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Abstract

Wearable and implantable pressure sensors are in great demand for personalized health 

monitoring. Pressure sensors with low operation voltage and low power-consumption are desired 

for energy-saving devices. Organic iontronic devices, such as organic electrochemical transistors 
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(OECTs), have demonstrated great potential for low power-consumption bioelectronic sensing 

applications. The ability to conduct both electrons and ions, in addition to their low-operation 

voltage has enabled the widespread use of OECTs in different biosensing fields. However, despite 

these merits, OECTs have not been demonstrated for pressure sensing applications. This is 

because most OECTs are gated with aqueous electrolyte, which fails to respond to external 

pressure. Here, a low power-consumption iontronic pressure sensor is presented based on an 

OECT, in which an ionic hydrogel is used as a solid gating medium. The resultant iontronic device 

operated at voltages less than 1 V, with a power-consumption between ~ 101-103 μW, while 

maintaining a tunable sensitivity between 1 ~ 10 kPa−1. This work places OECTs on the frontline 

for developing low power-consumption iontronic pressure sensors and for biosensing applications.
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I. Introduction

WEARABLE and implantable biosensors have gained increased attention throughout the 

past decade due to their potential applications in personalized healthcare monitoring [1]-[5]. 

Pressure sensors are used to monitor human motion and vital health signals such as heartbeat 

or muscle actuation. For practical wearable sensing applications, a decrease in the operation 

voltage and power-consumption of pressure sensors is desired for their long-term 

deployment on the human body.

Iontronic devices, which conduct both electrons and ions, recently emerged as advanced 

bioelectronic technologies at the biotic/abiotic interface [6]-[9]. Organic electrochemical 

transistors (OECTs) represent a typical iontronic device, which combines the merits of 

electrochemistry and transistors [7], [10]-[15]. Compared to conventional solid-state organic 

field-effect transistors, electrolyte-gated OECTs operate at much lower voltages (<1 V) and 

with lower power-consumption. Besides, OECTs yield a much larger transconductance 

(~mS) [16], [17] due to their bulk-modulation ability. Despite these merits, OECTs have 

rarely been developed as pressure sensors because they are often gated with an aqueous 

electrolyte, making it difficult to respond to external pressures [14]. We have previously 

reported that an ionic hydrogel can be used as a solid gating medium to develop stretchable 

OECTs [18].

In this letter, we demonstrate an OECT-based iontronic pressure sensor in which a 

microstructured ionic hydrogel was used as the solid electrolyte. Upon applying an external 

pressure at the gate electrode, the microstructured hydrogel deforms and changes the 

capacitance at the hydrogel/gate interface, ultimately changing the number of ions that are 

delivered to the channel. In this way, an amplified pressure signal can be obtained by 

measuring the output current of the OECT. With this approach, our pressure sensor was able 

to detect a subtle pressure of 20 Pa. Furthermore, because OECTs operate at much lower 

voltages (0-1 V) due to the high capacitive nature of the electrical double layer (EDL), our 

sensors operated with a low power-consumption between 10-1000 μW. The low-voltage 
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operation (<1 V) allows the sensor to work directly in aqueous environments without 

causing electrolysis. Additionally, low power-consumption is favorable for increasing the 

operational time of the sensor and reducing the overall demand on power supplies. These 

two advantages make the presented OECT pressure sensor a competitive candidate for 

wearable and implantable biosensing applications.

II. Results and Discussion

The structure of a conventional OECT is illustrated in Fig. 1(a). Conducting polymer poly 

(3,4-ethylenedioxythiophene) doped with poly (styrene sulfonate) (PEDOT:PSS) was 

employed as the channel material. Once a positive (negative) gate voltage (Vgs) is applied, 

the cations (anions) in the electrolyte are electrostatically repulsed into the conducting 

polymer, along with an electrochemical dedoping process in the channel. The dedoping 

process decreases the conductivity of the PEDOT:PSS channel, while the doping process 

increases the conductivity. Therefore, in PEDOT:PSS OECTs, a small change in Vgs leads to 

a larger change in source-drain current (Id) due to the amplification effect of the OECT. It is 

worth mentioning that OECTs exhibit superior transconductance (ΔId/Vgs) over other kinds 

of transistors due to their bulk doping ability (capacitance per volume) [19].

At a fixed Vgs, a fraction of the Vgs is dropped on the gate-electrolyte interface (Vg) due to 

the presence of the EDL1, and the rest is dropped on the channel (Vsol) due to the presence 

of EDL2 (shown in Fig. 1(b)). The distribution of Vg and Vsol depends on the capacitance 

ratio of EDL1/EDL2 (CG/CCH). We hypothesized that by employing a microstructured solid 

hydrogel gating medium, the CG/CCH ratio should respond to external pressure on the gate 

due to the mechanical deformation (Fig. 1(c-d)). In this way, at a fixed Vgs, the Vsol (which 

determines the output Id of the OECT) depends only on the pressure applied to the gate 

electrode (Fig. 1(e)). The microstructured hydrogel was employed at EDL1 rather than EDL2 

to simplify fabrication by avoiding an additional alignment step with the PEDOT:PSS 

channel. The assembled OECT pressure sensor is shown in Fig. 1(g).

The electrical performance of the OECT iontronic pressure sensor is shown in Fig. 2. The 

hydrogel-gated OECT operated in a low voltage range between 0 V and 0.8 V. It showed 

typical transistor behavior working in depletion mode and responded to external pressure 

(Fig. 2(a, b)). An ON/OFF ratio of ~102 was recorded (Vgs (−0.2 V)/Vgs (0.8 V), source-

drain voltage (Vds) = −0.6 V). A decrease in Id was observed in both the output and transfer 

curves upon the application of an external pressure, while a negligible current change was 

observed in the reference device employing flat GelMA hydrogel as the gating medium. As 

shown in the output curves (Fig. 2(a)), upon applying an external pressure of 100 Pa, the Id 

responded when Vgs scanned from −0.2 V to 0.8 V. A stepwise decrease in Id was observed 

in the transfer curves (Fig. 2(b)) when the pressure was varied from 0 to 250 Pa. The OECT 

pressure sensors showed stable current responses to the external pressure and maintained a 

stable baseline under different pressure values, demonstrating its reliability (Fig. 2(c)). The 

pressure sensor was able to detect pressure as low as 20 Pa (Vgs = 0.1 V, Vds = −0.6 V, Fig. 

2(d)), which indicates it can be used for in vitro applications such as monitoring the pressure 

applied by cells.
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The above results validated our hypothesis and highlighted the key contribution of this work: 

a microstructured hydrogel-gated solid-state OECT can serve as an iontronic pressure 

sensor. The pressure applied on the gate determines the CG by changing the overlapping area 

(A) and distance (d) between the gate electrode and hydrogel electrolyte (C = ε0εrA/d, 

where ε0 is the vacuum permittivity, εr is the relative dielectric constant of the dielectric 

layer between two parallel plates). This process changed the Vsol and finally influenced the 

output current (Id).

Fig. 3 shows the sensitivity of the OECT-based pressure iontronic sensor under different 

pressures. The sensitivity (S) is defined as follows:

S = d((I − I0) ∕ I0)
d p (1)

where p is the applied pressure, I refers to the Id in the presence of pressure, and I0 refers to 

Id in the absence of pressure.

The highest sensitivity of 2.1 kPa−1 was obtained between 0 and 250 Pa (Vgs = 0.7 V, Vds = 

−0.6 V). The sensitivity of the OECT iontronic pressure sensor could be controlled by 

changing the Vgs. As shown in Fig. 3(b), a higher sensitivity was extracted when we 

increased the Vgs from 0.1 V to 0.7 V. The fact that the sensitivity is controllable by Vgs 

makes our OECT iontronic pressure sensor advantageous over other conventional two-end 

based pressure sensors (resistive, capacitive, and piezoelectric), whose sensitivities are fixed 

once the device is assembled, enabling its use in more broad application scenarios.

The OECT iontronic pressure sensor operated at a low power-consumption of ~10 and μW 

and a low operation voltage of <1 V, which are among the lowest values reported for organic 

transistors-based pressure sensors (Fig. 4(b)) [20]-[28]. Power-consumption (P) of a 

transistor-based pressure sensor is defined in the following formula:

P = V ds × Id + V gs × Ig (2)

The low power-consumption of the presented pressure sensor stems from the low-voltage 

operation ability of the OECTs due to the ultrahigh capacitance of the EDL1. For example, 

in the presented OECT iontronic pressure sensor, the applied Vds and Vgs were both below 1 

V. The output Id was between μA (Vgs = 0.7 V) to mA (Vgs = 0 V), and the gate current (Ig) 

was negligible (μA to nA) regardless of the Vds. Therefore, a low power-consumption of ~10 

μW was obtained (Vgs = 0.7 V, Vds = −0.6 V, Fig. 4(a)). In particular, a power-consumption 

of 2.1 * 10−5 W was calculated when the device showed the highest sensitivity (Vgs = 0.7 V, 

Vds = −0.6 V). The low power-consumption, low operation voltage, and high output current 

of the OECT pressure sensor makes it a promising candidate for durable and long-term 

wearable and implantable applications.

Finally, to gain insight into the stability of the OECT iontronic pressure sensor, we further 

carried out a cyclic performance test. The performance of the device was measured under a 

cyclic pressure (applied by a computer-controlled tensile tester, between 0 Pa and 200 Pa), a 
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stable baseline was recorded with a minor change from 2.415 E−3 to 2.413 E−3 (Fig. 4(c)). 

The current response maintained a stable value within 100 cycles (Fig. 4(d)). A deterioration 

in stability was recorded after 100 cycles (~15 min), attributable to weakened ion movement 

in the hydrogel due to the water loss from the hydrogel. This issue is expected to be 

mitigated by adding salt to the hydrogel [29] and by encapsulating the device with water-

impermeable elastomers [30] or plastics [31].

III. Conclusion

In conclusion, we have demonstrated an OECT-based iontronic pressure sensor that can be 

used for wearable and implantable biosensing applications. The sensor was developed with a 

microstructured solid hydrogel as the gating medium to increase the sensitivity of the OECT 

to external pressure. The OECT iontronic pressure sensor worked at low voltages (0~1 V) 

with a low power-consumption (~10 μW). Besides, the sensitivity was tunable by changing 

the Vgs. The low operation voltage, low power-consumption, and tunable sensitivity of the 

OECT iontronic pressure sensor make it a competitive candidate in developing low-cost 

pressure sensors for wearable and implantable applications.
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Fig. 1. 
(a) Schematic diagram of the device structure of an OECT; (b) Equivalent circuits in an 

OECT. CG refers to the capacitance of EDL1 (electrolyte/gate), CCH refers to capacitance of 

EDL2 (electrolyte/channel), RE refers to the resistance between gate electrolyte and channel; 

(c-d) Schematic diagram of the proposed microstructured hydrogel-gated OECT iontronic 

pressure sensor. The deformation of the hydrogel determines the number of ions delivered 

into the channel; (e) Vg and Vsol change after application of external pressure on the gate 

electrode; (f) Scanning electron microscopy (SEM) image of gelatin methacryloyl (GelMA) 

hydrogel with pyramidical microstructures on the surface, the scale bar is 1 mm. The height 

and base length of the pyramids are both 1 mm, and the spacing is 0.8 mm. 

Cetyltrimethylammonium bromide (CTAB) (0.01 M) was added into the hydrogel as the 

electrolyte. (g) A real optical image of the OECT iontronic pressure sensor. The scale bar is 

10 mm, the channel length is 500 μm, the channel width is 20 mm, the thickness of the 

hydrogel is about 2 mm. The Young’s modulus of the GelMA hydrogel is 15.9 kPa (water 

content of 80%).
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Fig. 2. 
Electrical performance of an OECT iontronic pressure sensor. (a) Output curves of OECT w 

and w/o the application of 100 Pa pressure; (b) Transfer curves of the OECT-based pressure 

sensor in the presence of 0, 50, 100, 250 Pa pressure. The threshold voltage (Vt) of OECT is 

0.7 V and the maximum transconductance (gm) is calculated to be 10.8 mS (at Vgs = 0 V); 

(c) Real-time monitoring of Id change upon a step-wise increase in pressure; (d) Real-time Id 

change in the presence of 20 Pa pressure.
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Fig. 3. 
Sensitivity characterization of the OECT iontronic pressure sensor under different pressures. 

(a) Id responses to pressure at different Vgs; (b) The pressure sensitivity (linear region) at 

different Vgs.
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Fig. 4. 
Power-consumption and stability evaluation of the OECT iontronic pressure sensor. (a) The 

calculated power-consumption and output Id at different Vgs (pressure = 250 Pa); (b) Power-

consumption and operation voltage comparison of the OECT iontronic pressure sensor with 

other organic transistor-based pressure sensors (the numbers correspond to the reference); 

(c) Stability test (Id) of the pressure sensor for 100 cycles at the pressure of 200 Pa; (d) ΔI/I0 

change within 100 pressure cycles (pressure = 200 Pa).
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