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Abstract 

Soft sensors with strain-insensitive and multimodal features are intriguing due to their high practical relevance. However, 

incorporating these functionalities into sensors made of soft materials has been challenging. Herein, a Kirigami-inspired dual-

parameter tactile sensor was developed with strain-insensitive and multimodal features. The tactile sensor uses piezoresistive 

and capacitive transduction modes allowing simultaneous detection of dynamic and static tensile strains, proximity and normal 

pressures.  The convenient structural design enables ultrahigh piezoresistive sensitivity ~23 000 kPa-1 in its resistivity-switching 

threshold region (in high pressure regimes > 50 kPa). It achieves a linear capacitive gauge factor of ~14.48 for uniaxial 

elongation up to 80% strain and can accurately measure proximity (≥ 0.01 pF/mm) of objects within distances up to 100 mm.  

The ultrahigh sensitivity in high pressure regimes allows force adjustable lower limit of detection and sensitivity of the sensor 

by pre-stress enabling real-time measurement of arterial pulsation. The findings of this work support the design of soft sensors 

for touch recognition applications in the automotive industry, soft robots or self-adjusting grippers requiring a sense of touch 

and multimodal and strain-insensitive features. 
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1. Introduction 

Soft materials enable the maintainence of an excellent 

mechanical contact to inherently soft surfaces that are under 

continuous motion – a requirement for improved signal-to-

noise ratios in wearable sensors [1]. However, accurate 

sensory perception by transducing mechanical stimuli into 

electrical signals requires that inputs are simultaneously and 

independently measured (so as to avoid signal interferences) 

[1–3].  

Recently, improvements of strain-insensitivities and 

multimodal features in soft sensors have been sought due to 

their practical relevance [3–6]. Typical strategies can involve 

fabricating ultrathin devices for strain insensitivities 

(thickness equal or less than ~1 µm)  [7], while their active 

sensing elements can be placed on a neutral plane to further 

improve the strain-insensitivity. Even though ultrathin soft 

sensors have remarkable potential for certain fields of 

application,  decreasing the thickness of sensing elements is 

nevertheless not so straightforward [8]. Another consideration 

is that the mechanical robustness of ultrathin devices can be 

insufficient to accommodate larger linear strains and 

mechanical damages such as tears or scratches (which soft 

devices are extremely prone to). Similarly, with a particular 

form of porous structures (dependent on their microstructure 

and their deformation modes) even strain-insensitivities are 

possible (in low strain regions). However, porous materials 

are not usually considered the best starting ground for devices 

under large tensile strains as their microstructure and chemical 
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bonds are vulnerable and cannot withstand such strains 

reversibly.  

To accommodate larger tensile strains and forces, various 

structural designs for individual components and systems can 

be used. These strategies may involve using complex designs. 

For instance, combinations of stretchable interconnects and 

tuning the stiffness of active regions in the devices can 

sufficiently improve the strain tolerances for linear motions 

and multiaxial forces, but can also allow strain-insensitivity 

[8,9]. An alternative approach may involve pre-stressed wavy 

structures that offer strain-insensitivities for ranges sufficient 

for most wearable devices. However, the above-mentioned 

variants may not offer as good strain tolerances and strain-

sensitivities as those possible with Kirigami-designs [4,9–13]. 

However, incorporating a multimodal feature into a single 

strain-insensitive soft sensor is still a particularly challenging 

task [1,14]. A prominent strategy has been to use dual-

parameter or dual-mode sensors capable of transducing 

stimuli into separated signals [14,15].  

In the light of the above-mentioned, seeking new design 

approaches for incorporating these features into soft sensors 

will certainly have a great impact in the future for the 

capabilities of sensing systems. To address some of the 

shortcomings of conventional electrical transduction modes in 

terms of their strain-insensitive and multimodal features, 

herein a convenient Kirigami-inspired dual-parameter tactile 

sensor is proposed (basic design was adopted from [5]). 

Perforations are made to resistive layers to adjust their 

deformation modes under strain, while two electrodes located 

on one plane are used to further tune the force/strain 

sensitivities and incorporate proximity sensing functionality 

to the device (schematically illustrated in figure 1). The 

Kirigami-inspired structural design with dual-parameter 

piezoresistive and capacitive transducing modes was able to 

accurately measure dynamic and static tensile strains, normal 

pressures and the proximity of objects. 

2. Methods 

2.1. Materials and sensor fabrication 

Urethane rubber (Vytaflex 20) was purchased from Silcom 

Oy. Pyrolized pine powder was received from Noireco Oy. 

TIMREX SFG75-group graphite powder (with grain size of 

~75 um) was received from IMERYS Graphite & Carbon. 

Silver-plated nylon (MedTex P130) was purchased from V 

Technical Textiles, Inc. All materials were used as received. 

Four different structures were prepared that are discussed 

in detail and schematically illustrated in supplementary figure 

1. Resistive films were composed of 10 wt.% graphite-2.5 

wt.% biochar (denoted as G-BC) and 2.5 wt.% biochar 

(denoted as BC) urethane rubber composites.  

2.2. Electromechanical characterization 

Electromechanical responses of the sensor were recorded by 

measuring impedance with a Keysight E4980AL Precision 

LCR meter at 1 kHz. Flexural and tensile stress was applied 

with a Linkman TST350 tensile stress testing system with a 

200 N force transducer. A compressive stress was applied with 

a piston. Force was calculated either from pressing force or 

from the peak-to-peak voltage (measured with a MSO-X-

3054A Oscilloscope) through a dynamic load cell (Omega 

Figure 1. Schematic illustration of the Kirigami-inspired tactile sensor and its dual-mode piezoresistive and capacitive transduction modes. 

Photograph of the tactile sensor (with G-BC composite film). Applying a pressure leads to shorting top electrodes through ground electrode at 

specific force threshold (which is dependent on factors such as stiffness of the resistive layer). Applying a tensile strain leads to no formation 

of electrical short between layers, but rather a moderate improvement in the conductivity of the structure. The proximity of an object changes 

capacitance output of the sensor as the electromagnetic field intensity is changed by objects that hold electrical charges. 
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Engineering, INC DLC 101-100) placed on opposite side of 

the piston. The sensors were characterized at room 

temperature (20°C). 

The pressure sensitivities for normal pressure (kPa-1) were 

defined as the slope of the curve. For instance, the 

piezocapacitive sensitivity for normal pressure (kPa-1) was 

defined as δ = (ΔC/C0)/(p) = (ΔC/C0)/(F/A). Where: ΔC  is the 

relative change of capacitance, C0 is the initial capacitance 

without load, p is applied pressure, F is force, A is area of a 

specimen. 

The gauge factor for tensile strain was defined as G = 

(ΔC/C0)/ε = (((ε0 εr(1+ε)l0(1-velec ε)w0)/((1-velecε)w0))+CF)-

C0)/C0)/ε. Where: ɛ0 is the relative permittivity of vacuum, ɛr 

is the relative permittivity of dielectric layer, ɛ is applied 

tensile strain, l0 is initial length of the sensor, velec is the 

Poisson’s ratio of electrodes, w0 is the initial width of the 

sensor, vdiel is the Poisson’s ratio of the dielectric layer, d0 is 

the initial thickness of the sensor and CF is an error correction 

term for the fringing electric field effect.   

The proximity sensitivities were defined as (ΔC/C0)/d, 

where d is the distance (in millimetres) between object and 

sensor.  

Fig. 2a,c,e had a linear fit. Fig.2 b, d were fitted with a cubic 

function. Unless otherwise stated, the error bars show 

maximum and minimum values in all figures (including 

figures in Supplementary Information). At least three samples 

were characterized for each sensor design and film thickness. 

3. Results and discussion 

The graphite has a very high electrical conductivity (> 1000 

S/m) in comparison to biochar pyrolized at low temperatures 

(~0.0015 S/m) [5]. Because the filler loading level was kept 

below the percolation threshold, the resistivity of the 

composite was still relatively high while the stiffness could be 

significantly increased with addition of graphite. This was 

done in order to study the effect of structural modifications. 

Four different types of dual-parameter tactile sensor structure 

were characterized by simultaneously measuring their 

piezocapacitive and piezoresistive responses under 

mechanical stimulus. The properties of other designs are 

discussed in the Supporting Information (please see 

supplementary note 2 and supplementary figures 2-6).  

To demonstrate the multimodal features and corresponding 

outputs on application of a mechanical stimulus, changes in 

resistance and capacitance were recorded as a function of 

bending radius, tensile strain, proximity and normal pressure 

(figure 2a-h). By adopting the Kirigami-inspired structural 

design, the strain sensitivities (that is the slope of the curve) 

were simultaneously improved from our previous work. The 

improvements seen herein are merely a result of structural 

modifications. Thus, they are not related to any improvements 

of the electrical properties in the resistive layers (as seen in 

supplementary figures 3-6). As a result, a non-linear 

piezoresistive pressure sensitivity achieved a maximum value 

Figure 2. Relative capacitance and resistance changes of the Kirigami-inspired dual-parameter sensor (schematically illustrated in figure 1). 

Dual-parameter responses as a function of bending radius (rb) (decreases from 2.0 cm to 0.25 cm) (a,b), uniaxial elongation (increases from 

0 to 80% at 60 mm min-1 rate) (c,d), proximity (distance decreases from 100 mm to 5 mm) (e,f), and pressure (increases from ~0 to 400 kPa) 

(g,h). (In some cases, the error bars can be too small to be visible). 
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that was over 400 times larger than previously [5] (increases 

from 61 kPa-1 to 25000 kPa-1). Similarly, the linear gauge 

factor increased by 15 times to a value of 14.48 (with BC 

film). Such a high linear gauge factor of the sensor 

significantly exceeds the theoretical limit of capacitive strain 

gauges. Similarly as previously [5], the minimum detectable 

force for capacitive transduction mechanism was less than 0.5 

Pa for uniaxial elongation at a slow rate (12 mms-1) (which 

was smaller than that achieved with piezoresistivity output 

without pre-stress). Also, there existed a negligible strain 

hysteresis (less than 2%) accounted for by the fact that higher 

electrical transduction outputs were not the result of changes 

in the viscoelastic resistive layers (supplementary Fig. 3-6), 

but rather related to electrical short/connections directly 

formed between the electrodes (dependent on the structural 

design of the sensor). 

Herein, strain sensitivities were improved by enabling 

expandability of the resistivity layer due to its incompressible 

nature (as its volume did not change under strain). Thus, 

Kirigami-inspired modification (that is cutting patterns on the 

film) enabled better deformability of the resistive layer on 

application of mechanical stimulus. This relates to the nature 

of the deformation modes in the fabric electrodes and resistive 

films under strains (one having structural ability to deform, 

while the other being inherently deformable). The 

deformation modes are dominated by the material having a 

higher stiffness when an interface is strong enough to avoid 

delamination. However, deformation modes in the materials 

can be independent from each other when a ground electrode 

is bonded to the resistivity layer only from its outer edges. 

Either by forming a hybrid interface (electrodes embedded 

into film), or by using perforations to enable a higher level of 

deformability, an electrical short may form at a specific force 

threshold (dependent on multiple factors such as stiffness of 

Figure 3. Multimodal and strain-insensitive features of the Kirigami-inspired dual-mode sensor (design illustrated in Fig. 1). (a) First, a 

sensor was uniaxial elongated to 40% strain at rate of 60 mm min-1. After a static hold for ~10 seconds, a pressure was applied to the sensor 

(that was equal to approximately ~90 kPa). After releasing the force, the responses of the dual-parameter sensor recover to that before, and 

then the proximity responses at varying rates were demonstrated by adjusting distances. After releasing the uniaxial elongation, responses 

recover to their original values (before application of any force). (b) Capacitive response of the sensor to proximity under varied tensile strain. 

(c) Piezoresistive response of the sensor to normal pressure response under varied tensile strain. (Measured with G-BC film. Responses with 

G-BC and BC films would be similar at ~300 µm film thickness). 
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the materials). It is expected that with modifications of the 

Kirigami-inspired design, and by adjusting compliance and 

thickness further improvements in the transduction 

mechanisms would be possible. 

As noted herein, the structural modifications may not only 

lead to improvement performance parameters (such as strain 

sensitivities), but to enabling additional features (such as 

ability to sense proximity of objects). The Kirigami-inspired 

dual-parameter sensor showed a near linear proximity 

sensitivity (at distances larger than 25 mm) equal to 

approximately ~0.01 pF/mm (when the object was either 

conducting or resistive). The capacitive operation mode of a 

sensor could accurately measure the distance of a moving 

object within 100 mm distance from the top electrodes. The 

proximity sensitivity was dependent on factors such as size 

and shape of electrodes because this changes the 

electromagnetic field intensity.  

The multimodal and strain-insensitive features discussed 

herein are particularly important to enable touch recognition 

on flexible or curvilinear surfaces, and in highly deformable 

soft robots or self-adjusting soft grippers. Thus, these features 

were further demonstrated by measuring real-time dual-

parameter electrical outputs on application of mechanical 

stimuli. As shown (figure 3), the structural design not only 

enabled the distinguishing of various dynamic and static 

mechanical stimuli, but allowed accurate measurement of 

their magnitude.  

In many cases, the capacitive responses are typically 

dominated by dimensional changes in the sensing elements 

under strains (as herein). Thus, near linear capacitive 

responses were possible for bending (ε = d/2rb ≈ 20%) and 

tensile strains (ε ≈ 80%).  During bending inner surface of the 

sensor experiences compressive stress while outer surface 

experiences tensile stress (neutral plane unstrained). In 

uniaxial elongation, lateral and longitudinal strain relationship 

is defined by materials’ Poisson’s ratios. Because wearable 

sensors are either located in a position where they are exposed 

to bending or multiaxial strains, it is often not necessary to 

distinguish both bending and tensile strain. However, dual-

parameter response of the sensor can be significantly different 

for bending and tensile strains (dependent how active sensing 

elements are located) because inner surface experiences 

compressive stress. 

It was shown that under static and dynamic tensile strains, 

the Kirigami-inspired dual-parameter sensor could measure 

the proximity of an object. The capacitance of a sensor under 

varied tensile strain and proximity can be approximated by 

𝑪 = (𝜺𝑮𝑭 + 𝟏)𝑪𝟎 + 𝜺𝒂𝒊𝒓𝜺𝟎𝑨/𝒅, where GF is gauge factor, 

εair is relative permittivity of air, ε0 vacuum permittivity, A is 

effective area of electrodes, and d is distance between an 

object and the electrodes. Because the effective areal change 

in electrodes (𝑨 = (𝟏 − 𝒗∆𝒅/𝒅) ∙ 𝒅𝟎) ∙ ((𝟏 + ∆𝑳/𝑳𝟎) ∙ 𝑳𝟎)) 

has negligible effect under uniaxial elongation (within 

working range of the sensor) and dielectric medium is air, a 

Figure 4. Schematic illustration of the working principle under pressure. Applying a force to a single top electrode leads to no electrical short 

between top of the electrodes (even when applied force is large)(a). With compression of both top electrodes, the electrical current may pass 

through a ground electrode at a certain force threshold level (dependent on factors such as thickness and stiffness of the resistive layer)(b). 

Kirigami-inspired dual-mode tactile sensor could extend its electrical transduction capabilities with pre-stress to even sense a very minor 

force (such as wrist pulse) as simultaneously its lower limit of detection and sensitivity to small forces increases (c). (Measured with G-BC 

film. Responses with G-BC and BC film would be similar at ~300 µm film thickness.)  
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tensile strain has negligible effect to proximity response (as 

shown in figure 3b). Thus, absolute capacitance change in 

sensor in proximity of an object is independent of the applied 

strains and magnitude of these strains. 

Simultaneously any applied pressure was distinguishable 

from the signal pattern as the piezoresistive output was highly 

sensitive towards compressive strain (due to formation of 

electrical short/connections near or above the force threshold). 

The piezoresistive response was insensitive for tensile strains 

when applied normal pressure was above ~20 kPa (figure 3c) 

as previously shown [5].  The main reason is the high 

resistivity of the BC films (~5.1∙106 Ω∙m) and G-BC films in 

comparison to the resistivity of the fabrics (< 1 Ω∙m) [5], and 

their relatively small piezoresistive effect under strains. A 

significant drawback of the design is that any capacitive 

changes are not detectable after the structure is shorted (after 

application of sufficient compressive strain). However, as the 

resistivity of the ground electrode is directly proportional to 

the applied strain (in the linear region) it can be as used as an 

additional indicator of the tensile strain (if necessary).  

Due to layout of the electrodes in the sensor, the 

piezoresistive output in the dual-parameter sensor is 

dependent on whether a pressure applied to only one or both 

of the electrodes (figure 4).  The formation of electrical 

short/connections that form at a specific force threshold 

(figure 1) is only possible if both top electrodes are under 

significant compressive strain. Thus, it is expected that a more 

complex combination of Kirigami-inspired perforations in the 

resistive layers and electrode patterns could be studied in 

future to enable tuning of strain-dependent transduction 

mechanisms and the formation of electrical short/connections 

under strains (in the larger scale and inversely to that with 

microcracked or wrinkled nanomaterials) [10]. Thus, the 

proposed structural designs may find a wider use in designing 

soft sensors with multimodal and strain-insensitive features in 

the future. 

It is particularly challenging to achieve or maintain 

ultrahigh strain sensitivities with soft sensors in high force 

regions without signal saturation [16–18]. There are a number 

of reasons why it would be particularly relevant to achieve an 

ultrahigh sensitivity only in the high force region for a soft 

sensor (dependent on the final application). This not only 

would allow a wide operating range, but also ultrahigh 

pressure sensitivity in the high force region may allow tuning 

of sensor properties by simply adjusting the force (which 

could even be possible during operation with proper 

mechanical actuation) (figures 4a-c).  Thus, not only is 

piezoresistive transduction mechanism capable of detecting 

larger forces without signal saturation (exceeding 400 kPa), 

but also very minor changes accurately in low-strain regions. 

The lower limit of detection and sensitivity of the pre-stressed 

sensor exceeds well-beyond that possible without pre-stress. 

To demonstrate the ability of a pre-stressed sensor to detect 

very minor forces in low-frequency motion (less than 5 Hz) in 

real-time, arterial pulsation was detected in real-time with a 

piezoresistive transduction mechanism (figure 4c).  The 

Kirigami-inspired dual-parameter sensor was pre-stressed to 

its resistivity-switching threshold region (figure 4b) with 

medical tape above the radial artery of a wrist. The real-time 

responses showed characteristic peaks associated with 

percussion, tidal and diastolic waves [10] (with 60 beats min-

1, arterial stiffness and pulse wave velocities equal to approx. 

29.19% and 2.43 ms-1). The generated body heat during testing 

lead to no signal drifting as previously observed [10], which 

can be an indication of the piezoresistive transduction 

mechanism being insensitive to minor temperature changes. 

Without pre-stress only the noise of the electrical signal was 

seen. 

4. Conclusion 

Previously it has been difficult to simultaneously achieve 

force tunable properties, multimodal and strain-insensitive 

features in a single tactile sensor. The Kirigami-inspired 

design proposed in this work is expected to be adaptable for 

many other intrinsically soft materials with minor 

modifications. It is expected that similar design principles can 

be applicable to many in-plane planar structures (as herein), 

but on some occasions even for out-of-plane designs in the 

future. For example, soft structures embedded with vertical 

structures (with the possibility to further incorporate shear 

force detection). As shown, accurate real-time measurements 

of multistimuli may still require some form signals analysis 

and calibration regardless of the multimodal and strain-

insensitive features of the sensor. Some of the potential 

application areas for the developed dual-parameter sensor 

design could be various touch recognition applications in the 

automotive industry, soft robots and grippers requiring a sense 

of touch and strain-insensitive features to be able to adjust the 

force precisely. 
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