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THE BIGGER PICTURE Despite recent advancements in electronic devices based on transistors, com-
puters require an increasing number of electronic components and more energy consumption for informa-
tion processing and data transmission, nearing the limit of Moore’s law. Iontronics is an emerging technol-
ogy that facilitates information logic circuits with an energy-efficient architecture, inspired by the function of
neurons in biological systems. In this work, we used the ubiquitous solid-liquid triboelectrification effect to
regulate iontronics and proposed transistor-like triboiontronics (TTI) by work function difference. TTI pro-
duced a recorded charge density, simultaneously demonstrating the capability to rectify and switch the
output current without the need for external voltage. Such advantages of TTIs enabled self-powered
threshold sensors with a higher signal-to-noise ratio and a controllable neurologic circuit.
SUMMARY
The transistor, as the basic unit of electronics based on von Neumann architecture, is approaching the limit of
Moore’s law in the era of big data. Inspired by the biological system, iontronics provides an energy-efficient ar-
chitecture to transmit data. Here, we used the ubiquitous solid-liquid triboelectrification to regulate the output
characteristics of iontronics and proposed transistor-like triboiontronics (TTI) by work function difference. Un-
like previous studies, which scavenged induced electrostatic charges from a solid surface, the triboelectric
charges of liquids were also captured here, creating a record-high charge density of 13.926 mC/m2. Gated by
the water droplet, TTI’s gate-tunable function holds great significance for self-powered threshold sensors
with high signal-to-noise ratio and enables a neurologic circuit to control robotic movements. We envision
that triboiontronics will provide a new paradigm for futuristic in-sensor computing and neuromorphic analogs.
INTRODUCTION

The conventional von Neumann computing architecture in elec-

tronics is facing challenges with the end of Moore’s law, and

further shrinking transistors to the current technology limitation

will require monumental efforts that are increasingly complex

and energy consuming.1,2 Inspired by the function of neurons in

biological systems, iontronics is an emerging technology that en-

ables the construction of neuromorphic logic circuits through

combining electronic properties and ionic characteristics.3,4

With the advantage of lower energy consumption for information
Device 2, 100332, J
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processing, onegoal of iontronics is to effectively rectify or switch

the ionic current for computational or logic signal communica-

tion.5–7 Efforts to regulate the ionic current had exclusively relied

on the electromotive force generated fromelectrochemical redox

reactions, salinity gradients, or external voltage, limiting signal

response time by either reaction rate or durability. Most recently,

iontronic diodes and transistors have also been realized by the

built-in field from the electrical double layer (EDL) formed by

two ionoelastomers of opposite polarity.8 However, it is subject

to elastomer deformation, which might be limited by material

durability.
une 21, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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The ubiquitous contact electrification (CE) at the solid and

liquid interface, where its electron transfer process is closely

related to the interfacial ionic migration, offers a new approach

to tailor iontronics.9–12 Generally, the triboelectric charges on

the solid surface are scavenged through a triboelectric nanogen-

erator (TENG), which is an emerging tool to convert mechanical

energy to electrical power.13,14 The CE efficiency at the solid-

liquid interface is a critical factor for effective energy conver-

sion.15 However, the inherent interface between the insulating

solid dielectric and liquid inevitably limits the triboelectric charge

transport to the external circuit, and some triboelectric energy

stored in the water is wasted. Recently, droplet-based electricity

generators (DEGs) were developed to generate high output po-

wer through the CE between water and a single electrode.16–18

However, there is no complete loop inside such an architecture

for triboelectric charge transport due to the micron-thick insu-

lating solid dielectric. Thus, DEGs still need to be integrated

with the external powermanagement circuit, including additional

rectification, conversion, and storage components, to convert

alternating current (AC) into a direct current (DC) output.

Although it is referred to as a transistor structure,19 it does not

show the function of switching electrical signals.

In this work, gate-tunable triboiontronics enabled by a water

droplet with adjustable charge is proposed through synergy ef-

fects of triboelectrification and work function difference. A de-

ionized (DI) water droplet was triboelectrically charged through

friction against the insulating solid dielectrics, and its accumu-

lated charges were discharged to the external circuit under the

built-in electric field (Ein) from metal electrodes with different

work functions. A DC output was generated due to the direc-

tional migration of ions in water droplets driven by Ein. As one

type of iontronics, triboiontronics would have the benefits of

not being affected by magnetic fields and offer broader appli-

cations than conventional electronics. Furthermore, serving

the triboelectrically charged water droplet as a dynamic gate

and two dissimilar electrodes as the source and drain termi-

nals, transistor-like triboiontronics (TTI) was established, which

enabled mechanical tuning of the amplitude and direction of

the DC signal. With the advantage of the low interfacial resis-

tance between metal and water and spontaneous electromo-

tive force from Ein, the transferred charge density of a single

droplet was increased to 13.926 mC/m2, which was an order

of magnitude higher than the best data reported so far (from

0.014 to 0.566 mC/m2).18,21–29 Therefore, TTI showed a fast

self-powered threshold sensor capability with an excellent

signal-to-noise ratio (SNR), which is especially suitable for

alarm and warning systems for emergencies, such as ship-

wrecks, driving collisions, earthquakes, bridge/tunnel collapse,

etc. It also promise for construction of a neurologic circuit to

control robotic movements, implying its great potential for ap-

plications in futuristic neuromorphic circuits and in-sensor

computing.

RESULTS AND DISCUSSION

Over 150 years ago, the charging effect between two materials

from work function difference was thoroughly investigated by

Lord Kelvin.30 For example, the metals aluminum (Al) and gold
2 Device 2, 100332, June 21, 2024
(Au) share the same local vacuum level (Ev) and are electrically

neutral before connecting (Figure 1Ai). Upon circuit connection,

electrons flow from Al to Au until their Fermi levels are uniformly

redistributed, forming Ein (Figure 1Aii). Although such a work

function difference has been used to generate electrical power

to the external circuit,31–33 their output powers are too low to

be applicable. Analogous to the rectification effect of a diode,

here, the Ein from the work function difference between Al and

Au was used as a junction to separate the positive and negative

charges in the triboelectrically charged DI water droplet, estab-

lishing triboiontronics. As shown in Figure 1B, a DI water droplet

(10 mL) was dragged by an Al plate electrode on the hydrophobic

polytetrafluoroethylene (PTFE) surface (Figure S1A), and their

contact area was about 12.57 mm2. Such a triboelectrification

process generated positive charges within the DI water droplet

and negative charges on the surface of PTFE (Figure 1Bi magni-

fied view). As shown in the COMSOL multiphysical model in Fig-

ure S2 and preset parameters in Table S1, the potential differ-

ence between Al and Au increased when the DI water slid from

the left side to the right side of the PTFE surface (Figure 1C).

The simulated results also indicated the triboelectric charging

process of the DI water droplet, where positive charges were

generated and accumulated when it slid on the PTFE surface,

where the negative charges were gradually maintained. It

caused the Al electrode potential to increase and produced an

induction current (Ie1) in the external circuit. When the DI water

droplet was transferred from the PTFE surface to Au electrode,

its inner ionic charges migrated in one direction under the Ein be-

tween the Au and Al electrodes (Figure 1Bii). The charge trans-

port to the external circuit was enhanced by the direct contact

at the water-metal interface and the spontaneous electromotive

force of Ein, compared with the multiple water-PTFE-metal inter-

faces based on conventional electrostatic induction. Therefore,

a DC ionic current (Ii) (Figure 1C) was generated under Ein, which

was two orders of magnitude higher than Ie (Figure 1D). The tri-

boelectrification occurred again when the DI water droplet was

dragged back to the PTFE surface, generating a reversed induc-

tion current (Ie2), as shown in (Figure 1Biii). Some positive

charges of the DI water dropletmight be absorbed on the surface

of the Au electrode to form the EDL, which was similar to the

depletion layer at a diode junction. After several reciprocating

sliding processes (Figures 1Biv–1Bvi), the EDL formation

became stable; thus, the migration of triboelectric charges in

DI water under Ein produced a stable Ii (Figure 1Bvii). As shown

in Figure 1D, the peak value of Ii reached up to 4.6 mA at an initial

stage. It gradually decayed within 30 s and finally remained at

about 0.3 mA. It can be seen in Figure 1E that the DC output

voltage was about 0.6 V, and the Ii rectification effect between

the Al and Au electrodes is shown in Figure S3. Moreover, the

charge accumulation phenomenon of TTI can be seen in Fig-

ure 1F, and its charge density could reach 3.183 mC m�2 during

each discharge stage under Ein.

To further prove the importance of triboelectrification and

work function difference for high-performance triboiontronics,

we designed parallel devices, as shown in Figures 2A and 2B.

Since the PTFE blocked water from contacting the Al and Au

electrodes, the output AC current was only 20 nA based on

electrostatic induction (Figure 2A). When the DI water droplet



Figure 1. The working principle of triboiontronics

(A) The electron energy level of the aluminum (Al) and gold (Au) electrodes (i) beforemaking contact and (ii) in thermodynamic equilibrium after circuit connection. EF1

and EF2 are the Fermi levels, andV1 andV2 are the work functions of the Al and Au, respectively. Vbi is the built-in voltage, and e in eVbi is the elementary charge.

(B) The working mechanism of triboiontronics.

(C) The COMSOL simulation of the triboelectric charging process of the sliding DI water droplet.

(D–F) The output (D) current, (E) voltage, and (F) charge of triboiontronics.
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statically stayed between the Al and Au electrodes without tribo-

electrification, the discharging ionic DC current decayed very

rapidly (Figure 2B, mulberry current). A higher ionic DC current

(Figure 2B, blue current) was generated when the DI water

droplet slid on the Au electrode. This was possible because

the triboelectrification between water and Au promoted their

interfacial charge transfer. In addition, a PTFE filter paper soaked

with 20 mL of water was introduced to further investigate the syn-

ergy of triboelectrification and Ein during discharge (Figure 2C).

The discharging DC current (Figure 2C, mulberry current) de-

cayed rapidly when the device remained stationary. Once the

Al electrode slid on the moist PTFE filter paper, each slide gener-

ated a pulse of discharging DC current (Figure 2C, blue current),

and its discharge time became longer than that of the stationary

state. The scanning electron microscopy (SEM) showed the

porous structure of the PTFE filter paper, indicating its good

ion permeability. The element fluorine was detected in the en-

ergy-dispersive spectrometry (EDS) analysis (Figure S4), which

indicated an enhanced electron-accepting capability of the

PTFE filter paper due to the stronger electron affinity of the fluo-

rine element. An AC current was generated if the PTFE filter pa-
per was dry when sandwiched between the Al and Au electrodes

(Figure S5).

The output performance of a triboiontronics device depends

on the triboelectrification, which can be regulated by the sliding

distance, velocity, and solid-liquid contact area. On one hand,

the longer the sliding distance, the higher the DC current that

was generated due to the more triboelectric charges produced

in the DI water droplet (Figure 2D). On the other hand, a slower

sliding velocity was beneficial for improving the output DC cur-

rent (Figure 2E), which might be because DI water had a better

contact efficiency with PTFE, offering a longer discharge time

with Au. It should be noted that the TTI device with two DI water

droplets generated a higher DC current (�1 mA; Figure 2F) than

that with one DI water droplet (�0.3 mA; Figure 1E), while their

voltages were nearly the same (�0.6 V; Figure 2G). It indicated

that Ein indeed originated from the work function difference.

More convincing evidence is shown in Figures 2H and 2I, and

the previous positive DC current as well as voltage became

negative when the positions of the Al and Au electrodes were

swapped. The DC current direction could be steered by the cir-

cuit connection of electrodes. Furthermore, such a rectification
Device 2, 100332, June 21, 2024 3



Figure 2. The output characteristics of triboiontronics

(A) The conventional structure of solid-liquid TENG and its output current.

(B) Comparison of the Ii generated by the work function difference in stationary and sliding mode.

(C) Comparison of the Ii generated through the coupling effect of triboelectrification and work function difference in stationary and sliding mode.

(D) The output current vs. sliding distance of the DI water droplet on the PTFE surface.

(E) The output current vs. sliding velocity of the DI water droplet on the PTFE surface.

(F and G) The (F) output current and (G) voltage of triboiontronics with two DI water droplets.

(H and I) The (H) output current and (I) voltage under the reverse Ein.

(J and K) The (J) work functions of different metals and their influence on the (K) output current of the triboiontronics device.
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ionic DC current was not limited to the Au and Al electrodes but

also applied to other metal pairs with different work functions; for

example, Au and titanium (Ti) electrodes (Figure S6). The equiv-

alent circuit of TTI devices in the discharge process is shown in

Figure S7A, where the positively charged DI water was dis-

charged under the Ein formed by the work function difference.

The relationship between work function difference and output

current could be inferred by the following equations.

First, the relationship between the charge and voltage of a

capacitor is shown in the following formula:

Q = C$ðu � VbiÞ (Equation 1)

whereQ is the charge of the capacitor,C is the equivalent capac-

itance, u is the output voltage, and Vbi =
V1 �V2

e is the built-in po-

tential difference.

The formula for the output current is as follows:
4 Device 2, 100332, June 21, 2024
i =
dQ

dt
=

u

R
(Equation 2)

where R is the external resistance.

Therefore, u can be expressed as follows:

u = R
d½C$ðu � VbiÞ�

dt
(Equation 3)

Here, the equivalent capacitance is approximated by a parallel

plate capacitor:

C =
ε0εrS

d
(Equation 4)

where ε0 is the vacuum dielectric constant, εr the relative permit-

tivity, d the thickness of the capacitor, and S the relative area of
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the capacitor (the area where the upper and lower electrodes

face each other), which can be expressed as follows:

S = S0 +At (Equation 5)

whereS0 is the initial relativeareabetween the twometal electrode

plates， A is the sliding velocity (m2=s), and t is the sliding time.

k is defined as

k =
ε0εr

d
(Equation 6)

Thus, the capacitance can be expressed as follows:

C = kðS0 + AtÞ (Equation 7)

Equation 3 evolved into

u

R
= kðAt + S0Þ $du

dt
+ kAðu � VbiÞ (Equation 8)

Equation 8 reads

�
1

R
� kA

�
u + VbikA = kðAt + S0Þdu

dt
(Equation 9)

which was integrated into the formula

Z t

0

dt

kðAt+S0Þ =

Z U

U0

du�
1

R
� kA

�
u+VbikA

(Equation 10)

where U0 is the potential difference of the original capacitor, and

the ultimate result is as follows:
I =

2
64
�
1+

At

S0

�
1

R
� kA

kA � 1

3
75VbikA+

�
1

R
� kA

��
1+

At

S0

�
1

R
� kA

kA
U0

1 � kAR
(Equation 11)
� �
1

R
� kA

kA
where 1
R[ kA; thus, 1+At

S0
� 1> 0, and, therefore, it can

be obtained from Equation 11 that I increases with the metal work

function difference. The theoretically calculated output current of

triboiontronics devices under various theoretical work function20

differences (Figure 2J) is shown in Figure S7B. The current peak

was gradually reduced with the decrease in the theoretical work

functions difference between electrodes (E1> E2 >E3). The current

direction even became negative under the reversed E4 formed be-

tween the Au and platinum (Pt) electrodes. Moving from theory to

experiment, the Au electrode was used as a reference electrode,

and the counter electrode was altered to investigate the influence

of work function differences on the amplitude and direction of

output current. The experimental results (Figure 2K) were in good
agreement with the theoretically calculated results (Figure S7B),

with the parameters of S0 = 10�4 m2, A = 10�5 m2 s�1, R = 108 U,

k = 8.853 10�9 F m�2, U0 = 33 10�5 V, and t = 0.0013 s. In com-

parison, the rectified Ii hardly appeared when the reference elec-

trode and counter electrode were identical; i.e., using both Au or

both Al (Figures S8 and S9). Such results were consistent with the

systematic I-V curve when DI water droplet was sandwiched be-

tween identical electrodes (Figure S10).

The sliding mode of triboiontronics demonstrated its rectifying

function through the synergy of triboelectrification and work func-

tion difference. Inspired by the evolution of multifunctional elec-

tronics from transistors and the subsequent integration, we pro-

posed TTI, in which the Al, Au, and triboelectrically charged DI

waterwere analogous to the function of source, drain, and gate ter-

minals. Two more Al back electrodes under fluorinated ethylene

propylene (FEP) couldproduceanACdue to electrostatic induction

(Figures 3A and S11), and the source-drain terminal could directly

generate a DC current (Figure 3B). The single DI water droplet

was triboelectrically charged by mechanical vibration, and its

charges would be released to form a DC current upon the

source-drain terminal, as shown in Figure 3C. Similar to the tradi-

tional transistor,TTI alsoofferspossibilities for variousstructuralde-

signs and can regulate its output performance. As shown in Fig-

ure S12, the DI water droplet slid on the FEP at different heights

to the junction of the source-drain terminal. These results indicated

that the DI water droplet carried different triboelectric charges

through controlling the sliding distance that could regulate the

output current. As shown in Figure 3D, the narrower the gap be-

tween the source and drain terminals, the greater the DC current

generated as the stronger Ein would be formed to promote the Ii.

Increasing the volume of the DI water droplet not only improved

its triboelectric charges but also increased the contact area be-
tween the water droplet and the source-drain terminal, enhancing

the output DC current (Figure 3E). The increasing trend of output

DC current became unapparent when the width of source-drain

charge-collecting terminals was increased to 10 cm (Figure 3F).

This might be caused by the influence frommore hydrophilic metal

surfaceswhenthewaterdropletpassed through,affecting the inter-

facial wettability. The output charges and voltages of TTI devices

with different parameters are shown in Figure S13. A photograph

of a TTI device with a gap of 500 mm, volume of 100 mL, and width

of 5mm is shown inFigureS14. Its averagecharge transfer reached

avalueof0.700mC,and thecontact areaof theDIwaterdropletwas

0.503 cm�2. Therefore, a record-high charge density of 13.926mC

m�2 was obtained in this work (Figure 3G), which was an order of

magnitude higher than those from the state-of-art devices reported
Device 2, 100332, June 21, 2024 5



Figure 3. The design of the TTI device

(A) Structure and current signal of the free-standing TENG.

(B) Structure and current signal of the TTI device.

(C) The working mechanism of the TTI device.

(D–F) The structural designability of the TTI device in the gap of the source-drain terminal, the volume of the DI water droplet, and thewidth of the electrode, and its

corresponding output current.

(G) Comparison of charge density in previous studies18,21–29 and in our work.

(H and I ) Structure schematic of the TTI device with two source-drain terminals (H) and its output current (I).
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so far (from 0.014 to 0.566mC/m2).18,21–29 The limited electron-ac-

cepting/donating and charge-storing capability of solid dielectric

surfaces during CE was the main challenge for further improving

the charge density of conventional solid-liquid TENGs. Despite

DEGs promoting their output through the direct contact between

the charged water droplet and electrode, they only harvest part of

the charges from water droplets by one of the electrodes and are

still restrained by the limitation of a solid dielectric surface. In

contrast, the record-high charge density of the TTI device
6 Device 2, 100332, June 21, 2024
benefitted not only from the direct contact between the charged

water and electrodes but also from the fast migration of charges

driven by Ein. More importantly, the single water droplet in the TTI

device could be repeatedly charged (slid on the dielectric layer)

anddischarged (positionedon thesource-drain terminal).Asshown

in Figures 3H and 3I, two DC signals were generated when the DI

water droplet slid on two source-drain terminals in sequence after

triboelectrification with FEP. The TTI device did not require water

drops falling continuously from a certain height, as reported



Figure 4. The threshold-monitoring function of the TTI device

(A–C) Traditional freestanding TENG (A) and its output (B) current and (C) voltage.

(D–F) A TTI device as a self-powered threshold sensor (D) and its output (E) current and (F) voltage.

(G–I) A TTI device for left/right self-powered threshold sensing (G) and its output (H) current and (I) voltage.

(J) The potential application of a TTI device in self-powered threshold monitoring.
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previously,34–36 thus expanding its application scenarios for both

energy harvesting and information sensing.

Vibration movement could be monitored by a water droplet

TENG26 with freestanding mode (Figure 4A), benefitting from

the smaller friction resistance of the single DI water droplet on

FEP. However, the AC-sensing signals (Figures 4B and 4C) of

conventional TENGs26 are small and easily affected by the envi-
ronment, resulting in a low SNR due to the nanolevel of current

and limited accuracy in some vector threshold sensors. For TTI,

once theDIwater dropletmoved to one of the source-drain termi-

nals, a DC threshold-sensing signal responded (Figures 4D and

4E). The orange part in Figure 4E indicates the residence time

of the water droplet on the source-drain terminal. At the same

time, the voltage became approximately 0.7 V, which mainly
Device 2, 100332, June 21, 2024 7
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originated from the work function difference of the source-drain

terminal (Figure 4F, orange line). Such amicrolevel current output

generated by TTI provided a high SNR as a more accurate

method to monitor the vibration movements. The SNR is an

important parameter for sensors defined by the strength of the

desired signal compared with the undesired background noise,

In the formula37,38

SNR = 20$lg
IRMS
Signal

IRMS
Noise

(Equation 12)

IRMS
Signal is the root-mean-square (RMS) of the output current signal,

and IRMS
Noise is the RMS of the noise signal. Considering that the

RMS value of the noise signal was 1.563 nA (Figure 4E, inset),

the SNR ratio related to TTI was calculated to be 53.217 dB,

which was almost 3 times that of a freestanding TENG (19.854

dB). Such high SNR of TTI offered a significant character for

self-powered sensors. As shown in Figures 4G and 4H, a positive

current was generated when the DI water droplet moved to the

left source-drain terminal (the left threshold [TL]). On the contrary,

a negative current was generated when the DI water droplet

moved to the right source-drain terminal (the right threshold

[TR]). Moreover, the positive and negative constant voltage

(about �0.6 V) could also be used to distinguish the direction

of vibrational movement (Figure 4I). Therefore, the TTI has

huge potential for detection of ship movement. Figure 4J shows

the gated DI water droplet at the neutral position in a balanced

situation. The DI water droplet would move to different source-

drain terminals during a bump of the ship, and its negative or

positive threshold-sensing signals present the specific moving

direction, amplitude, and frequency of the ship (Video S1). The

characteristics of a high SNR from TTI provide a more accurate

and rapid response and might serve as self-powered threshold

sensors for alarm and warning systems, such as for shipwrecks,

driving collisions, earthquakes and bridge/tunnel collapse. More

movement information, such as the specific threshold position,

could be also obtained through the optimized design of

source-drain terminals. Furthermore, as one type of iontronics,

TTI is almost unaffected by magnetic fields, which could extend

its application in broader scenarios.

In practice, vibrational movement is more complex, especially

when its vibrational equilibriumpositiondeviates fromthe initial po-

sition. For example, the rearmost part of a ship is constantly

impacted by waves, making its center of gravity shift to the bow,

thus causing an imbalance in the entire ship. A TTI device with

the function of a multilevel threshold was proposed to alert during

some emergencies, and different threshold positions were pre-

sented via four source-drain terminals. Figures 5A and 5B depict

the structure of such a multifunctional TTI device as side and top

views, and photographs are also shown in Figure S15. Different

sensing electrical signals of a multifunctional TTI device were pro-

duced when the DI water droplet moved to different positions

(Figures S16 and S17). Namely, the electrical signal in one period

correspondedtoeachmovement trajectoryof theDIwaterdroplet.

It can be seen in Figures 5C–5E that the positive and negative

sensing signals were generated with symmetrical numbers, which

indicated that the vibration center of gravity of the multifunctional
8 Device 2, 100332, June 21, 2024
TTI was at the horizontal center. Moreover, even-numbered

sensing signals in the samedirectionwereproducedwhen the po-

sition of the DI water droplet was in between the T1 and T2 (Fig-

ure 5D). The odd-numbered sensing signals in the same direction

presented theDIwaterdroplet exactlymoved to thepositionofone

source-drain terminal, as shown in Figures 5A and 5C. Further-

more, the more symmetrical sensing signals appeared, the larger

the vibration amplitude of the DI water droplet became. Such sig-

nals indicated that the object was experiencing severe turbulence

in both directions. On the other hand, the decreasing amount of

positive sensing signals (Figures 5F–5H) indicated that the center

of gravity of the DI water droplet gradually trended to the right

side, which further explained that the object was in a very unbal-

anced state. The practical movement trajectories of the DI water

droplet are shown in Figures S16 and S17.

TTI self-powered sensors have very powerful functions and

huge potential for various sensing applications in which the

electric signal characteristics are closely related to the physical

stage of the DI water droplet. Furthermore, TTI could also be

used to build logic analogy for information transmission and hu-

man-machine interaction interfaces. As shown in the photo-

graph (Figure 6A) and circuit diagram (Figure 6B), the left DI wa-

ter droplet slid from FEP as a gate terminal, forming a

clockwise (positive) current loop in the left circuit. Vice versa,

the counter-clockwise (negative) current loop was generated

in the right circuit, when the right DI water droplet connected

to the right source-drain terminal. The positive current as a

command signal could be also transmitted to the robotic circuit

controller for raising the left leg of a robot (Figure 6Ci). Once the

gate DI water droplet was absorbed by dust-free paper, the

connection of the source-drain terminal was broken, the cur-

rent decreased to zero, and the robot returned to its initial state

(Figure 6Cii). Similarly, the negative current generated by the

gate of the right DI water droplet controlled the movement of

the right leg of the robot (Figure 6Ciii). The brain controls the

body’s movement of walking through accurate transmission

of information from the central nervous system via the neuro-

logic circuit for the coordinated motion of the lower limbs.9 A

TTI device could enable a neurologic circuit to control robotic

movements in a similar way with and low power consumption

(Video S2). Parameters influencing TTI, such as work function

difference/gap of electrodes and friction distance/velocity of

the water droplet, are shown in Figure 6D. Besides, surface

modification of the solid, application of non-evaporable liquid

droplet,39 as well as device encapsulation are good ways to

improve the feasibility and stability of TTI.

Conclusion
Electronics are currently approaching the limit of Moore’s law.

Inspired by the information transmission in neuron systems,

iontronics provide an alternative approach to improve the en-

ergy and information flow. However, the regulation of charges

in iontronics is a long-lasting challenge. In this work, a me-

chano-driven TTI was proposed through the synergy of tribo-

electrification at the solid-liquid interface and work function dif-

ference between dissimilar metal electrodes. After charging by

friction against the solid dielectric, the triboelectrically charged

DI water droplet would be discharged under the constant Ein



Figure 5. The self-powered sensor based on TTI

(A and B) Side view (A) and top view (B) of a TTI self-powered sensor with the multilevel threshold.

(C–E) A TTI self-powered sensor under the different symmetrical movement trajectories of the DI water droplet gate.

(F–H) A TTI self-powered sensor under asymmetrical movement trajectories of the DI water droplet gate (to the right side).
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Figure 6. Control of an neurologic analog circuit by a TTI device

(A) Photograph of two TTI devices.

(B) The neurologic analog circuit of the TTI device.

(C) The robotic movements controlled by the TTI device.

(D) Influencing parameters and potential applications of TTI devices.

Please cite this article in press as: Li et al., Transistor-like triboiontronics with record-high charge density for self-powered sensors and neurologic
analogs, Device (2024), https://doi.org/10.1016/j.device.2024.100332

Article
ll

OPEN ACCESS
formed by the work function difference. Its transferred charge

density set a record of 13.926 mC/m2, which was an order of

magnitude higher than those from the state-of-art devices re-

ported so far (from 0.014 to 0.566 mC/m2).18,21–29 A high

SNR was obtained for mechano-driven, gate-tunable TTI, and

it showed great potential for self-powered threshold sensors.

As one type of iontronics, TTI is almost unaffected by magnetic

fields, which could extend its application scenarios. This work

enables the possibility to tune mechano-driven current signals,

which could not only be used as self-powered sensors, but also

work as a neurologic analog circuit to control robot move-

ments. We envision that TTI will open up avenues for many ap-

plications in the near future, from scavenging energy and build-

ing neuromorphic integrated circuits to developing low-power,

in-sensor computing.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information, resources, and reagents should be directed

to and will be fulfilled by the lead contact, Di Wei (weidi@binn.cas.cn).

Materials availability

The materials generated in this study are available from the lead contact upon

reasonable request.

Data and code availability

The data used to support the findings of this study are available from the lead

contact upon reasonable request.

The fabrication of the triboiontronics

The triboiontronics device consisted of two different metal materials, an elec-

tret material, a DI water droplet, and hard base supporting materials. First, two

different metal materials (an Au film and Al film) were attached to two acrylic

mailto:weidi@binn.cas.cn
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plates. The Au film was fabricated by magnetron sputtering technology (Dis-

covery635). Then, one of the metal surfaces was attached by an electret ma-

terial (such as FEP or PTFE) that served as the triboelectrification layer and re-

mained an exposed area. Furthermore, a DI water droplet was sandwiched

between one metal and triboelectrification layer at the initial movement. The

movement of the DI water droplet on the surface of one metal and triboelectri-

fication layer was driven by a linear motor (LinMot BF01-37).

The fabrication of the TTI device

The TTI consisted of two metal materials, an electret material, a DI water

droplet, and soft base supporting materials. First, two identical metal materials

were attached to the surface of the soft base supporting materials (such as

polyester film) at a certain distance. Then, the entire soft base support material

and the two identical metals were covered with an electret material (such as

FEP or PTFE) that served as a triboelectric layer. Next, two different metal ma-

terials (such as Au film and Al film) were attached to the surface of the electret

material, keeping a certain gap between each other. Furthermore, the whole

device was fixed on a curved support mold that was printed by three-dimen-

sional printer (RAISE 3D), and a DI water droplet vibrated back and forth on this

device through a customized swing mechanical structure.

The electrical characteristics measurement

A programmable electrometer (Keithley Instruments, model 6514) was used to

measure the current, voltage, and charge signal of TTI. The theoretical model

was simulated by COMSOL software.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

device.2024.100332.
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