a cylinder unit to be conductive is defined as P1 (Supplementary Figure 18), 

thus 

   ( ) 0

1 01 nP P= −   56 

  Define P2 (Supplementary Figure 18) as the probability that an area that contains x cylinder 

units is not conductive. If the probability of this area to be conductive is 97 %, then, 
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 ( )12 1 1 97%xP P− = −=   57 

  This equation can be rewritten as follows, 

     
( ) ( )0.03 1 1

1 ln 0.03
log 1 ln 1

x
P P

= =
− −

  58 

Put the parameter of cUHCS=15 g·L-1, dUHCS=600 nm, lspine=80 nm, h=20 μm, ρUHCS=101.88 

g·L-1 into Equations (50-58), k=2.7031, P0=0.034282, P1=0.31262, then x could be calculated, 

       9.354x =   59 

Therefore, x cylinder units with a radius of rcylinder3 could work as the minimum detecting area 

of a large probability (>97 %) to be conductive and sensitive. The minimum detection Smin and 

minimum side length amin can be calculated as, 

      2 2
min cylinder3π 31.7μmS x r= =   60 

 min min 5.63μma S= =   61 

Also, the thickness of electrodes in this study is about 35 nm (5 nm Cr and 30 nm Au), two 

adjacent electrodes be separated with a distance of dmin nm could form a cube (35 × 5630 × dmin 

nm3), in this cube, h=dmin, thus k*, P*
0, could be calculated by Equations 50, 52.  As the cross-

sectional area 35 × 5630 nm2<< Scylinder3, P1 is the conductive percentage of a Cylinder3 unit. Its 

conductive percentage (P*
3) should be less than 3% to achieve a statistically insulation, 
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P P
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 min 435nmd >   63 
From the above, a theoretical density nden can be calculated using the minimum area and 

minimum pitch size,  
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