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ABSTRACT: Quantitative information of the magnitudes and directions of multiple contacting 

forces is crucial for a wide range of applications including human-robot interaction, prosthetics, 

and bionic hands. Herein we report a highly stretchable sensor integrating capacitive and 

piezoresistive mechanisms that can simultaneously determine multiple forces. The sensor 

consists of three layers in a sandwich design. The two facesheets serve as both piezoresistive 

sensors and electrodes for the capacitive sensor, with the core being a porous structure made 

using a simple sugar particle template technique to give them high stretchability. The two 

facesheets contain segregated conductive networks of silver nanowires (AgNWs) and carbon 

nanofibers (CNFs). By measuring the changes in the electrical resistance of the facesheets and 

the capacitance between the facesheets, three separate mechanical stimuli can be determined, 

including normal pressure, in-plane stretch, and transverse shear force. The newly-developed 

multi-directional sensor offers a significant opportunity for the next generation of wearable 

sensors for human health monitoring and bionic skin for robots.  
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Introduction 

Stretchable and wearable sensors are attracting immense attention due to their great potential in 

human health monitoring and robotics.1-9 Recently there has been significant advances in flexible 

sensors capable of either very high sensitivity10-13 or high stretchability mimicking human 

skin,14-15 with a few showing both high sensitivity and stretchability.16-20 However, most tactile 

sensor systems reported to date are generally for a single loading mode and cannot distinguish 

multi-directional loads as human skin can, such as normal and shear forces.21-22 Directional and 

highly sensitive tactile sensors are needed for robotic and dexterous manipulation to detect 

slippage during grasping tasks23-26 and to provide important information on the shape and surface 

texture of the object and the friction between the skin and object. For these applications, it is 

critical to spatiotemporally determine the magnitudes and directions of contact forces so as to 

resolve the spatial distribution of normal and tangential (shear) stresses during contact. Since the 

signal of a tactile sensor (piezoresistive, capacitive, or piezoelectrical) contains its responses to 

multiple mechanical stimuli such as normal and shear forces, currently there is no method to 

quantify the different forces using just one sensor.16-17, 27 While it is conceptually possible to 

deploy an array of sensors to identify multiple stimuli, with the number of sensors being equal to 

the number of stimuli, such an approach will involve complex interconnects and its spatial 

resolution of the stimuli is limited by the size of the sensor array.  

A number of strategies have recently been proposed to develop directional sensors based on 

different working mechanisms.25-26, 28-35 Multidirectional in-plane strain sensors with the 

capability of simultaneously and sensitively ascertaining the direction and amplitude of the force 

vector have been recently demonstrated by aligning conductive carbon nanomaterials within 

elastic matrix materials.30-31, 33 Biomimetic e-skins with interlock microstructures have been 

reported to enable the differentiation of various mechanical stimuli with the help of a priori 

knowledge of the relationship between the level of deformation and the directions of the applied 

forces.36-38 In these research identification of the force magnitudes was carried out by associating 

the resistance-time variation pattern with the direction of an applied force, which affected the 

degree of interconnection between micropillars. This approach is suitable only when the different 

forces occur sequentially rather than concurrently.  
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More recently, a multidirectional sensor has been designed by depositing multiwall carbon 

nanotubes (MWNTs) on to a wrinkled fabric surface using a dip-coating method.39 The sensor 

can respond to both normal and tangential forces with opposite resistance responses, i.e., normal 

force induces a decrease in the resistance while tangential force results in a resistance increase. 

The distinction between stimuli such as bending, stretching, and compression was made by 

associating the shape of the resistance-time curve with a given stimulus. Again, with such a 

method it remains difficult to attribute the measured resistance change to a specific stimulus if 

more than one force is present at the same time. Directional sensors with pillar/block arrays 

comprising one central core and four side walls have been designed and fabricated to 

discriminate the direction and magnitude of mechanical stimuli.24-25 By mapping the changes of 

resistance between the core and four side walls one-by-one, it was possible to detect the direction 

and magnitude of the applied normal and shear forces. The application of a normal force caused 

the central core to compress in the thickness direction and expand laterally through the Poisson 

effect, causing the core to contact the four side walls. As a result, each of the four side walls 

exhibited the same level of reduction in resistance. A shear force, however, caused the electrical 

resistance to decrease in the direction of shearing but an increase of resistance between the 

lateral electrodes. This device was essentially an array of five sensors. In this case, a strong 

interference was reported between the normal force and the shear force upon applying pure 

normal force. Bao and colleagues recently reported a biomimetic soft electronic skin (e-skin), 

which was composed of an array of capacitors on a 3D hill structure, to detect and measure both 

normal and tangential forces in real time.29 The directional force sensing capability was enabled 

by the different compliances on the top and around the 3D hill-like structures.  

As an alternative to the above mentioned sensor arrays, Bao and colleagues recently proposed to 

measure the resistance and capacitance changes in a single sensor device40 to tackle the 

directional sensing challenge. The fabricated sensor can be stretched up to 30% strain and a self-

power capability has been implemented based on the triboelectric effect between 

Polydimethylsiloxane (PDMS) and carbon nanotubes. Compared with previously reported 

multidirectional sensors based on a single measurement of resistance or capacitance change,29, 36-

37 the simultaneous measurement of resistance and capacitance changes offer clear advantages 

over mono-function sensors or sensor arrays.  
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In this work, we report a new stretchable unitized sensor that is capable of determining three 

forces simultaneously: normal pressure, lateral stretch, and transverse shear force. The sensor 

consists of three layers in an asymmetric sandwich design. The core is a low-compliance porous 

material whose stiffness can be adjusted to tailor the sensor’s sensitivity and sensing range. The 

two facesheets are piezoresistive sensors that double as the electrodes for the capacitive sensor. 

To achieve high stretchability, the three layers are all made of porous PDMS by using a simple 

sugar particle template technique.41 The conductive networks are made by introducing silver 

nanowires (AgNWs) and carbon nanofibers (CNFs) into the face layers through an easy dip-

coating process. By incorporating conductive nanofillers into the porous PDMS, the two 

facesheets of the sandwich-shaped sensor have a finite conductivity to act as electrodes for the 

capacitor and piezoresistive sensors in their own rights. The core is a non-conducting dielectric 

porous PDMS layer. This highly integrated and robust three-layered porous structure enables the 

simultaneous measurements of resistance and capacitance in a single test, which simplifies the 

subsequent data acquisition and process. By measuring the changes in resistances of the two 

facesheets and the capacitance between them, three different mechanical stimuli can be 

determined simultaneously.  

 

Results and Discussion 

Figure 1 shows the conceptual design and manufacturing process for the newly proposed multi-

directional sensor. One facesheet of this sandwich shaped sensor is made of a porous 

PDMS/AgNWs nanocomposite while the other facesheet is made of a porous PDMS/AgNWs 

nanocomposite. The two facesheets of the sandwich double as the electrodes (denoted as a and b) 

for the capacitive sensor with a dielectric core made of porous PDMS. Two pairs of copper wires 

were attached onto each of the two facesheets by using a silver paste for measuring the 

resistances (Ra and Rb) under mechanical stimuli such as in-plane tension, through-thickness 

compression, and transverse shear forces. By connecting two electrodes attached to each of the 

facesheets, as shown in Figure 1(a), the capacitance (C) was measured. For a long slender sensor 

shown in Figure 1(a), the length direction of the sensor is denoted as the x axis while the 

through-thickness direction is denoted as z axis. The sensor is designed to measure the in-plane 

deformation in the x direction, normal pressure in the z direction, and transverse shear stress in 
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the xz direction. The pertinent strains in each of the three layers are denoted as 𝜀𝜀𝑥𝑥, 𝜀𝜀𝑧𝑧, and 𝛾𝛾𝑥𝑥𝑧𝑧. 

These strains are related to the stresses via the Hooke’s law, i.e., 𝜀𝜀𝑥𝑥 = 𝜎𝜎𝑥𝑥/𝐸𝐸,  𝜀𝜀𝑧𝑧 = 𝜎𝜎𝑧𝑧/𝐸𝐸, and  

𝛾𝛾𝑥𝑥𝑧𝑧 = 𝜏𝜏𝑥𝑥𝑧𝑧/𝐺𝐺 . Here E and G are the tensile and shear moduli, respectively. Changes in the 

electrical resistance of the two electrode-sensors and the capacitance between the two electrodes 

can be related to the strains by the following relationships:  

∆𝑅𝑅𝑎𝑎
𝑅𝑅𝑎𝑎0

= 𝑘𝑘𝑥𝑥𝑎𝑎𝜀𝜀𝑥𝑥 + 𝑘𝑘𝑥𝑥𝑧𝑧𝑎𝑎 𝛾𝛾𝑥𝑥𝑧𝑧 + 𝑘𝑘𝑧𝑧𝑎𝑎𝜀𝜀𝑧𝑧                                                  (1) 

∆𝑅𝑅𝑏𝑏
𝑅𝑅𝑏𝑏0

= 𝑘𝑘𝑥𝑥𝑏𝑏𝜀𝜀𝑥𝑥 + 𝑘𝑘𝑥𝑥𝑧𝑧𝑏𝑏 𝛾𝛾𝑥𝑥𝑧𝑧 + 𝑘𝑘𝑧𝑧𝑏𝑏𝜀𝜀𝑧𝑧                                                  (2) 

∆𝐶𝐶
𝐶𝐶0

= 𝑐𝑐𝑥𝑥𝜀𝜀𝑥𝑥 + 𝑐𝑐𝑥𝑥𝑧𝑧𝛾𝛾𝑥𝑥𝑧𝑧 + 𝑐𝑐𝑧𝑧𝜀𝜀𝑧𝑧                                                     (3) 

where the subscript 0 denotes the pertinent quantities of the initial resistance and capacitance 

without any mechanical deformation, parameters k and c denote the gauge factors of the 

piezoresistive sensors and the capacitive sensor, respectively. The superscripts a and b denote 

quantities pertinent to the two electrodes containing AgNWs and CNFs, respectively. Based on 

the measured resistances and capacitance, the three strains (𝜀𝜀𝑥𝑥, 𝜀𝜀𝑧𝑧, and 𝛾𝛾𝑥𝑥𝑧𝑧) can be determined 

from Equations (1) – (3). To enable this calculation of the strains from the resistance and 

capacitance changes, the unitized sensor must be designed such that the gauge factors of the two 

piezoresistive sensors are sufficiently different so that the gauge factor matrix is not singular. In 

this work, the two facesheets of the unitized sensor are purposefully designed to exhibit different 

strain gauge factors.  

Under certain conditions where the capacitance of the sensor in insensitive to shear deformation, 

i.e. 𝑐𝑐𝑥𝑥 ≈ 0 and 𝑐𝑐𝑥𝑥𝑧𝑧 ≈ 0, the normal force (Fz) and shear force (Fx) can be estimated based on the 

changes of resistance and capacitance 

𝐹𝐹𝑧𝑧 = 𝐸𝐸𝑐𝑐𝜀𝜀𝑧𝑧𝐴𝐴 = 𝐸𝐸𝑐𝑐𝐴𝐴
∆𝐶𝐶 𝐶𝐶0⁄
𝐶𝐶𝑧𝑧

                                                      (4) 

where A is the surface area of the sensor and 𝐸𝐸𝑐𝑐 is the Young’s modulus of the core. The shear 

force Fx can be calculated from the resistance change  

𝐹𝐹𝑥𝑥 = 𝐺𝐺𝑎𝑎𝛾𝛾𝑥𝑥𝑧𝑧𝑎𝑎 𝐴𝐴 = 𝐺𝐺𝑎𝑎𝐴𝐴( ∆𝑅𝑅𝑎𝑎
𝑅𝑅𝑎𝑎0𝑘𝑘𝑥𝑥𝑧𝑧𝑎𝑎

− 𝑘𝑘𝑧𝑧𝑎𝑎

𝑘𝑘𝑥𝑥𝑧𝑧𝑎𝑎
∆𝐶𝐶 𝐶𝐶0⁄
𝐶𝐶𝑧𝑧

)                                   (5) 
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from electrode a or, 

𝐹𝐹𝑥𝑥 = 𝐺𝐺𝑏𝑏𝛾𝛾𝑥𝑥𝑧𝑧𝑏𝑏 𝐴𝐴 = 𝐺𝐺𝑏𝑏𝐴𝐴( ∆𝑅𝑅𝑏𝑏
𝑅𝑅𝑏𝑏0𝑘𝑘𝑥𝑥𝑧𝑧𝑏𝑏

− 𝑘𝑘𝑧𝑧𝑏𝑏

𝑘𝑘𝑥𝑥𝑧𝑧𝑏𝑏
∆𝐶𝐶 𝐶𝐶0⁄
𝐶𝐶𝑧𝑧

)                                    (6) 

from electrode b. Here G denotes the shear modulus of the core.  

Figures 1(b)-(e) show the SEM images of the conductive porous PDMS containing AgNWs and 

CNFs, respectively. Figure 1(f) outlines the fabrication process to prepare the conductive porous 

nanocomposites based on a sugar templating protocol reported in our previous study.41 By using 

a hydraulic press operating at a pressure of 2 MPa, brown sugar particles were compressed into 

compacted sugar sheets with dimension of 6 (L) × 2 (W) × 0.2 cm (H), which was then cut into 

four small pieces of identical size. By dip coating of their ethanol suspensions (4 mg/ml), 

AgNWs and CNFs were deposited onto the surface of the compacted sugar sheets. After 

evaporation of the ethanol at room temperature for 10 mins, three layers of compacted sugar 

sheets were packed into a sandwich structure with the layers containing AgNWs and CNFs as the 

facesheets. The core was a porous PDMS made by the same sugar template technique without 

adding any conductive material. The stacked layers were then put into an oven for 2 h at 70 ºC to 

soften the glucose and bind the sugar particles together. Liquid PDMS mixture with precursor 

and cross-linker (10:1 w/w) was infiltrated under vacuum into the stacked layers. After curing 

the infused PDMS, the sugar particles were dissolved in water to yield a highly porous and 

stretchable sensor device with two conductive facesheets separated by a dielectric core. The 

electric conductivity of the resulting porous PDMS/AgNWs and PDMS/CNFs nanocomposites 

are 893 S/m and 0.032 S/m, respectively, which are similar to those of conductive 

nanocomposites based on polyurethane (PU) foam coated with AgNWs and CNFs.42  The pore 

size of the resulting porous PDMS film ranges between 50 µm to 300 µm, similar to that of the 

sugar particles. Comparing with other types of sacrificial templates such as polystyrene 

microspheres and emulsion droplets to prepare porous structures,43-44 the templating with sugar 

particles is cheap, fast, easy to remove sugar particles, non-hazardous, and readily available. 

Under higher magnifications, the very dense AgNWs and CNFs networks embedded within the 

PDMS matrix are clearly visible in Figures 1(c) and (e).  
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Figure 1. (a) Conceptual design of a unitized sensor for simultaneous measurement of multiple 

forces. Ra and Rb are the resistance measurements of electrodes a and b and C is the capacitance 

measurement between electrode a and electrode b. The strains due to in-plane stretch (x), 

transverse shear (xz), and normal pressure (z) are indicated by 𝜀𝜀𝑥𝑥, 𝛾𝛾𝑥𝑥𝑧𝑧, and 𝜀𝜀𝑧𝑧, respectively; (b) – 

(e) SEM images of conductive porous PDMS embedded with AgNWs ((b)-(c)) and CNFs ((d)-

(e)), respectively. Scale bar: 500µm for (b) and (d) and 5 µm for (c) and (e); (f) Illustration of the 

fabrication process to prepare conductive porous nanocomposites based on a sugar templating 

protocol.   

 

Optical images of compressed sugar sheets without coating and coated with AgNWs and CNFs 

reveal that dip coating was effective in uniformly coating the surfaces of sugar particles with the 

conductive nanomaterials (Figure 2(a)). Figure 2(b) shows the resultant porous sandwich-like 

multidirectional sensor created using the above method. The mechanical properties of the porous 

PDMS nanocomposites with different conductive nanofillers in terms of Young’s modulus and 

shear modulus are given in Figure 2(c) and (d). The Young’s modulus for the neat porous PDMS 
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without nanofillers is 89 kPa and the tensile breaking strain is about 92%. By introducing 

nanofillers such as AgNWs and CNFs into the porous PDMS composites, the Young’s modulus 

increased to 133 kPa for the porous PDMS/CNFs composite and 195 kPa for the porous 

PDMS/AgNWs composite while their corresponding fracture strains were decreased to 80% and 

62%, respectively. These results are similar to the values reported in our previous work on strain 

sensors based on porous PDMS with CNFs.41 The multidirectional sensor comprising three-

layered porous PDMS exhibits a Young’s modulus of 100 kPa and a failure strain of 55%. The 

reduction in the failure strain compared to the porous PDMS/CNFs and PDMS/AgNWs 

composites is due to increased thickness after stacking three layers together. Their shear modulus 

followed a very similar trend as their Young’s modulus. Specifically, the shear modulus and 

fracture strain for the neat porous PDMS were 39 kPa and 121%, respectively. The shear 

modulus and fracture strain for the porous PDMS/CNF and porous PDMS/AgNWs 

nanocomposites were approximately 61 kPa and 118% and 91 kPa and 88%, respectively, while 

the three-layered sensor gave a shear modulus of ∼62 kPa and a fracture strain of ∼105%. 
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Figure 2. (a) Optical images of compressed sugar sheets without coating and coated with 

AgNWs and CNFs respectively; (b) Optical image of three-layered sandwich-like 

multidirectional sensors with top layer porous PDMS/AgNWs, middle layer neat porous PDMS, 

and bottom layer porous PDMS/CNFs; (c) and (d), Stress-strain curves of porous PDMS, porous 

PDMS/CNFs, porous PDMS/AgNWs, and three layered sensor under tensile (a) and shearing 

tests (b). The calculated Young’s modulus and shear modulus were indicated.  

 

The sensing performance of the porous PDMS/AgNWs and PDMS/CNFs nanocomposites under 

in-plane stretch was investigated by applying cyclic tensile strain of 50%. Figure 3(a) shows the 

optical microscopy image of the sensor device before and after the application of strain. The 

PDMS pores deformed and elongated along the stretching direction and contracted in the 

transverse direction. The Poisson ratios (𝜈𝜈 ) of the two piezoresistive sensing layers were 

determined from the longitudinal strain (𝜀𝜀𝑙𝑙) and transverse strain (𝜀𝜀𝑡𝑡), 𝜈𝜈 = −𝜀𝜀𝑡𝑡/𝜀𝜀𝑙𝑙. Due to their 
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highly porous structure, both piezoresistive sensing layers have a similarly small Poisson ratio of 

𝜈𝜈 = 0.1. The electrical resistances of the two facesheet electrodes and the capacitance were 

recorded during the application of tensile deformation. Figure 3(b) shows the normalized 

resistance and capacitance changes under 5 cycles of repeated loading and unloading of 50% 

peak strain. Both the resistance and capacitance increased upon the application of the in-plane 

strain and subsequently returned to their initial values after the loading was released. As 

illustrated in Figure 3(a), the increase in resistance with strain is due to the elongation of porous 

conductive network along the stretching direction, which deformed and disrupted the AgNWs 

and CNFs networks embedded in the PDMS matrix and hence caused higher resistances. At the 

same applied strain, the electrodes with AgNWs and CNFs showed very different resistance 

changes, which is important to achieve different gauge factors shown in Equations (1) - (3). The 

higher sensitivity for the porous PDMS/CNFs may be due to their relative lower content of 

conductive CNFs within the porous PDMS composite. Comparing with AgNWs, the 

hydrophobic surface of CNFs caused less CNFs to be deposited in the subsequent second and 

third dip coating processes. As such, the resulting conductive network of CNFs was less dense 

and easy to break under stretching, resulting in a higher sensitivity. The capacitance of the sensor 

(C) is determined by the area of two electrodes (A) and the distance between them (d) (C = ρA/d, 

ρ is the dielectric constant). The in-plane stretching of the sensor device caused elongation in the 

loading direction but expansion in the lateral directions, which resulted in a decrease of the 

distance between the two electrodes and a small increase of the electrode area. The net effect is 

an increase in the capacitance. As shown in Fig.3(b), the two electrode-sensors displayed 

resistance changes (ΔR/R0) of ~1.5 and ~4, respectively, while the capacitance change (ΔC/C0) 

was ~ 0.5 under an in-plane strain of 50%. Based on the experimental results, the gauge factors 

are calculated to be kx
a = 2.29, kx

b = 8.21, and cx = 0.81, respectively (Figure 3(c)).     

The highly porous microstructure of our unitized sensor gives rise to improved sensing 

performance in terms of sensitivity and stretchability compared with previously reported 

multidirectional sensors based on solid PDMS/CNTs nanocomposites.40 All the components in 

our sensor, including the two electrodes and the dielectric core, are highly porous after the 

removal of the sugar particles, which makes it more stretchable than sensors made of solid 

PDMS/CNT nanocomposites. In particular, the new two porous electrode-sensors show strain 

sensitivity of 2.29 and 8.21 at a strain of 50%, respectively, higher than the strain gauge factor of 
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0.33 for a solid PDMS/CNTs nanocomposite sensor over the strain range of 0 to 30%.40 Apart 

from its highly porous microstructures that lead to high sensitivity and stretchability, the entire 

sensor device was fully encapsulated using a one-step process of infiltrating the entire stack with 

PDMS, structurally integrating the three layers to provide the sensor with excellent robustness 

and stability.  

 

Figure 3. Sensor performance under in-plane stretching: (a) Optical microscope images of the 

unitized sensor at rest (no loading) and at 50% tensile strain, respectively. The schematic 

illustration shows the deformation of the porous conductive nanocomposites under in-plane 

strain; (b) Relative resistance and capacitance changes as a function of time under 5 cycles of 

repeated tension at peak strain of 50%; (c) Relative resistance and capacitance changes as a 

function of tensile strain. The solid lines are the corresponding linear fittings and the fitting 

coefficients are also indicated.  
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Under a compressive strain in the thickness direction, this unitized sensor shows very different 

behavior than that under in-plane stretching. The open pores were gradually closed by the 

compressive loading (Figure 4(a)), which connected the conductive pathways within the pores 

containing AgNWs and CNFs, and hence lowered electrical resistance. The reduced resistance of 

the facesheet electrodes under compression agrees well with the resistance changes of equivalent 

porous graphene foam.45 A sketch of the overlapped conductive AgNWs and CNFs networks 

under normal force is given in Figure 4(a). The corresponding resistance changes shown in 

Figure 4(b) are consistent with the continued overlapping of conductive AgNWs and CNFs 

networks that decreased the electrical resistance of the facesheet electrodes, opposite to the 

increased resistance when the sensor was under in-plane stretching. The corresponding gauge 

factors for the facesheet-electrodes under through-thickness compression were 𝑘𝑘𝑧𝑧𝑎𝑎 = 0.63 and 

𝑘𝑘𝑧𝑧𝑏𝑏 = 1.58, respectively. Notably, the capacitive sensor shows a much higher gauge factor of 

−2.14 under through-thickness compression than the capacitive gauge factor of 0.85 under in-

plane stretching. This difference in the capacitive sensitivity under compression and in-plane 

stretching could be caused by the differences in the Young’s moduli of the three layers and 

changes in the conductivities of the electrodes under in-plane stretching and through-thickness 

compression.  
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Figure 4. Compression sensing performance: (a) Optical microscope images of the unitized 

sensor at rest and at 50% compression strain, respectively; (b) Relative resistance and 

capacitance changes as a function of time under 5 cycles of repeated compressive strain of 50%; 

(c) Relative resistance and capacitance changes as a function of compressive strain. The solid 

lines are the corresponding linear fittings and the fitting coefficients are also indicated.  
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strain sensitivities of the two facesheet-electrodes are the gauge factors for normal compression 

and in-plane stretching. As shown in Figure 5(b), the capacitance of the sensor was found to be 

insensitive to the applied shear force since the distance between the two electrodes remains 

largely unchanged under shear deformation. Combining the results presented in Figures (3)-(5), 

the relationship between the resistance changes and capacitance change of the unitized sensor 

can be used to determine the three strains from the experimental measurements of  ∆𝑅𝑅𝑎𝑎
𝑅𝑅𝑎𝑎0

,  ∆𝑅𝑅𝑏𝑏
𝑅𝑅𝑏𝑏0

, and 

∆𝐶𝐶
𝐶𝐶0

.  

 

Figure 5. Unitized sensors under transverse shear: (a) deformation mode of the conductive 

porous nanocomposites under shear deformation; (b) shear strain sensitivities of piezoresistive 

and capacitive modes. The solid lines are the corresponding linear fittings and the fitting 

coefficients are also indicated.  

 

The unitized sensors were also applied to detect other mechanical deformations such as twisting 

and bending. As shown in Figure 6, the relative resistance changes and capacitance changes are 

plotted as a function of bending angle (Figure 6(a)) and twisting angle (Figure 6(b)), respectively. 
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increased when the hinge was bended. The elongation (δ) can be estimated by the rotation angle 

(θ) and the radius of the shaft (r) (δ = θ × r). The resultant strain by the bending of a hinge is 

about 30% when the bending angle is 90°. The relative resistance changes for electrodes a and b 

were recorded as 0.70 and 2.42 when the bending angle reached 90°, which agrees well with the 

results shown in Figure 3. Under twisting, where the end-to-end distance remained unchanged 

for the unitized sensor, the elongation of the electrodes a and b leads to the increased resistance 

and capacitance, which agrees with previously reported fiber-shaped capacitive sensors based on 

liquid metals.46 Very similar resistance changes and capacitance changes were observed for the 

unitized sensor under bending and twisting due to the in-plane stretching under these mechanical 

deformations.  

 

Figure 6. The relative resistance changes (ΔR/R0) and capacitance changes (ΔC/C0) for the 

unitized sensor as a function of (a) bending angle and (b) twisting angle, respectively. Insets in (a) 

and (b) are the corresponding experimental setups for bending and twisting.  

 

The stability of the fabricated sensors was investigated by applying 5000 cycles of loading and 

unloading at a maximum strain of 30% (Figure 7). Figures 7(a) and (b) show the value of ΔR/R0 

as a function of the number of loading and unloading cycles for the porous PDMS/CNFs and 

porous PDMS/AgNWs, respectively. For the porous PDMS/CNFs electrode, the value of ΔR/R0 
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decreases during the initial few cycles and then gradually stabilizes. No notable difference can be 

observed in the SEM images of the porous PDMS/CNFs before (Figure 7(c)) and after (Figure 

7(d)) 5000 cycles of loading and unloading at a maximum strain of 30%. As for the porous 

PDMS/AgNWs electrode, the ΔR/R0 decreases during the initial few cycles and then slowly 

increases all the way up to 5000 cycles. The initial decrease of ΔR/R0 may be due to the 

reorganization of the conductive network within the porous PDMS under repeated stretching-

and-release process and new conductive networks subsequently formed. However, comparing 

with CNFs, AgNWs were vulnerable to fracture and the resulting shorter AgNWs lead to a 

relatively larger resistance change under stretching and hence higher GFs.47-48 The SEM images 

of the AgNWs before and after 5000 cycles of stretching and release of a maximum strain of 30% 

shown in Figure 7(e) and (f) indicate that AgNWs buckled and fractured after the repeated 

stretching and release process, which contributed to the increase of ΔR/R0 at the late cycling 

stage.  

The utilized sensors also showed good dynamic performance in terms of reproducibility and 

stability under different strain rates due to their highly integrated structures by one single PDMS 

infusion and curing process. Figures 7(g) and (h) show that, under different strain rates with a 

peak strain of 50%, the output resistance changes exhibited very little dependency on the input 

strain rate ranging from 0.05 to 0.5 Hz for both electrodes with porous PDMS/CNFs and porous 

PDMS/AgNWs. Meanwhile, the response and recovery time of our sensors under stretching was 

investigated by a stretching-holding-releasing process during which the sensors were rapidly 

stretched to 50% strain, held for 30 s, and released at the same strain rate. Figures 7(i) and (j) 

show the corresponding relative resistance changes for both the porous PDMS/CNFs and porous 

PDMS/AgNWs under three cycles of stretching-holding-releasing processes. As 0.8 s is required 

for both electrodes to be stretched to 50% strain, the estimated response time is about 0.13 s for 

the porous PDMS/CNFs electrode and 0.15 s for the porous PDMS/AgNWs electrode based on 

their corresponding total time of 0.93 s and 0.95 s, respectively. From these results, the 

corresponding recovery time is estimated to be 0.21 s.  
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Figure 7. Stability of top and bottom porous conductive layers with CNFs (a) and AgNWs (b) 

under 5000 cycles of 30% tensile strain; (c) and (d), SEM images of porous PDMS/CNFs before 

(c) and after (d) 5000 cycles of 30% tensile strain; (e) and (f), SEM images of porous 

PDMS/AgNWs before (e) and after (f) 5000 cycles of 30% tensile strain. The scale bar is 5 µm 

for (c)-(f); (g) and (h), effect of strain rate on the cycling behavior of utilized sensor for the 

electrodes of porous PDMS/CNFs (g) and porous PDMS/AgNWs (h) under a 50% strain; (i) and 

(j), the response time of the utilized sensor by a stretching-holding-releasing process for the 

porous PDMS/CNFs electrode (i) and the porous PDMS/AgNWs electrode (j).  
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Demonstrations 

Having established the relationship between the resistance and capacitance changes of the 

unitized sensor under different mechanical loadings, which enables the determination of 

simultaneously-applied multiple mechanical stimuli, we will now demonstrate the potential of 

this new sensor to identify pressure and shear force. For robots to gain texture and to perceive 

slippage during manipulation and grasping tasks, sensors need to monitor and differentiate the 

normal and shear forces in real time. To mimic the sensing capability of human skin, a normal 

force and a shear force were applied to a unitized sensor as illustrated in Figure 8(a). Two wood 

sticks were glued onto the two surfaces of the sensor to evenly distribute the applied loads. The 

test involved four distinct loading steps: (1) a normal load was applied along the z-direction; (2) 

the normal force was held constant for 5 s to stabilize the loading; (3) the sensor was pulled 

along the x-direction. The static friction force between the loading pad and the sensor increased 

but there was no slippage between the sensor and the loading pad; (4) slippage occurs between 

sensor and loading pad, causing minor oscillations of the pulling force.  

The normal pressure and the induced frictional force during the test are shown in Figure 8(b)-(c), 

while the corresponding capacitive and resistive changes are presented in Figures 8(d)-(e), 

respectively. During the initial compressing of the sensor (step 1), the magnitude of the normal 

force increased linearly with displacement along the z-direction while the loading in the x-

direction was kept zero (Figure 8(b)). As a result of this compression, the capacitance increased 

(Figure 5(c)) while the resistances of the two facesheet electrodes decreased (Figure 8(e)), 

consistent with the results shown in Figure 3 for the sensor under simple normal force. The 

normal pressure was then held constant for 5s to establish a stable condition (step 2). In stage 3, 

by pulling the rigid substrate glued to one surface of the unitized sensor, a tangential friction 

(shear force) was created between sensor and the loading cell. While the pulling force Fx along 

the x-direction was gradually increased, the normal pressure Fz was kept constant. The 

corresponding capacitance and resistance changes during this pulling operation were similar to 

the shear results indicated in Figure 5 where the capacitance kept constant while the resistance of 

the facesheet-electrodes increased. As the pulling force along the x-direction further increased 

(step 4), the shear force exceeded the maximum static friction force and slippage occurred 
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between the loading cell and the sensor, causing the pulling force to fluctuate somewhat (Figure 

8(b)). The plot of Fx/Fz in Figure 8(c) shows that this ratio reaches a peak value before slippage, 

which equals the kinematic friction coefficient. After that, the small oscillation of Fx/Fz indicated 

the slippage. During this period, the capacitance remained constant as the distance between the 

two electrodes was not affected. The corresponding resistance of the electrodes oscillated 

slightly due to the fluctuation of the kinetic friction during slippage (Figure 8(e)).  

The shear force can be calculated using either Equation (5) or (6). Taking the average of these 

two values may provide a more accurate estimate of the shear force. The calculated normal and 

shear forces based on the resistance changes of porous PDMS with CNFs (electrode b) were 

plotted as the dotted lines shown in Figure 8(b), which shows a good agreement between the 

calculated forces and experimental results. Therefore, it is possible to evaluate the magnitude of 

the applied dynamic normal and shear forces on the sensor by measuring changes of resistance 

and capacitance. Both the monitored capacitance and resistance changes can be good indicators 

to determine the magnitude of the applied dynamic force without real-time force measurements, 

which is important for the application of sophisticated human-machine interface where both 

precise control and measurement of forces are critical.  
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Figure 8. (a) Experimental setup for detection of compression, shear, and slippage. Sensor 

subjected to a normal force (step 1), stabilization for 5 s (step 2), a shear force by pulling the 

sensor in the x-direction (step 3), and slippage (step 4); (b) Corresponding measurements of 

force along x and z directions. The solid lines indicate the measurements from load cell while the 

symbols show the calculated forces from the results in (d) and (e) using Equations (4) and (6); (c) 

Plot of Fx/Fz based on (b) and the solid lines indicate the measurements from load cell while the 

symbols show the calculated forces; (d) Relative capacitance changes; (e) Relative resistance 

changes. The four loading steps were indicated by different colors in the figures for better 

visualization.  
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capacitance (Figure 9(b)) and resistance (Figure 9(c)) show proportional changes, which 

demonstrates that our sensors are capable of detecting a range of normal and shear forces. 

Although different Fz and Fx were applied onto the sensors, the plot of Fx/Fz in Figure 9(d) shows 

a constant peak value, which equals the kinematic friction coefficient.  

 

Figure 9. (a) Different ratios of Fx and Fz were applied onto sensors by controlling the 

compression depth along the z-direction; (b) and (c), Corresponding capacitance changes (b) and 

resistance changes (c) by applying different Fx and Fz; (d) Plot of Fx/Fz at different Fx and Fz. 

The solid lines are based on measurements and the scatters are based on calculation.  
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b of porous PDMS/CNFs) and the capacitance of the sensor during contacting, grasping, lifting, 

holding, and releasing of objects of different weights are shown in Figure 10(b) and (c). During 

the picking-up phase, the fingers contacted and gradually compressed the object, with an initial 

increase of the normal force between the two fingers and the object. This pure compression 

caused the electrical resistances of electrode of porous PDMS/CNFs to decrease and the 

capacitance to increase, consistent with the results shown in Figures 4 and 5. The compression 

force (Fz) can be estimated based on the capacitance changes (𝐹𝐹𝑧𝑧 = 𝐸𝐸𝑐𝑐𝜀𝜀𝑧𝑧𝐴𝐴 = 𝐸𝐸𝑐𝑐𝐴𝐴
∆𝐶𝐶 𝐶𝐶0⁄
𝐶𝐶𝑧𝑧

) and the 

estimated normal forces Fz for 300 and 600 g objects were plotted in Figure 10(d). It should be 

noted that fluctuation of Fz was observed due to the manual grip by human hands. In the 

subsequent lifting-up phase, the friction between the sensor and object generated a shear force. 

The shear deformation of the sensor changed the internal conductive CNFs networks and 

subsequently a small increase in the electrical resistances. As for the weights of 300 g and 600 g, 

the induced relative resistance changes (ΔR/R0) for the electrode of porous PDMS/CNFs by shear 

during lifting-up were 0.083 and 0.19, respectively, which can be used to estimate the shear 

strain (𝛾𝛾𝑥𝑥𝑧𝑧𝑏𝑏 ) and shear force (𝐹𝐹𝑥𝑥𝑧𝑧). As the resistance changes were very small during the lifting-up 

process, the shear strain and shear force were simply estimated based on the resistance changes 

of electrode b (𝛾𝛾𝑥𝑥𝑧𝑧𝑏𝑏 =  ∆𝑅𝑅𝑏𝑏 𝑅𝑅𝑏𝑏0⁄
𝑘𝑘𝑥𝑥𝑧𝑧𝑏𝑏

 and 𝐹𝐹𝑥𝑥𝑧𝑧 = 𝛾𝛾𝑥𝑥𝑧𝑧𝑏𝑏 ×  𝐺𝐺𝑏𝑏 ×  𝐴𝐴 ). By taking the 𝑘𝑘𝑥𝑥𝑧𝑧𝑏𝑏  = 1.41 in Figure 5, 

Gb = 61 kPa in Figure 2, A = 6 × 0.5 cm2 = 3 cm2,  the calculated shear forces for 300 and 600 g 

objects were 1.1 and 2.51 N, respectively. By considering the objects were griped by two fingers 

with only one of them fixed with a sensor, the total shear forces are estimated to be 2.2 and 5.02 

N, which are in good agreement with the weights of the objects of 224.5 and 513.2 g. Therefore, 

it can be concluded that our sensor can estimate the weight of an object from the changes of the 

electrical resistances during the lifting-up process. In the final releasing process, the resistance 

and capacitance instantly returned to the initial values. The accurate and fast sensing ability of 

our sensors to normal and shearing forces indicate their potential applications in soft grippers, 

artificial fingertips, and robotic-assisted surgery systems for grasping and manipulating objects.  
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Figure 10. (a) Experimental setup for force monitoring during grasping and manipulating of 

objects by attaching the sensor onto human fingertip; (b)-(d), the corresponding relative 

resistance (b), capacitance changes (c), and calculated normal force Fz (d) for the attached sensor 

on fingertip picking up two objects with different weights during the contact-lift-release process. 

 

Conclusion 

A new multidirectional sensor has been developed to determine multiple stimuli simultaneously. 

With a unique asymmetric sandwiched structure, the new sensor consists of three laminated 
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for the center capacitive sensor. The porous electrodes and the dielectric core are made by a 

simple and cost-effective sugar templating method. Conductive AgNWs and CNFs are 
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to act as electrodes and piezoresisitive sensors. By measuring the electrical resistances of the two 

electrodes and capacitance between then, normal pressure, in-plane stretch, and transverse shear 

force can be determined concurrently. With the asymmetric design, the two electrodes respond 

differently to pressure, in-plane stretch, and transverse shear, thus making it possible to uniquely 
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determine these three mechanical stimuli. The results show good linear relationship between 

output of resistance and capacitance changes and input of mechanical forces, which enables the 

easy read-out of the exerted forces by simply monitoring the resistance and capacitance changes. 

The practical potential of this newly developed sensor has been demonstrated by monitoring 

compression and friction load simultaneously, mimicking the performance of human skin during 

manipulation and grasping tasks. The results confirm that this multidirectional sensor offers great 

potential in a wide range of demanding applications such as soft robotic grippers and human-

machine interface.  

 

Experimental Section 

Materials. Polyvinylpyrrolidone (PVP, Mw = 40,000) was purchased from Sigma-Aldrich. 

Sodium chloride (NaCl), silver nitrate (AgNO3), ethanol, and glycerol of analytical standard 

grade were from Chem-Supply. Brown sugar was purchased from a local supermarket (Coles, 

Australia). PDMS elastomer kit with base and curing agent (Sylgard 184) was from Dow 

Corning. Carbon nanofibers (CNFs, Pyrograf-III, grade PR-24-XT-HHT) were purchased from 

Applied Sciences Inc. All the chemicals were used as received.  

Synthesis of silver nanowires (AgNWs). AgNWs with diameter of 50-100 nm and length of 5-

50 µm were synthesized according to previously reported protocols.42, 49 Briefly, PVP (5.86 g) 

was added into glycerol (190 mL) at 90 ºC to allow the full dissolution of PVP in 2 hours. After 

cooling the solution to 50 ºC, AgNO3 powder (1.58 g) was added into the above mixture. 

Subsequently, another solution containing glycerol (10 mL), NaCl (59 mg) and H2O (0.5 mL) 

was added into the above solution of glycerol, PVP, and AgNO3. The resulting mixture was 

heated to 210 ºC under gentle stirring (~50 rpm). The reaction was stopped by pouring the final 

hot gray-green solution into cold 200 ml Milli-Q water. After settling the mixture for 24 hours, 

upper layer solution with silver nanoparticles was removed and AgNWs sedimented at the 

bottom was collected. The process was repeated three times to remove the silver nanoparticles 

and excess PVP. The obtained AgNWs were then re-dispersed into ethanol with a concentration 

of 4 mg/ml to be used for dip coating.  
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Fabrication of porous PDMS/AgNWs composites and assembly of sensor device. Firstly, by 

using a hydraulic press operated at a pressure of 2 MPa, brown sugar particles were compressed 

into compacted sugar sheets with dimension of 4 (L) × 1 (W) × 0.15 cm (H). The compacted 

sugar sheets were then dried and baked in air oven at 70 ºC for 2 h. Two different conductive 

solutions were made: AgNWs suspension in ethanol suspension (4 mg/ml) and CNF suspension 

in ethanol suspension (4 mg/ml). The dried sugar sheets were then immersed in either of the 

conductive solutions so that AgNWs or CNFs were coated onto the surface of the sugar particles 

in the dry compacted sugar sheets. After evaporation of the ethanol at room temperature for 10 

mins, the dip coating-and-dry process was repeated for three times. After that, one porous 

AgNWs-PDMS layer and one porous CNFs-PDMS layer were packed into a sandwich structure 

with the core being simply a porous PDMS layer without any dip coating of conductive 

nanomaterials. The stacked layers were then placed into an oven for 2 h at 70 ºC to enhance the 

binding between three sugar sheets. One pair of copper wires were attached to the two ends of 

the porous AgNWs-PDMS layer, and another pair of copper wires were attached to the two ends 

of the porous CNFs-PDMS layer by using silver paste. The stacked layers were then infused with 

a liquid PDMS mixture (precursor to cross-linker ratio is 10:1 w/w) under vacuum. After curing 

the infiltrated PDMS, the sensor device consisting of three highly porous layers in a sandwich 

shape was obtained by dissolving the sugar particles in warm water.     

Characterization: Optical microscope images were taken using a Zeiss Axio Zoom V16 and the 

morphologies of the conductive nanocomposites were examined using a scanning electron 

microscope (SEM) (FEI Nova NanoSEM). A tensile testing machine (Instron Model 3369) was 

employed to characterize the mechanical properties. The obtained nanocomposites were tested 

under quasi-static tension and cyclic tension under displacement control. The electrical resistance 

and capacitance changes were recorded using a LCR meter (E4980AL, Keysight Technologies). 

The dynamic force response of the fabricated sensor was tested and calibrated by an ATI 

MINI40 Force/Torque sensor which was equipped with a linear translation stage (Physik 

Instrumente M-605.1DD). The position and forces response were recorded along both the 

horizontal and vertical planes of translation. The travel speed of the moving stage was set to 0.1 

mm/s for all the directions.    
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Supporting Information 

The effect of CNFs concentration on the sensing performance; reproducibility of strain sensors 

based on brown sugar templating.  
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