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Abstract— The development of flexible and stretchable sensing for 

future applications, e.g. strain, force and pressure, requires novel 

foam and foam-like structures with properties such as fast 

relaxation times, a wide linear response range, good sensitivity to 

different stimuli and repeatability, without compromising low-

cost, simple and effective manufacturing methods and excellent 

mechanical properties. We present a new type of hybrid foam 

pressure sensor that utilises a combination of piezoresistive and 

capacitive sensor elements. The hybrid foam sensor shows 

maximum pressure sensitivity of 0.338 kPa-1 and linear response 

of 0.049 kPa-1 in the piezoresistive and capacitive sensor elements, 

respectively, in pressure ranges of < 5 kPa and 0–240 kPa, 

respectively. The response and recovery times of both sensor 

elements were similar, ≤ 200 ms, at various pressures. In addition, 

the properties of the hybrid foam sensors, e.g. sensitivity and 

response and recovery times, can be tuned in various ways, such 

as by changing the thickness of the composition of the foam. Also, 

the materials are easily accessible and the sensor can be cost-

effectively manufactured and changed for different purposes. The 

relatively high sensitivity of the piezoresistive sensor element 

enables object manipulation from low pressure (≥ 21 Pa) to high 

pressure (> 80 kPa). Simultaneously, both sensor elements can be 

used for impact measurements across a wide range of pressures up 

to ≥ 240 kPa. Thus, the concept of the hybrid foam sensor could be 

utilised widely for sensing of pressures, impacts or even bending 

in various applications, e.g., wearable electronics. 

 

Index Terms—Capacitive, Composite, Flexible, Foam, 

Graphite, Piezoresistive, Polyurethane, Velostat 

 

I. INTRODUCTION 

LEXIBLE and stretchable electronics have attracted wide 

interest and are highly desirable; both have been 

successively applied as strain, force and pressure sensors, for 

example. In many cases they are based on various foam and 

polymer composite materials that combine excellent 

mechanical properties with suitable electrical properties. 

Typical novel materials utilise various foams based on 

carbon/graphene (GF) [1-9], polypyrrole- (PPy) and 

polyaniline-coated (PANI) conductive polyurethane foams 

(PU) [10-13] or semiconducting carbon-impregnated 

polyethylene film [14-17]. The most restrictive factors in such 

materials, when used as sensors, can be response and relaxation 

times, responsivity [12], environmental stability [9], linear 
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response range, sensitivity to very small stimuli like strain or 

pressure [5] and repeatability [18-19]. In addition, low-cost, 

simple and effective manufacturing methods are often highly 

desired to enable large-scale production. 

    The most common materials utilised for novel sensing are 

various carbon-based composites and/or foams based on 

graphene foam/polydimethylsiloxane composites (GF/PDMS) 

[1-2], graphene foams (GF) [3-4], which in some cases have a 

special structure to improve their properties [8-9], or other 

polyurethane-based (PU) composite foams that have some form 

of carbon added [5-7]. Due to their superior electrical properties 

and large carbon surface area, these foams, often show excellent 

strain and/or pressure sensing properties in a specific range, 

based on, e.g., piezoresistivity and/or a change in conductivity. 

Many of these foams are PU-based due to the excellent 

mechanical properties that can be widely adjusted for specific 

purposes [7]. Thus, they are beneficial for foam structures. 

Sensors based on such materials often show linear response in 

a predefined range, being able to sense, e.g., stretching, 

bending, twisting or pressing, and they also exhibit very high 

sensitivity. By applying a 10 % compressive strain on GFs, a 90 

% relative change in resistance has been reported with linear 

response up to 300 kPa, enabling sensing of extremely small 

strains, such as heartbeats [5-6]. Self-assembled graphene 

layers on PU foams have been shown to have high pressure 

sensitivity of 4∙105 per atmospheric pressure between 1–1.5 

atmospheres due to unique charge transport paths under applied 

pressure [4]. This mechanism could enable applications in 

biological or chemical sensing [4]. Also, the pressure sensitivity 

of graphene has been improved by fabricating Laser-Scribed 

GF for sensing of pressing, bending and twisting; it has 

sensitivity of 0.96 kPa-1 in a low pressure range (< 50 kPa), 

decreasing further down to 0.005 kPa-1 in a high pressure range 

[8]. Also, a special structure of hierarchically structured GF was 

utilised for fast recovery after unloading, with linear response 

to strain levels of 60 %, thus possibly enabling real-time 

monitoring of movement of the ribcage during breathing [9]. 

Another approach to these novel sensors is to coat PU foams 

with PPY or PANI particles to fabricate conducting composite 

foams for sensing of pressure [10-13]. These foams may have 

benefits of sensing three-dimensional forces while retaining the 

natural texture of the material and having linear response of 

conductance to an applied compressive load [10]. Also, 

responsive ranges can be adjusted for a specific purpose in 
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different pressure ranges when using PU-based solutions [13]. 

Mechanical buffer layers have been used to improve the 

properties of PANI-coated PU foams, thus enabling a linear 

resistance change from 0.08 to 0.056 MΩ in a pressure range of 

0–145.2 kN/m2 [13]. Also, PANI-coated PU foams were 

reported to have two linear regions in 0–80 and 80–800 N/m2 

of pressure, where their resistance values decreased 

approximately 370 and 275 %, respectively [12]. These sensors 

also had environmental stability in terms of temperature and 

humidity. In addition, PPY-coated solutions have been used in 

PU foams to achieve foam with a linear change in conductance 

under applied pressure, which can be utilised in monitoring of 

breathing or underfoot pressure [10-11]. However, most of 

these specially structured foams with an addition of some form 

of carbon or coating with PPY or PANI particles are often not 

simple enough for easy fabrication and they may have some 

limitations in sensing properties when they have only one 

sensing mechanism. 

    Besides, semiconducting polymer composites can be utilised 

to fabricate force, strain and pressure sensors whose electrical 

resistance changes as a mechanical force is applied to the 

material [14]. These materials can be sensitive to even static 

strains at very a low frequency, e.g. forces asserted by the 

human body [15]. One example of such material is a 

commercial Velostat sheet (3M, US), which has carbon 

impregnated in a black polyethylene film. Typically, Velostat 

(VS) has volume resistivity of less than 500 ohms/square cm 

[20]. Some benefits of VS are easy accessibility and cost-

effectiveness in fabricating sensors of different shapes and 

sizes. Basically, as compressive stress is applied the distance 

between filler particles within a polymer matrix displays micro-

Brownian motion. Thus, the distance between particles is 

reduced and the electrical resistance of the material decreases 

[14, 16, 21], leading to piezoresistive behaviour. In addition to 

force and pressure sensors [16], VS can also be successively 

used for sensing of bending with an accuracy of ± 7 degrees 

[17]. Since bending of the material increases with pressure, its 

electrical resistance decreases. Typically, VS exhibits linear 

response of conductance to applied pressure [14-15].  However, 

one major problem when using a semiconducting polymer 

composite (e.g. VS) is visco-elastic creep [14, 16 and 19].  As 

polymer chain entanglement is irreversible and there is a lack 

of deformable surfaces, the relaxation time of the material 

increases when compressed [19]. When a constant force is 

applied to such a material, the output drifts, e.g. resistivity 

decreases over time [14 and 22], which can affect the accuracy 

and sensitivity of the sensor after prolonged use, especially in 

fast-motion tasks [16].  Besides VS, Linqstat is another 

commercial material with a similar composition but different 

size and volume fraction of carbon particles and/or different 

type of polymer. Linqstat has been observed to drift toward a 

constant value after a longer period of time [14], thus this may 

also apply to VS. In addition to creep behaviour, its resistance 

changes with temperature. This has to be taken into account 

[17]. 

 The capacitive sensor structures are based on the parallel-

plate-capacitor that in the simplest form are a dielectric matter 

between two electrodes.  The capacitance of parallel-plate 

conductor can be expressed as C=ε0εrA/d, where  ε0, εr, A, and d 

are the permittivity of vacuum, relative permittivity, effective 

area, and distance between plates. The dielectric materials can 

be solid or porous, whereas the change of capacitance can be 

based on geometrical change (A and/or d) and/or change in the 

relative permittivity [23-28]. The porous materials have larger 

deformation and increased relative permittivity when material 

compresses, thus can be more advantageous for piezocapacitive 

applications. Various microstructured dielectric materials [23, 

25], graphene oxide foams [24], and carbon nanotubes [25], 

AgNW-PU composites [26] have been suggested to improve 

the sensitivity of piezocapacitive materials in low pressure 

regimes. In these structures, sensitivities as high as 0.56-0.99 

kPa-1 have been achieved [23-26].  

    We present a new type of hybrid foam sensor (HFS) that is 

based on a combination of piezoresistive (RSE) and capacitive 

sensor elements (CSE) within one structure. Thus, both the 

resistance and capacitance of the HFS vary in response to 

applied force and/or pressure. The RSE uses pressure-sensitive 

VS, where resistance decreases in relation to the applied force, 

pressure or bending. The CSE is based on dielectric matter in 

the form of soft composite foam, where capacitance changes 

according to the distance between two electrodes and change in 

the relative permittivity of the foam. The HFS enables sensing 

of static and dynamic loads, thus the actual value of and change 

in the force can be measured simultaneously, respectively. 

Static measurements can be used to measure mass directly, 

whereas dynamic measurement can be used for impact 

measurements [23-25]. Even though a structure based of one 

physical principle could achieve these, it could possibly have 

lower performance due to inability to optimise the behaviour of 

one mechanism to both type of loads, whereas hybrid sensor 

can be optimised individually for both measurements by using 

two mechanisms without affecting the properties other. 

However, this requires further investigation. Furthermore, even 

if one physical principle could achieve similar performance for 

both measurements than hybrid structure, it would likely have 

shortcoming in some other property (e.g. nonlinearity [1-2, 6, 

8, 19, 28], sensitivities at higher pressures [3, 8, 24, 27], limited 

range [2-3, 10, 19, 24, 26, 28, 34], repeatability [7], expensive 

fabrication [19, 34], environmental stability [2]) that would not 

be present in hybrid structure. When using a single sensing 

element to detect change in, e.g. resistance, capacitance or 

conductance resulting from an applied force (pressure, strain or 

stress), the sensing properties and possibilities are somewhat 

limited due to need of high performance. Properties such as 

response and relaxation times, linear response and dynamic 

ranges, accuracy, reliability, repeatability and environmental 

stability may vary significantly. Thus, there may be limitations 

in one and/or multiple areas when different sensing 

mechanisms are being compared with each other [21, 26-27]. 

Also, the hybrid sensor makes possible optimization of one 

property of one element in expense of other property in the 

same element, to achieve higher total performance in the hybrid 

structure. In sensor based on one principle, this would impair 

other properties, whereas in hybrid sensor the over-

optimization in expense of some property of one element does 

not matter as it was not needed in the first place. This enables 

application based optimization without the need to change the 

design or having negative affect to other properties needed. 

Thus, by utilising multiple sensing elements within one sensor, 

better usability and wide-ranging sensing with less compromise 
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can be achieved in real-world applications. However, this 

requires the elements within the hybrid structure to behave 

somewhat differently and to excel in different properties to 

complement weaknesses of each other to enable adaptive 

optimization of properties. A similar principle of using multiple 

sensing elements within one sensor has been demonstrated and 

patented earlier [27]. Also, dynamic and static pressure sensing 

in the same device has been achieved by using a different 

measurement approach in a triboelectric active sensor array 

based on a piezoelectric nanogenerator [28]. 

II. EXPERIMENTAL PROCEDURE 

A. Materials 

    Composite foam for the CSE was made of polyurethane (PU) 

foam consisting of polyether polyol (A-component) and 4’4-

diphenylmethane diisocyanate (B-component). These were 

purchased from Vosschemie Benelux (Germany). TIMREX 

SFG75-group graphite powder (C; TIMCAL, Switzerland) with 

a grain size of 75 µm [35] was used as a conductive additive.  

    The RSE was prepared from a pressure-sensitive Velostat 

sheet with a thickness of 0.1 mm (VS) and conductive fabric 

(CF). VSs have carbon impregnated in a black polyethylene 

film, whereas CFs are made of stretchy silver-plated nylon 

sheets with surface resistivity of less than 1 Ω/m2. In addition, 

A4 laminating punches with a thickness of 175 µm were used 

for roll lamination of the HFSs. 

B. Preparation of the hybrid foam sensor 

    A series of similar samples of HFSs (S1–S6) consisting of 

RSEs and CSEs was prepared following the steps described in 

Fig. 1a–f. The RSEs were prepared by combining two VSs with 

one part of an L-shaped CF. The surface areas of the VSs and 

CF were approximately 30 x 30 mm and 20 x 20 mm, 

respectively. The following press lamination process was 

carried out by using a MEGA KMG-30A press combined with 

an Amberla 2000 heating source. The temperature of the 

heating source was set to 100 °C and the pressure was kept at a 

few bars. Stacked layers of VSs/CF were pressed together under 

a pressure of 1∙103 kPa for 4 minutes after reaching the desired 

temperature. This adhered the layers together, Fig 1(a). This 

structure was combined with another VS/CF layer of similar 

size and shape. Thin strips of double-sided tape were used to 

stick the two layers together before moulding, Fig 1(b). This 

structure was basically the RSE. 

    The size of the top and bottom parts of the mould was 

approximately 100 x 100 mm. The bottom body had an 

embrasure with a volume of 50 x 50 x 5 mm. The top body was 

a flat-bottomed sheet with a thickness of approximately 5 mm. 

The RSE was attached to the bottom part, while another CF 

piece was attached to the top part of the mould. After 

attachments, the sensor element was over-moulded with 

PUR+C 5wt% foam. A room temperature mixing procedure 

[35] was used for the fabrication. Then the foam was poured 

over the sensor element after a short period of mixing, 

approximately 10 s. After pouring, the mould was partly sealed 

by pressing the top and bottom bodies together, thus 

constricting the direction of foaming, Fig. 1(c). Then the foam 

dried at room temperature for 1–4 hours before the mould was 

opened. After opening, the foam dried for another 8–24 hours 

before the structure was torn from the mould. Excess plastic 

covering the surfaces was removed. 

 

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Fig. 1.  Preparation of the HFSs before (a–d) and after addition of brass wire 

conductors and roll lamination (e), where the thicknesses of the layers are 
presented. A fabricated HFS sample is also presented (f). 

 

 The sensor samples were cut to an appropriate size and shape 

of approximately 50 x 50 mm, Fig. 1(d).  Then, after addition 

of brass wire conductors to the top, middle and bottom layers 

of the structure, the sensor samples were laminated inside A4 

plastic laminating punches with a thickness of 175 µm, Fig. 

1(f). The final lamination was done with a roll lamination 

process at 130 °C. After lamination, the total thickness of the 

laminates was 350 µm. The roll-laminated sensor sample was 

further cut to remove excess plastic around the sensor elements 

and pushed through the roll laminator once again, backside first, 

to finalise the structure, Fig. 1(f). 

    As a result, the HFSs are based on a combined structure of 

RSEs and CSEs. The resistance of the RSE changes according 

to an applied force, pressure or bending, whereas the 

capacitance change in the CSE is based on a parallel-plate 

capacitor where the dielectric matter is force-sensitive PUR+C 

5wt% foam. The original thickness of the structure was 

approximately 5 mm with an area of 50 x 50 mm, Fig. 1(e). 

However, the roll lamination process slightly pre-stressed the 

foam, so the structure became thinner and its total thickness 

decreased. The maximum movement of the structure between 

the laminated substrates is approximately between 3.3 and 3.9 

mm, Fig. 1(e). Compression of the structure is mostly achieved 

by up to ≥ 90 % compression from the initial thickness of the 

foam, which was approximately 4 mm. 

C. Characterisation 

    The dielectric and electrical properties were measured with 

HP 4284 Precision LCR and Keysight B2985A High Resistance 

meters and an Agilent Multimeter. When measuring HFS 
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response relative to compression, the LCR meter was connected 

directly to the brass wire conductors. Simultaneously, 

compression was produced with a measurement head that was 

used to study the dielectric properties of PU-based composite 

foams as a function of the compression ratio [35]. However, to 

distribute the pressure more evenly, 50 x 50 mm plates were 

used between the sensor and the measurement head. A 20 gram 

plastic platform was used to measure mass. It was placed 

directly on the smooth surface of the sensor to balance and 

distribute the weight more evenly while multiple square objects 

with masses of 0.5 and 1.275 kg were stacked on top of each 

other on the platform. 

    Another set of capacitance and resistance measurements was 

performed by measuring both as a function of compression 

force. The same LCR meter was used for capacitance 

measurements with a frequency of 1 kHz and amplitude of 1V. 

The force was created with a computer-controlled piston 

(Festo) that can produce movement with ± 0.10 mm accuracy 

[36]. A dynamic load cell (Omega Engineering, INC DLC 101–

100) was placed on the side opposite the piston to measure the 

applied force simultaneously with the corresponding 

capacitance and/or resistance measurements. The HFS was put 

between the piston and the load cell while the piston was 

actuated.  The samples were slightly compressed with the piston 

to impede movement of the sample. The stress-strain curves for 

PUR-C 5wt% foam was recorded by using the Festo. 

Compressive force with velocity of 1mm/s and maximum 

movement of 9.4 mm was used. The response of the dynamic 

load cell was recorded with the oscilloscope. 

    The response and recovery times of the HFSs were measured 

with the computer-controlled piston, Festo, combined with an 

Agilent InfiniiVision MSO-X-3054A oscilloscope. The sensor 

elements were connected to two different types of circuits. For 

the RSE, another resistor was connected in series and voltage 

over the RSE was measured. However, the CSE required 

filtering to reduce noise, so the Schmitt trigger circuit shown in 

Fig. 2 was used. 

 
Fig. 2.  Schmitt trigger circuit with C1 acting as the CSE. The purpose is to 
reduce the noise of the CSE. Thus, the output is converted into a continuous 

square wave, where the frequency of the circuit depends on the value of C1. 

 

    The purpose of the Schmitt trigger is to convert the output 

pulse into a continuous square wave, where the frequency 

depends on, e.g. the values of the capacitors and resistors. In 

both cases, when measuring the voltage a clock signal is 

generated by a force sensor of the piston while data are recorded 

as a function of time. Afterwards, the data signals were 

compared with the clock signal from the force sensor to 

measure the response and recovery times of the sensor 

elements. For the CSE, the output signal was measured across 

resistor R2. Thus, as pressure is applied, the capacitance of the 

CSE increases. This can be seen as a decrease in the frequency 

of the output data signal, thus increasing the pulse period.  

 The detection of various static pressures (5, 50, and 150 kPa) 

and response to walking profiles, for CSE and RSE, was 

recorded with LabVIEW programs and National Instruments 

data logger, whereas forces and profiles were generated with 

Festo. The relative capacitance change for CSE was calculated 

from the recorded frequency response of the RC-circuit (Fig. 

2). The relative resistance change for RSE was obtained directly 

when detecting pressures and calculated from the recorded 

voltage (data logger) response voltage divider circuit when 

analysing response to walking profile. 

III. RESULTS AND DISCUSSION 

A. Response, hysteresis and reproducibility  

    The measurement results were taken individually for CSEs 

and RSEs, as both would be unaffected by one another, when 

the medium of HFS would have ground potential. In this case, 

no electrical current would flow from element to other and 

affect the measurements. The resistance and capacitance values 

of the RSEs and CSEs were measured as a function of the 

relative compression ratio x/d where x is the thickness of the 

compressed sample and d is the total thickness of the 

uncompressed sample [35] (Fig. 3(a), (b)) and the change in 

mass (Fig. 3(c), (d)), respectively. The capacitance values of the 

sensor samples (S1–S6) increased from approximately 5.8–8.1 

pF to 45.7–53.5 pF as the samples were compressed to a ratio 

of 0.24–0.27. This correlates with the increase in capacitance in 

the sensor samples by 490–700 % with compression of 62.8–

66.2 % of the total thickness of the uncompressed sample. This 

compression in the HFS is mostly achieved by compression of 

the foam itself. Thus, it is equal to the compression of the 

foam—up to 90 % of the total thickness of 4 mm. When the 

CSEs are pre-stressed by limiting the direction of foaming and 

laminating them within punches, the initial values of 

capacitance (5.8–8.1 pF) are higher than those obtained for pure 

PUR+C 5wt% foam at a lower ratio of 0.1. At higher 

compression ratios, the capacitance increase is mainly caused 

by combination of change in d and relative permittivity. As the 

compression ratio further decreases, the change of relative 

permittivity of the foam affects increasingly to the change in the 

capacitance, whereas the change of d becomes less significant 

[35].  

    The resistance values of the RSEs (Fig. 3a) decreased by 

approximately 580–1100 % in S1–S2 and 9100–25000 % in 

S3–S6 when the samples were compressed to ratios of 0.24–

0.27. Now the change in resistance is significantly more 

sensitive at higher ratios close to 1.0, and also susceptible to 

deviations during manufacturing. In some cases, the stacked 

layers of VSs can be made more sensitive to applied force, as 

stacking and pressing the two VS/CF parts may leave unequal 

amounts of air between the layers in the different samples. This 

affects the change in resistance due to applied force and 

pressure. For samples that have more linear response to an 

increased ratio, the stacked VS/CF parts are more compressed 
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together when manufactured. Thus, they have lower resistance 

values when uncompressed, as the structure is more stressed. 

For consistent performance among CSEs and RSEs, the amount 

of foam poured to the mould and sealing pressure of the mould 

(Fig. 1(c)) should be kept constant. These affect the consistency 

of the foam and amount of air between VSs. Such could be 

easily achieved e.g. with automatic production equipment. In 

handmade samples the short chemical reaction time of A- and 

B-components (< 20 s), does hinder the ability to control these 

conditions accurately enough. 

    Fig. 3(d) shows that the CSEs have relatively linear 

response to changes in mass after reaching a mass of > 0.5 kg. 

When measuring smaller values of mass, the CSEs can be 

insensitive. Thus, they have non-linear or even random 

response to an increase in mass, e.g. sample S5. Nevertheless, 

the increase in the capacitance values is approximately 120–165 

% when mass increases from 0.5 to 5.6 kg. In addition, the 

slopes of the graphs are roughly similar for the CSEs (S1–S6). 

The RSEs also show relatively linear response to an increase in 

mass after reaching 1 kg in Fig. 3(c). The resistance values 

increase by approximately 200–450 % in S1–S3 and from 4800 

to > 20000 % in S4–S6 as the mass increases from 0 to 5.6 kg. 

However, clearly there are three linear regions present: < 0.5, 

0.5–1.5 and > 1.5 kg. In the first region (< 0.5), the RSE is more 

sensitive than the CSE to an increase in mass. Thus, the 

resistance values decrease abruptly as air is expelled from 

between the VSs and contact resistance decreases. As a 

consequence, greater disparity between the samples is present. 

In the two other regions, the resistance values decrease slower 

as the VSs are already in contact and slightly stressed. In these 

regions, the total resistance change is approximately only 110–

300 %. The response in resistance to an increase in mass in the 

other two regions (0.5–1.5 and > 1.5 kg) is also more 

comparable with the change in capacitance in the range of 0–

5.6 kg. In addition, the resistance values seem to decrease 

toward similar values when the mass reaches ≥ 5.6 kg. Samples 

S3, S5 and S6 show switch-like behaviour in the first region; 

this can be utilised in sensing of small static loads. With the 

CSE, it is not possible to sense small static loads due to a 

smaller dynamic range. At a minimum, reliable sensing of 

placement or displacement of mass ≥ 0.5 kg is possible.  

The hysteresis of the CSEs was measured with consecutive 

loading and unloading cycles (Fig. 4(a)). The behaviour of the 

CSEs shows clear hysteresis, where the foam does not fully 

recover to point of origin, when unloading of CSEs is done and 

the values are measured immediately. At the beginning and end 

of unloading cycles, the hysteresis follows closely the loading 

values. Whereas at the middle range, the difference between 

values of loading and unloading cycle are the highest, 

approximately ≤ +10%. Furthermore, when multiple 

consecutive loading and unloading cycles are performed 

without recovery period between, the responses of the foam 

during loading cycle’s change each time the cycle is repeated. 

Thus the behaviour of the foam is dependent on the history, 

when not fully recovered between the cycles. However, the 

unloading cycles are less likely to be unaffected, thus having 

relative similar measurement values at the same load. The 

reason for such behaviour would be the need to recover after 

load is removed when loading of the foam follows. In the 

unloading cycle, the foam is already under stress, thus less 

likely to compress differently under similar stress variation. 

 The CSEs and RSEs shows good reproducibility of the 

response to applied force, as shown in Fig. 4(b), when multiple 

repeated measurements are done after a short recovery (≤ 1s) 

period between each measurement. However, when the initial 

value of unloaded element (CSE or RSE) are considered as 

zero, and change of resistance or capacitance is only considered 

to calculate the measurement error from mean values, the 

precision error of CSEs and RSEs, at maximum, can be ± 3% 

and ± 1, respectively. With extremely short recovery or no 

recovery at all, the precision would decrease due to observed 

hysteresis of the foam. In addition, RSEs achieves higher 

precision due to larger change in the baseline values under 

similar stress.  

B. Stress-strain behaviour and sensitivity 

The stress-strain behaviour of the foam shows typical 

behaviour of foams [35], where three different regions are 

present. The linear, plateau, and densification regions are 

observed at approximately pressure of 0-0.8, 0.8-1.1, and > 1.1 

kPa, respectively (Fig. 4(c)). The result would indicate that the 

CSEs work in the densification region of the foam. However, 

the structure of HFS is pre-stressed and laminated, thus larger 

stress is required to compress the foam inside HFS. As a result, 

the sensor could operate at linear region when e.g. light touch 

(< 5 kPa) is applied, whereas higher pressures of at least 20-50 

kPa would likely be at the densification region. At this point, 

even higher forces are required to compress the structure further 

as most of the porosity of the foam has been compressed out 

and the matter itself compresses [29]. This behaviour can be 

seen in response of RSEs, where sensitivities decrease 

dramatically after 20-50 kPa. This would likely be beginning of 

               (a)                  (b)                       (c)                          (d) 

 Fig. 3. Response of RSE and CSE as a function of the relative compression ratio (a-b) and function of mass between 0-5.6 kg (c-d). The total thickness when a 
sample was compressed is indicated as x, whereas d is the thickness when no compression was applied. Thus, x/d=1.0 indicates the uncompressed sample [29]. 
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the densification regime of the foam pre-stressed and laminated 

within HFS. 

    Fig. 5(a-b) shows the response of both sensor elements, RSEs 

and CSEs, to applied pressure of 0–240 kPa. The RSEs have 

three linear regions: low pressure of 0–20, medium pressure of 

20–60 and high pressure of > 60 kPa. The maximum slope of 

the relative capacitance change in the low pressure range, 0–20 

kPa, in samples S1–S6 is approximately 0.338 kPa-1. This 

enables the HFS to reliably detect placement or removal of a 

relatively small weight of 5.5 g, corresponding to a pressure of 

21 Pa. Detecting smaller static pressures is not possible as the 

output of the HFS drifts over time, affecting the accuracy and 

sensitivity of the RSE. The detection limit of RSE is 

approximately 10-15 times poorer than achieved with other 

type sensors optimized to lower pressures of < 15 kPa (Table 

1). However, detection of RSE could be further improved to 

certain extent e.g. by adjusting the structural rigidity and 

thickness. 

However, it should be noted that sensitivities (in the low 

pressure ranges) may vary significantly between samples due to 

variation present during and after manufacturing. As the 

pressure increases into the range of 20–60 kPa, sensitivities 

decrease 90 % on average compared with sensitivities in the low 

pressure range, regardless of the sample. Thus, sensitivities in 

the medium range vary from 0.0037 to 0.0111 kPa-1. As a result, 

variance between the samples also decreases as pressure 

increases. When the pressure increases further to a high 

pressure range of > 60 kPa, the sensitivities of S1–S6 saturate 

to a value of approximately 0.0006 kPa-1, whereas the decrease 

in sensitivity is again approximately 90 % when compared with 

medium pressure. Thus, a three-fold increase in pressure 

decreases the sensitivities of the samples by 90 % while in the 

range of 0–240 kPa. The decrease in sensitivity increases the 

detectable pressure to higher loads; this is beneficial for 

applications where sensing of various static loads is needed.  

    The air present between the VSs can increase the sensitivity 

of the hybrid sensor by approximately 21 times when compared 

with samples S1–S2, which have a small initial resistance value 

under no applied pressure. The change in resistance relative to 

applied pressure is comparable with other foam-like structures 

in the low and medium pressure ranges and various foams or 

polymer-based sensors in the low pressure range, where 

sensitivities up to 0.31–0.96 kPa-1 have been reported (Table 1). 

The piezoresistive layer enables object manipulation from a 

relatively low (< 2 kPa) to a high pressure range of > 80 kPa. 

 

 

 
(a) (b) 

Fig. 5. Sensitivity of RSEs and CSEs to applied pressure in kPa. The force was 
generated with a piezoactuated piston, whereas pressure was calculated across 

the surface area of the sample 
 

    With respect to the response of the RSE, the CSE shows 

linear response to applied pressure in the range of 0–240 kPa 

(Fig. 4(b)). The relative capacitance change in the CSEs, S1–

S6, is approximately 0.049 kPa-1 on average. Thus, variation in 

the response of the foam layer is significantly lower than for 

VSs. The foam has a similar open-cell structure, whereas it can 

be highly heterogeneous [35] as the manufacturing process 

causes variations, and in this respect, the RSE is more sensitive 

to these variations. In addition, as was seen, the CSE cannot 

reliably detect the placement or removal of a mass below 0.5 

kg, i.e., an applied pressure of < 2 kPa. It should be noted that 

the initial values of both sensor elements are being measured 

when the samples are slightly compressed. Thus, this affects the 

measured sensitivity of the RSEs in the low pressure range, < 5 

kPa. The slight compression does not affect the CSEs, as the 

increase in capacitance is very small when slight compression 

is applied, due to the equation of the parallel plate capacitor that 

applies to the CSEs. 

 As the change in the sensitivity is based on changing the 

initial values of resistance and capacitance under no applied 

pressure, there are multiple ways to achieve a change in 

sensitivity. The sensitivity of RSEs may be affected by number 

of VSs, the size and shape of the VSs/CFs and the surface area 

between the VSs, as the initial resistance values under no 

applied pressure should change. The size and shape of the VSs 

and CFs can be changed easily. The surface area between the 

VSs can be decreased or increased by changing the size and 

shape of the VSs or by adding more double-sided tape to cover 

the surfaces between the VSs. However, changes are hard to  

 (a)                                                                               (b)                                                                                      (c) 

Fig. 4. Hysteresis of the foam measured with loading and unloading cycles (a), and reproducibility of the CSE and RSE to applied stress by multiple consecutive 

measurements after short recovery period (d), and stress-strain behavior of the foam (c). 
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achieve with the above-mentioned techniques as the air 

between the VSs has the largest impact on the sensitivity of the 

RSE. Thus, compression achieved between the VSs during 

manufacturing can substantially decrease or increase 

sensitivity, regardless of the number of layers, size and shape 

or surface area between and within the VS/CF layers. Initial 

compression is achieved when the VS/CF layers are stacked and 

pressed together, whereas over-moulding can substantially 

change the amount of compression when the foam is formed. 

For the CSE, increasing the thickness and softness of the foam 

can lead to lower base values of capacitance and better 

compressibility, and thereby increased sensitivity. Also, higher 

relative permittivity of the foam does contribute to the 

sensitivity.  

These properties can be increased by allowing the foam to 

rise more freely during over-moulding and by changing the 

amount of graphite in the foam. It should be noted that graphite 

does not affect the softness, compressibility or stress-strain 

behaviour of the foam even with relatively large additions of 

graphite (wt%), whereas the base capacitance values can 

increase slightly. In addition, roll laminating the structure 

multiple times can be beneficial to a certain degree, as the 

behaviour of both the piezoresistive and capacitive layers in 

response to applied force can be changed. This decreases the 

initial values of resistance and increases the initial values of 

capacitance under no applied pressure. Also, it can decrease the 

slope of the relative change in resistance and capacitance under 

applied pressure. However, it can also permanently laminate the 

VSs together, preventing any change in resistance under applied 

pressure/force. The number and thickness of the laminating 

punches can also affect sensitivity. When these are increased,  

sensitivity could be decreased in both sensor elements when the 

structure is more compressed together.  

C. Response and relaxation times 

    In addition, the response times of the HFS for both the RSEs 

and CSEs were measured with dynamic forces applied at 

frequencies of approximately 0.8, 1 and 1.5 Hz, where the 

forces were 5, 50 and 150 kPa, respectively (Fig. 6(a-b)). The 

typical response times of the RSEs, on average, were 8.5, 50 

and 60 ms at low (5 kPa), medium (50 kPa) and high (150 kPa) 

pressures, respectively. Meanwhile, the typical response times 

of the CSEs were, on average, 9.5, 45 and 55 ms at the same 

pressures. Thus, both sensor element layers showed similar 

response times in the low, medium and high pressure regimes. 

Simultaneously, the recovery times show similar behaviour  

 

 

with the applied forces, as the measured values for the 

piezoresistive and capacitive layers were, on average, 

approximately 15, 160 and 200, and 15, 135 and 160 ms for the 

low, medium and high pressure regimes, respectively. These 

response and recovery times at low pressures are approximately 

1.5-20 and 15-35 higher at low pressures of < 15 kPa, 

respectively, than achieved with other sensor structures (Table 

1) due behaviour of the PUR-C foam and unoptimized structure 

to these pressures. At higher pressures the performance is 

relative good due to foams naturally good ability to recover 

relative fast from large stress, and since HFS is appropriately 

optimised to higher pressures in this case. As the compression 

of the HFS is mostly achieved by compression of the PUR+C 

foam, the response and recovery times are parallel regardless of  

the sample, layer or pressure regime when the structure and 

composition of the foam are kept alike.  

 

 
(a) (b) 

Fig. 6. The measurement setup for response and relaxation times of CSE (a) and 

RSE (b), respectively. Dynamic forces of 5, 50, and 150 kPa with different 
frequencies (approx. 1-1.4 Hz) were applied to the samples. 

 

The response and recovery times of both sensor elements 

showed a high increase when the force increased from the low 

to the medium pressure range (5 to 50 kPa). Simultaneously, an 

increase in force from the medium to the high pressure regime 

(50 to 150 kPa) did not have much effect on the response or 

recovery times of the sensor elements. The higher force speed 

could explain the similar values of response and recovery times 

in the medium and high pressure regimes, as the rising and 

falling edges could be made sharper. Another factor could be 

TABLE I 

COMPARISON OF HFS PERFORMANCE TO OTHER WORKS 

Material Sensitivity 

(kPa-1) 

Range 

(kPa) 

Linearity 

(linear regions) 

Response time 

(ms) 

Recovery time 

(ms) 

Detection limit 

(Pa) 

Laser-scribed 

graphene 

 [8] 

0.005-0.96 ~ 0-120 2 0.4-72 0.4-212 - 

Microstructured rubber 

[19] 

0.15-0.55 ~ 0-7 2 < 1 < 1 3 

Micropatterned PDMS 

structure 

 [34] 

0.01-0.31 ~ 0-13 2 < 5 < 5 2.1 

Hybrid foam sensor 
[THIS WORK] 

0.001-0.34 /  0.05  
(RSE / CSE) 

~ 0-240 / 0-240 
(RSE /CSE) 

2 / 1 
(RSE / CSE) 

8.5-60 / 9.5-55 
(RSE / CSE) 

15-200 / 15-160 
(RSE / CSE) 

21 
(RSE) 
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that there is not much difference in the rigidity of the foam 

between the medium and high pressure regimes, thus resulting 

in similar response and recovery times. This is also related to 

stress-strain behaviour of the foam. At this point, the 

densification regime of the foam is achieved and most of the 

porosity is squeezed out.  

However, the response and recovery times of the RSEs and 

CSEs have a significant difference of 200–300 % in all the 

pressure regimes. Meanwhile, the difference becomes even 

greater when the force increases to medium and high pressures.  

When comparing the recovery times between the low to 

medium or high pressure regimes, the results show a significant 

increase in recovery times at ≥ 50 kPa. The differences in the 

response and recovery times of the RSEs and CSEs can be 

explained by the increased density of the foam. When the foam  

is compressed when the pressure is increased to higher regimes, 

the structure of the HFS requires more time to recover. This also 

explains the hysteresis behaviour of the foam, where the 

response was dependent of the history when not fully recovered 

before new loading cycle.  For CSEs, the significant increase in 

recovery times between low and medium/high pressures could 

be explained by the structure of the foam. Pre-stressing leads to  

a more rigid form of foam while the direction of the foaming is 

also limited. The structure is rather easily compressed and 

recovered at the beginning, but when the pressure increases 

further the cell walls could start to buckle. Thus, this increases  

the recovery times significantly, as the structure cannot recover 

spring-like in the densification regime of the foam. This also 

affects the recovery times of the VSs, as the compression is 

mostly achieved by compression of the foam. Moreover, at 

higher pressures the visco-elastic creep of the VSs is also 

present. This leads to entanglement of the polymer chains, 

increasing the recovery times even more. 

When considering the recovery times of the sensor elements, 

the structure of the HFS has a significant impact. When the 

structure is more rigid, the sensor element requires higher 

forces to achieve similar compression, thus the response and 

recovery times could also increase. Respectively, when 

decreasing the number or thickness of the laminate punches, the 

response and recovery times could be decreased. Also, by 

changing the thickness or composition of the foam, the softness  

of the foam can be increased or decreased, as noted. A softer 

and thicker structure in the foam could lead to faster response 

and recovery times as the sample is more easily compressed and 

density is lower due to a more porous structure.  

D.     Static and dynamic measurements, and application of 

HFS to insole measurements  

 Detection of various pressures, from a gentle touch (< 10 kPa) 

to object manipulation (> 10 kPa), was demonstrated for CSE 

(Fig. 7(a-c)) and RSE (Fig.7(d-f)) by applying static forces in 

dynamic sequence.  The response was recorded at various 

pressures of 5, 50, and 150 kPa and samples were slightly pre-

stressed due to measurement setup (Fig. 8).  

 

 
Fig. 8.  The force was generated with a piezoactuated piston and the samples 

were compressed between the heads as shown. 

 

Fig. 7. Detection of three types of mechanical pressures, 5, 50, and 150 kPa with RSE (a-c) and CSE (d-f). The applied static pressures decrease the resistance of 

VSs in RSE by increasing the contact area between the layers and increases the frequency of RC-circuit that can be converted into relative capacitance change of 

CSE. 
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As the pressure is applied and further increased, the relative 

capacitance and resistance change of CSE and RSE, 

respectively, increase as expected. Furthermore, the CSE and 

RSE show different behaviour to applied pressures. Also, the 

pre-stressing of the samples affects the response of CSE and 

RSE. Thus, the relative capacitive change of CSE to applied 

pressure increases, whereas the relative resistance change of 

RSE decreases due to pre-stressing. When applying static forces 

to RSE, there is negative overshoot of the recovery response 

after releasing the static force. There is a possible bounce-back 

effect of the core of HFS between VSs during continuous 

impact-release cycles. This decreases the contact area below 

normal state of unstressed sample. Thus, the response of RSE 

starts to recover towards the normal state resistance after 

negative overshoot. As the pressure increases, the bounce-back 

effect and negative overshoot further increase, whereas the 

recovery period to normal state is constant and independent of 

the applied pressure and the magnitude of the negative 

overshoot Fig. 8(a-c)). As shown in Fig.8(d), the CSE has 

higher detection limit of approximately 5 kPa. The 

heterogeneous structure of PUR-C-foam, where the porosity 

and size of the pores variates, induces instability and noise to 

response under static compression. As the pressure increases, 

the response of CSE improves as the noise-level is independent 

of the applied force and relative capacitance change of CSE 

further increases. For static measurements, RSE has higher 

performance at various pressures, regardless of the pre-

stressing, due to continuously stable and noise-free response 

that is a result from unchanging contact area between VSs when 

static compression is applied to HFS. 

The dynamic response of RSE and CSE to walking profile 

(approx. 60-75 steps/min) generated by the Festo is shown in 

the Fig. 9(a-b). The profiles required short movement range, 

due to delay after initial impact, and higher pre-stress levels for 

sample attachment that limited the achieved impact forces. 

Also, the dissimilarities in the profiles are result of unlinear and 

varied delay adjustment of the walking profile with the setup 

and different measurement resolution. These should be taken 

into account when analysing the results. As shown in Fig.9(a), 

the negative overshoot in the response of RSE is present, but 

the recovery of resistance to normal state lacks due to shorter 

period between impacts and higher pre-stress levels when 

compared to static measurements. Regardless, the response of 

RSE was observed to be reliable, repeatable, and perfectly 

uniform with distinct delay time within each step. When 

compared to behaviour of CSE, the observed instability issues 

at delay and recovery periods are present as expected. However, 

the performance of CSE would be expected to improve when 

impact force and/or frequency of the impacts would increase. 

Also, RSE should be expected to show a good performance for 

low frequency measurements with higher impact force. 

However, when frequency would further increase the 

performance of RSE could be expected to diminish. 

    Application of the HFS to detect a shift in balance and the 

position of the pelvis when standing still was also studied, Fig. 

10(a). Two similar samples of HFSs were attached to shoe soles 

under the insoles (Fig. 10(b)), and changes in resistance and 

capacitance were measured simultaneously from both shoes. 

    The subject had a slight malposition in the pelvis, resulting 

in unequally distributed pressure on the left and right foot when 

standing normally on two feet. The difference can be dozens of 

kilos. Thus, the resistance values were approximately 250–350 

Ω for both sensors when the subject stood still. In this case, the 

resistance values differed, at a maximum, by approximately 150 

%. The subject’s shift in balance can be seen when comparing 

both values from different sensors. As the difference increases 

to > 200 %, the balance has noticeably shifted from the right or 

left foot to the other.  

 

 
(a) (b) 

Fig. 10. Measurement setup for applying the HFS to detect a shift in balance 
and the position of the pelvis when standing still (a–b). The sensors were 

connected directly to LCR or resistance meters (a). The sensors were attached 

inside the shoe to the soles below the insoles (b). 

 

    (a)       (b) 
Fig.9. Responses of RSE (b) and CSE (b) to walking profiles (approx. 60-75 steps/min) generated by the Festo. For RSE, higher resolution between measurement 

could be obtained by utilizing data logger (approx. 1 kHz), whereas the performance of LabVIEW program limited the resolution of CSE measurements to approx. 

12 Hz. 
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However, an extremely slight shift in balance was unseen, due 

to the malposition of the subject’s pelvis.  When the subject 

shifted balance from two feet to one foot, the difference in the 

resistance values of the HFS increased from 150 to 700 %.    

Similarly, when studying the response of the CSE, the initial 

values were approximately 20 to 25 pF when standing still. 

Thus, they were comparable with the response of the 

piezoresistive element. However, for the CSE, the shift in 

balance is noticeably harder to detect, as the change in 

capacitance is significantly lower than the change in resistance 

in the RSE. Even when balance is shifted from two feet to one 

foot, the change in capacitance is relatively low. 

    However, the edges of the sensors were slightly folded on 

one side due to the electrical connections. This affects the 

accuracy of both sensor elements, as the initial values can 

change due to folding. The accuracy of the sensors could have 

been further improved by having the sensor sample placed 

firmly in the shoe sole. Also, in both cases, decreasing sample 

variation could make interpretation of the results easier and 

bring better sensitivity to a shift in balance or the position of the 

pelvis. Regardless, these are not a problem for the piezoresistive 

element, as the change in the measured value is noticeable 

higher when balance shifts slightly or shifts from two feet to 

one foot. 

    To conclude, the demonstrated applications of the HFS 

showed that it is capable of sensing various static pressures 

generated by a gentle touch or relatively high pressures when 

walking profile was used or placed under the human foot. Also, 

a shift in balance or malposition of the pelvis can be detected. 

One benefit of the HFS is the multifunctionality of sensing 

various stimuli, as it is possible to sense a change in pressure, 

impacts or bending with a combination of both sensor elements. 

Another advantage of the HFS is formability to different 

shapes, sizes and rigidity. Also, static and dynamic 

measurements are possible, as demonstrated by low frequency 

measurements. The two mechanisms also complement each 

other’s shortcomings that enables application based 

optimization of HFS. Also, this can be done expense of one 

property to achieve higher performance, when the property is 

not needed. Thus, in addition, the HFS could also be utilised, 

e.g., for measuring the mass of objects, humans or animals, 

object identification, warehouse management, measurements of 

force or points of impact or the condition of various structures. 

The sensor could be integrated within various structures or 

objects or used in wearable electronics. As a result, the 

applications of the HFS are somewhat unlimited.  

IV. CONCLUSION 

    A HFS based on RSEs (VS/CF) and CSEs (PUR-C foam) 

was demonstrated. The relative change in the RSE resulting 

from an applied force can be as high as 0.338 kPa-1. Sensitivity 

decreases approximately 90 % each time as the applied pressure 

increases three-fold between pressure ranges from 0 to 240 kPa. 

The relatively high sensitivity in the low pressure range of < 5 

kPa enables the RSE to detect placement or removal of a 5.5 g 

weight, i.e., a pressure of 21 Pa. Correspondingly, the CSE 

shows a linear change of 0.049 kPa-1 due to applied pressure in 

the full pressure range of 0–240 kPa. The CSEs shows clear 

hysteresis when consecutive loading and unloading cycles are 

performed. When multiple cycles are performed without 

recovery period between the cycles, the measurement values 

during loading tend to change based on the history. The CSEs 

and RSEs show good reproducibility of the measurement at 

similar load, thus maximum precision error of ± 3% and ± 1% 

was observed for CSEs and RSEs, respectively. As the 

compression of the HFS is mostly achieved by compression of 

the foam, the stress-strain behaviour of the foam was quantified. 

The foam has linear, plateau, and densification region at 

pressure range of 0-0.8, 0.8-1.1, and ≥ 1.1 kPa, respectively. 

However, pre-stressing and lamination of the structure 

increases the stress required to compress the structure. This can 

be seen in the sensitivities of RSEs, where it decreases 

dramatically at 20-50 kPa, thus beginning of the densification 

regime of the foam within HFS. 

The response and recovery times when comparing the RSEs 

and CSEs were similar, as the compression was mostly 

achieved by compression of the foam. Response times of < 10, 

≤ 50 and ≤ 60 ms in low (5 kPa), medium (50 kPa) and high 

(150 kPa) pressure regimes were measured, respectively. 

Similarly, recovery times were approximately ≤ 15, ≤ 160 and 

≤ 200 ms. Thus, the response and recovery times showed 

significant increases from low to medium pressure; however, 

only a minor increase was seen from medium to high pressure. 

In addition, the recovery times compared with the response 

times in the medium and high pressure regimes were 

significantly greater. The reasons were the structure of the foam 

and the visco-elastic creep of the VSs at higher pressures.  

The properties of the HFSs, e.g. sensitivity and response and 

recovery times, could be tuned in various ways, such as by 

changing the thickness of the composition of the foam or the 

number or thickness of the laminates. Also, the materials are 

easily accessible and the sensor can be cost-effectively 

manufactured and changed for different purposes.  

The relatively high sensitivity of the RSE enables static 

measurements at object manipulation from low pressure (≥ 21 

Pa) to high pressure (> 80 kPa). Whereas, the static 

measurements are limited to minimum of 5 kPa with CSE. 

Simultaneously, the RSE and CSE could be used for impact 

measurements across a wide range of pressures up to ≥ 240 kPa.  

Thus, the concept of the HFS could be utilised widely for 

sensing of pressures, impacts or even bending in various 

applications, e.g., wearable electronics. Integration of two 

sensing elements based on different mechanism within one 

sensor enables better usability and a wide range of sensing with 

less compromise and lower costs for real-world applications. 

This is result of different physical measurement principles that 

enable application based on optimization or over-optimization 

of one property of other sensor element in expense of property 

of other to achieve higher performance without changing the 

design or affecting other important properties to achieve high 

performance for the need. This requires that the elements 

complement the shortcoming of each other as demonstrated. 

REFERENCES 

[1] T. Maturos, D. Phokaratkul, K. Jaruwongrungsee, A. Wisitsoraat, K. 

Maturos, T. Lomas, and A. Tauantranon, “Fabrication of Stretchable 3D 
Graphene Foam/Poly-Dimethylsiloxane Composites for Strain Sensing,” 

Presented at IEEE Internatiol Conference on Nanotechnology, July, 2015 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

11 

[2] Rongqing Xu, Yunqing Lu, Chunhui Jiang, Jing Chen, Peng Mao, 

Guanghua Gao, Labao Zhang, and Shan Wu, “Facile Fabrication of 
Three-Dimensional Graphene Foam/Poly(dimethylsiloxane) Composites 

and Their Potential Application as Strain Sensors,” Appl. Mater. 

Interfaces, vol. 6, pp. 13455-13460, 2014. Availabe: doi: 
dx.doi.org/10.1021/am502208g 

[3] H. Yao, J. Ge, C. Wang, X. Wang, W. Hu, Z. Zheng, Y. Ni, and S. Yu, 

“A Flexible and Highly Pressure-Sensitive Graphene-Polyurethane 
Sponge Based on Fractured Microstructure Design,” Adv. Mater., vol. 25, 

pp. 6692-6698, 2013. Available: doi: 10.1002/adma.201303041 

[4] R. Hodlur, and M. Rabinal, “Self-assembled graphene layers on 
polyurethane foam as a highly pressure sensitive conducting composites,” 

Composites Science and Technology, vol. 90, pp. 160-165, 2014.  

[5] Y. Samad, Yuang-Wing Li, A. Schiffer, and S. Alhassan, “Graphene 
Foam Developed with a Novel Two-Step Technique for Low and High 

Strains and Pressure-Sensing Applications,” Small, vol. 11, pp. 2380-

2385, 2015. Available: 10.1002/smll.201403532. 
[6] Y. Samad, Y. Li, S. Alhassan, and K. Liao, “Novel Graphene Foam with 

Adjustable Sensitivity for Sensor Applications,” ASC Appl. Mater. 

Interfaces, vol. 7, pp. 9195-9202, 2015. Available:  
10.1021/acsami.5b01608 

[7] T. Chai, D. Li, G. Fei, and H. Xia, "Piezoresistive and compression 

resistnace relaxation behavior of water blown carbon 
nanotube/polyurethane composite foam," Composites: Part A, vol. 72, pp. 

108-144, 2015. Available: 

http://dx.doi.org/10.1016/j.compositesa.2015.023.003 
[8] He Tian, Yi Shu, Xue-Feng Wang, Mohammed Ali Mohammed, Zhi Bie, 

Qian-Yi Xie, Chen Li, Wen-Tian Mi, Yi Yang, and Tian-Ling Ren, "A 
Graphene-Based Resistive Pressure Sensor with Record-High Sensitivity 

in a Wide Pressure Range," Scientific Reports, vol. 5:8603, 2015. 

Availabe: 10.1038/srep08603. 
[9] Jun Kuang, Luqi Liu, Ding Zhou, Zhuo Chen, Baohang Han and Zhong 

Zhang, "A hierarchially structured graphene foam and its potential as 

large-scale strain-gauge sensor," Nanoscale, vol. 5, pp. 12171-12177, 
2013. Availabe: 10.1039/c3nr03379a. 

[10] S. Brady, D. Diamond, and K. Lau, "Inherently conducting polymer 

modified polyurethane smart foam for pressure sensing," Sensors and 
Actuators A, vol. 119, pp. 398-404, 2005. Available:  

10.1016/j.sna.2004.10.020. 

[11] L. Dunne, S. Brady, and D. Diamond, "Initial development and testing of 
a novel foam-based pressure sensor for wearable sensing", Journal of 

NeuroEngineering and Rehabilitation, vol. 2:4, 2015. 

[12] N. Muthukumar, G. Thilagavathi, and T. Kannaian, "Polyaniline-coated 
polyurethane foam for pressure sensor applications," High Performance 

Polymers, 2015. Available: 10.1177/0954007315583703. 

[13] P. Wang, W. Lin, S. Hung, and H. Lu, "Pressure-dependent Variable 
Resistors Based on Porous Polymeric Foams with Conducting Polymer 

Thin Films in situ Coated on the Interior Surfaces", Presented at 6th 

International Microsystems, Packaging, Assembly and Circuits 
Technology Conference, pp. 63-66, 2011. 

Availabe:10.1109/IMPACT.2011.6117274 

[14] M. Kalantari, J. Dargahi, J. Kövecses, M. Mardasi, and S. Nouri, "A New 
Approach for Modeling Piezoresistive Force Sensors Based on 

Semiconducting Polymer Composites," IEEE/ASME Transactions on 

Mechatronics, vol. 17, no. 3, 2012. 
[15] Xiaoyou Lin, and Boon-Chong Seet, "A Linear Wide-Range Textile 

Pressure Sensor Integrally Embedded in Regular Fabric," IEEE Sensors 

Journal, vol. 15, no. 10, 2015. 
[16] J. H. Low, P.M. Khin,  C.H. Yeow, "A Pressure-Redistributing Insole 

using Soft Sensors and Actuators," Presented at IEEE International 

Conference on Robotics and Automation, pp. 2926-2930, 2015. 
Available:  10.1109/ICRA.2015.7139599 

[17] F. Heibeck, B. Tome, C. Silva, and H. Ishii, "uniMorp – Fabricating Thin-

Film Composites for Shape-Changing Interfaces", UIST, 2015. Availabe: 
http://dx.doi.org/10.1145/2807442.2807472 

[18] S. Stassi, V. Cauda, G. Canavese, and C. Pirri, "Flexible Tactile Sensing 

Based on Piezoresistive Composites: A Review", Sensors, vol. 14, pp. 
5296-5332, 2014. Available: 10.3390/s140305296. 

[19] S. Mannsfeld, B. Tee, R. Stoltenberg, C. Chen, S. Barman, B. Muir, A. 

Sokolov, C. Reese, and Z. Bao, "Highly sensitive flexible rubber sensors 
with microstructured rubber dielectric layers," Nature Materials, vol. 9, 

2010. Available: 10.1038/NMAT2834. 

[20] Byung Woo Lee, and Hangsik Shin, "Feasible Study of Sitting Posture 
Monitoring based on Piezoresistive Conductive Film-based Flexible 

Force Sensor," IEEE Sensors Journal, vol. 16, no. 1, pp.15-16, 2015. 

[21] W. Luheng, D. Tianhuai, and W. Peng, "Influence of carbon black 

concentration on piezoresistivity for carbon-black-filled silicone rubber 
composite", Carbon, vol. 14, pp. 3151-3157, 2009; doi: 

10.1016/j.carbon.2009.06.050 

[22] G. R. Ruschau, S. Yoshikawa, and R. E. Newnham, "Resistivities of 
conductive composites," J. Appl. Phys., vol. 72, pp. 953–959, 1992. 

[23] Joon Il Yoon, Kyo Sang Choi, and Sung Pil Chang, “A novel means of 

fabricating microporous structures for the dielectric layers of capacitive 
pressure sensor”, Microelectronic Engineering, vol. 179, pp. 60-66, 2017; 

doi: 10.1016/j.mee.2017.04.028 

[24] Shu Wan, Hengchang Bi, Yilong Zhou, Xiao Xie, Shi Shu, Kuibo Yin, 
and Litao Sun, “Graphene oxide as high-performance dielectric materials 

for capacitive pressure sensors”, Carbon, vol. 114, pp. 209-216, 2017; doi: 

10.1016/j.carbon.2016.12.023 
[25] Donguk Kwon, Tae-Ik Lee, Jongmin Shim, Seunghwa Ryu, Min Seong 

Kim, Seunghwan Kim, Taek-Soo Kim, and Inkyu Park, “Highly 

Sensitive, Flexible, and Wearable Pressure Sensor Based on a Giant 
Piezocapacitive Effect of Three-Dimensional Microporous Elastomeric 

Dielectric Layer”, ACS Appl. Mater. Interfaces, vol. 8, pp. 16922-16931, 

2016; doi: 10.1021/acsami.6b04225 
[26] Weili Hu, Xiaofan Niu, Ran Zhao, and Qibing Pei, “Elastomeric 

transparent capacitive sensors based on an interpenetrating composite of 

silver nanowires and polyurethane”, Appl. Phys. Lett., vol. 102, 083303, 
2013; doi: 10.1063/1.4794143 

[27] Lucie Viry, Alessandro Levi, Massimo Totaro, Alessio Mondini, Virgilio 

Mattoli, Barbara Mazzolai, and Lucia Beccai, “Flexible Three-Axial 
Force Sensor for Soft and Highly Sensitive Artificial Touch”, Adv. 

Mater., vol. 26, pp.2659-2664, 2014; doi. 10.1002/adma.201305064 
[28] Jaehong Lee, Hyukho Kwon, Jungmok Seo, Sera Shin, Ja Hoon Koo, 

Changhyun Pang, Seungbae Son, Jae Hyung Kim, Yong Hoon Jang, Dae 

Eun Kim, and Taeyoon Lee, “Conductive Fiber-Based Ultrasensitive 
Textile Pressure Sensor for Wearable Electronics”, Adv. Mater., vol. 27, 

pp. 2433-2439, 2015; doi: 10.1002/adma.201500009 

[29] C. Lee, T. Itoh, and T. Suga, "Micromachined piezoelectric force sensors 
based on PZT thin films," Ultrasonics, Ferroelectrics, and Frequency 

Control, IEEE Transactions on, vol. 43, no. 2, pp.553-559, 1996.  

[30] Hong Zhang, and So E "Hybrid resistive tactile sensing,” Systems, Man, 
and Cybernetics, Part B: Cybernetics, IEEE Transactions on vol. 32, no. 

1, pp. 57-65, 2002.  

[31] Guanhao Liang, Deqing Mei, Yancheng Wang, and Zichen Chen, 
"Modeling and Analysis of a Flexible Capacitive Tactile Sensor Array for 

Normal Force Measurement," IEEE Sensors Journal, vol. 14, no. 11, pp. 

4095-4103, 2014. 
[32] C. Metzger, E. Fleisch, J. Meyer, M. Dansachmüller, I. Graz, M. 

Kaltenbrunner, C. Keplinger, R. Schwödiauer, and S. Bauer, "Flexible-

foam-based capacitive sensor arrays for object detection at low cost", 
Appl. Phys. Lett, vol. 92, 2008. Available: 

http://dx.doi.org/10.1063/1.2830815 

[33] G. Taylor and W. Chapin, “Flexible Piezocapacitive And Piezoresistive 
Force and Pressure Sensors”, patent, 2014, 

http://www.google.com/patents/US20140090488 

[34] L. Lin, Y. Xie, S. Wang, W. Wu, S. Niu, X. Wen, and Z.L. Wang, 
"Triboelectric Active Sensor Array for Self-Powered Static and Dynamic 

Pressure Detection and Tactile Imaging, ASC Nano, vol. 7, no. 9, pp. 

8266-8274, 2013. Available: 10.1012/nn4037514 
[35] J. Tolvanen, J. Hannu, M. Nelo, J. Juuti and H. Jantunen, "Dielectric 

Properties of Novel Polyurethane-PZT-Graphtie Foam Composites," 

Smart Materials and Structures, vol. 25, no. 9, 095039, 2016. 
[36] J. Palosaari, M. Leinonen, J. Hannu, J. Juuti and H. Jantunen, “Energy 

harvesting with a cymbal type piezoelectric transducer from low 

frequency compression”, J. Electroceram., vol. 28, no. 4, pp. 214-219. 


