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Supplementary figures.

SFigure 1. a) Cross-sectional optical image of the carbon fabric electrode with PDMS encapsulation. b) 
and c) The flexibility of the PDMS encapsulated carbon fabric electrode.

SFigure 2. a) Comparison of the current as a function of the applied voltage for the carbon fabric with and 
without the PDMS encapsulation. The length and width of the electrode for test are 4 cm and 1 cm, 
respectively. b) Measurement of the electric resistance stability of the carbon fabric electrode via periodical 
bending and release.

SFigure 3. a) SEM image of the carbonyl iron particles. b) Photograph of the uncured mixed gel of CIP 
and PDMS.
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SFigure 4. a) Mechanism of the spine formation when the magnetic CIP/PDMS gel was applied with the 
external magnetic field. b) Schematic of the experimental setup for in-situ assembly of the dual-mode 
flexible sensor.

SFigure 5. Comparison of electrode separation of the assembled sensors prepared by dielectric of 5:3 and 
5:5 from ten different samples, respectively.

SFigure 6. The optical images of the spine shapes prepared from mass ratio of 5:1 and the related 
mechanical behavior after finger pressing (right panel).
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SFigure 7. Cross-sectional optical images of the dielectric deformation prepared by mass ratio of a) 5:1 
and b) 5:5 under varying pressure from 0 Pa to 200 kPa, and finally returned to 0 Pa.

SFigure 8. Simulation results showing the surface stress from a) flakes with force in downward direction, 
and b) spines with force in the downward and horizontal directions.

SFigure 9. The cyclic structural deformation of the spine-shaped dielectric with applied shear force towards 
to the right.
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SFigure 10. Close-up capacitance variation as a function of the applied pressure from different sensors 
within pressure range of 0 - 15 kPa.

SFigure 11. a) Monitoring of the relative capacitance change under different applied pressures of 2 Pa, 160 
Pa, 1.5 kPa, 13 kPa, 170 kPa, and 350 kPa, for duration of 20 s. A close-up image of the curves in light blue 
region for pressure of 2 Pa and 160 Pa is shown in (b).

SFigure 12. The capacitance response of the pressure sensor in a loading (black curve) and unloading (red 
curve) cycle.
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SFigure 13. Uniformity test via placing a steel ball (mass of 0.5 g) onto four identical regions of the 
assembled sensor. The total sensing window (1 cm  1 cm) of the device was divided into four regions, 
A, B, C, and D, with the same area (0.5 cm  0.5 cm) for uniformity measurement.

SFigure 14. The base capacitance record for one minute from a typical flexible pressure sensor with the 
spine dielectric prepared from mass ratio of 5:3.

SFigure 15. Capacitance variation under different cyclic frequencies with pressure loading and release. The 
maximum pressure applied for the measurement is 12 kPa.
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SFigure 16. Schematic illustration of the experimental setup for shear force test. A force meter was fixed 
with the top electrode via a clamp, along with the motorized platform to induce shear force onto the 
assembled sensor.

SFigure 17. The capacitance response of the sensor for shear force detection in an applying (black curve) 
and releasing (red curve) cycle.

SFigure 18. a) Schematic of the sensor assembled with assistance of the adhesive tape that is inserted 
between the apex of the spines and the top electrode. b) The pulling force to induce shear deformation and 
abruption of the assembled sensor as a function of the time.
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SFigure 19. Real-time monitoring of the voice vibrations during the pronunciations of the word ‘sensor’.

Section S1: Establishment of COMSOL model.

The model was established in a three-dimensional structure using COMSOL Multiphysics 

software. The 4  4 cone array and elliptical cone array with similar size as the experiments were ×

employed to simulate the spine and flake structures, respectively. The cone was defined with the 

bottom diameter of 250 μm, top diameter of 10 μm, height of 2500 μm and center distance of 425 

μm for the cone array. The bottom size of the elliptical cone was set with the major-axis diameter 

of 500 μm and minor-axis diameter of 200 μm. The apex size of the elliptical cone was set as 0.1 

times of the bottom size. The center distance of 550 μm (major-axis direction) and 400 μm (minor-

axis direction) was employed for the elliptical cone array. PDMS with the default parameter 

(density of 970 kg/m3, Young's modulus of 750 kPa and Poisson’s ratio of 0.49) was employed as 

the elastic materials in the model. 

    The Solid Mechanics module was selected to trace the stress distribution and displacement, 

with the governing equation . In the equation,  is the volume force vector and ∇ ∙ 𝑆 + 𝐹𝑣 = 0 𝐹𝑣

, where  is a parameter of materials related to the Yong’s modulus  and the 𝑆 = 𝐶 : 𝜀 𝐶 = 𝐶 (𝐸,𝑣) 𝐸

Poisson’s ratio , and  is the strain related to the displacement vector u. The 𝑣
𝜀 =

1
2

[(∇𝑢)𝑇 + ∇𝑢]

model was mainly established to clarify the deformation capability of spine and flake structures. 

The large deformation issue was not involved in this model and thus the static mesh was selected. 

By applying vertical (1 10-4 N) and horizontal forces (1 10-6 N), the stress and displacement × ×

of both the spine array and flake array were analyzed and compared. The localized stress and more 

obvious displacement of spine structure reflect the better deformation capability, which promises 



9

the high sensitivity of sensor based on the spine-shaped dielectric as exhibited from the 

experimental results.

Section S2: Derivation and comparison of the pressure sensitivity.

The sensitivity of the pressure sensor as a function of the applied pressure can be defined by

𝑆 =
∂(∆𝐶

𝐶0
)

∂𝑃

where  is the relative capacitance variation and P the applied normal pressure. The relative 
∆𝐶

𝐶0

capacitance variation can be expressed as 

∆𝐶
𝐶0

=
𝐶 ‒ 𝐶0

𝐶0
=

𝐶
𝐶0

‒ 1

where  is the initial capacitance without pressure and  the resultant capacitance when external 𝐶0 𝐶

pressure was applied. The capacitance of parallel plate capacitor is normally defined by 

𝐶 =
𝜀𝐴
𝑑

where  is the dielectric constant,  the distance between the facing electrodes and  the 𝜀 𝑑 𝐴

overlapping area of the electrodes. For two-phased composite materials, the overall dielectric 

constant can be simply expressed as1-2

𝜀 = 𝜀𝑎𝑓𝑎 + 𝜀𝑏𝑓𝑏

where  and  are the intrinsic dielectric constant of the individual material, and  and  are 𝜀𝑎 𝜀𝑏 𝑓𝑎 𝑓𝑏

the corresponding volume fraction (herein, the subscript  represents air and  represents the 𝑎 𝑏

CIP/PDMS component). The initial and resultant dielectric constant can be expressed as 

𝜀0 = 𝜀𝑎𝑓𝑎 + 𝜀𝑏𝑓𝑏 = 𝜀𝑎(1 ‒ 𝑓𝑏) + 𝜀𝑏𝑓𝑏 = 𝜀𝑎 + 𝑓𝑏0(𝜀𝑏 ‒ 𝜀𝑎)

𝜀 = 𝜀𝑎𝑓𝑎 + 𝜀𝑏𝑓𝑏 = 𝜀𝑎(1 ‒ 𝑓𝑏) + 𝜀𝑏𝑓𝑏 = 𝜀𝑎 + 𝑓𝑏(𝜀𝑏 ‒ 𝜀𝑎)

We then can compare the sensitivity under the same applied pressure as of



10

∆𝐶
𝐶0

=
𝐶
𝐶0

‒ 1 =

𝜀𝐴
𝑑

𝜀0𝐴
𝑑0

‒ 1 =
𝜀𝑎 + 𝑓𝑏(𝜀𝑏 ‒ 𝜀𝑎)

𝜀𝑎 + 𝑓𝑏0(𝜀𝑏 ‒ 𝜀𝑎)
∙

𝑑0

𝑑
‒ 1

Under the relatively lower pressure range, it is reasonable to consider that the volume fraction of 

the CIP/PDMS remains almost unchanged. We then have

𝑓𝑏 ≈ 𝑓𝑏0

Also,

𝑑0

𝑑
=

𝑑0

𝑑0 ‒ ∆𝑑
=

1
1 ‒ ∆𝑑/𝑑0

where Δd is the compressed distance during the application of the pressure. As shown in Figure 

2a, the value of d0 from 5:5 is larger than that from 5:3. Also, the value of Δd from 5:5 is smaller 

than that from 5:3 as presented in Figure 2f and Figure 2h. Consequently, the value of  is 

𝑑0

𝑑

relatively smaller from 5:5 when compared with that from 5:3. The results herein confirm that the 

sensitivity under lower pressure range is higher for the sensor with dielectric prepared from mass 

ratio of 5:3 as shown in Figure 3b.
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