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SUMMARY

Electrokinetic energy conversion by streaming current was proposed
for energy harvesting for >50 years; however, it proved tobeof limited
use due to low efficiencies. The recent emergence of nanomaterials
and related technologies significantly increased these efficiencies.
Here, we report an electrokinetic energy conversion systemusing a sin-
gle stream of ballistic droplets from which we obtain close to 80% ef-
ficiency with 25 kV generated voltage. The voltage can be reduced
to a minimum of 4 kV while maintaining �40% efficiency, a promising
feature from the point of view of applications. Furthermore, we inves-
tigate the possibility of integration with 9 microjets as a conversion
unit, which generates 1.9 mW with an efficiency of 35%. We experi-
mentally achieve a power density of 8.4 kW/m2 under 0.4 bar pressure
and an upper limit of 84 kW/m2 using denser pore arrays. Our results
demonstrate efficient ballistic energy conversion, as well as the poten-
tial for integrated applications.

INTRODUCTION

Energy harvesting has been significantly developed in the last several decades as a result

of the demand for renewable energy, while promoting the emergence of new materials

and technologies.1–5 Electrokinetic energy conversion, including diffusion or convec-

tion-driven systems, was proposed over a half-century ago, but recently attracted re-

newed attention because of the recent development of nanomaterials and microfluidic

and nanofluidic technologies.6–8 The principle of energy conversion from streaming cur-

rent relies on the motion of counterions within the electrical double layers by hydrody-

namic flow. The motion of net charges represents an electrical current that can be

collectedbyanexternalcircuit, thusconvertingmechanicalenergy toelectricalenergy.9,10

For a renewable energy harvester, the energy conversion efficiency, output power, and

power density are the critical performances that were perused efforts for a long term.

Although theories predict a maximum of 17% efficiency in ultrafine electrokinetic sys-

tems,11 the experimentally obtained values remained lower than 1% for a long

period.12–15 Thanks to the development of nanofluidic technologies, precise control of

the overlap of electrical double layers (EDLs) helped to increase experimental efficiency

values in nanochannels and nanopores to 3%–5%.16–18 Although the theories predicted

higher efficiencies by slip boundaries19 or ion-layering within narrow channels,20,21 this

has not yet been observed in nanochannel experiments. Instead, using highly charged

porousmaterials with ultra-small pores,Østedgaard-Muncket al. improved the efficiency

to 14% in a direct measurement,22 although the power density obtained was low, at�2

W/m2.23,24

Different from the classical electrokinetic energy conversion, by shooting a train of

water microdroplets, Duffin and Saykally successfully obtained a high conversion
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Figure 1. Experimental Setup and Hydrodynamic Energy Conversion

(A) Scheme of the ballistic energy conversion by high-speed charged microdroplets.

(B–D) Measured flow rate (B), calculated initial droplet velocity (C), and calculated efficiency (D) in

the acceleration stage as a function of the applied pressure, by using a single micropore with radius

r of 25 mm. Error bars represent the standard deviation from three individual experiments.
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efficiency >10%.25,26 Subsequently, in our work, by using electrostatic induction,

additional charges besides the EDL ions were added to the droplets, strongly

improving the conversion efficiency to 48%.27 More types of droplet-based energy

harvesting devices using the kinetic energy of droplets have recently emerged.28,29

Since the charges were delivered by high-speed microdroplets, we called this elec-

trokinetic energy conversion method ballistic. In the present work, by optimizing the

working conditions, we demonstrate that the maximal efficiency can be enhanced to

nearly 80% in a single jet, which represents an efficient electrokinetic energy conver-

sion. We also take two important steps toward practical applications. First, we

demonstrate that the generated voltage can be decreased to 4 kV by increasing

the charge density of the droplets, while still maintaining a high efficiency of 40%.

Second, we demonstrate possible ways of integrating multiple microjets in a single

device. We show three different basic designs for electrostatic induction in multi-jet

systems, all three of which can be considered as a future unit for large-scale applica-

tions. We found a maximal power of 1.9 mW in a 9-jet system operated as a conver-

sion unit under only 0.4 bar applied pressure. We also investigate methods to tune

the density of integrated pores to further increase power density. As an example of a

high degree of integration for future applications, on the basis of our measurement

results, we derive a power density of 8.4 kW/m2 with a denser pore membrane.

RESULTS AND DISCUSSION

Experimental Setup

Figure 1A schematically illustrates the principle and setup of ballistic energy conver-

sion. Here, we set the applied pressure p in a container via a pressure regulator (Flui-

gent; MFCS-EZ) and used a flowmeter (Fluigent; Flow Rate Platform, XL unit) to

measure the flow rate of waterQ in the pipelines to obtain fundamental information

for the input power. The water is forced through a single micropore with a diameter

of 50 mm in a SiN membrane (see Experimental Procedures), forming a single micro-

jet. Due to the instability of the air-water interface, the microjet breaks up into a train

of microdroplets30 containing the net charges advected from the EDL at the SiN
2 Cell Reports Physical Science 1, 100110, July 22, 2020
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membrane surface. Besides the EDL ions, additional charges are introduced by elec-

trostatic induction by placing a hollow metal ring around the path of flight of the

droplets and keeping it at high potential by using a DC voltage source (Keithley

2410). Water is accelerated from the nearly static condition in the container to a

high-speed jet, converting the hydrostatic pressure (potential) energy into the ki-

netic power of the microdroplets. Thus, we called this droplet generation process

the acceleration stage and assigned it an efficiency, effkin.

The microdroplets are collected at a metal target, which is connected to ground by a

load resistor. As charges are delivered from the top reservoir to the bottom target, a

voltage difference between both is built up that we called target voltage. The gener-

ated target voltage decelerates the charged droplets. Using this process, charge is

transported to a high-voltage target, converting the kinetic to electrical energy to

which we assigned an efficiency, effel. Finally, the system efficiency (eff) can be calcu-

lated for the conversion from mechanical to electrical energy by multiplying the ef-

ficiencies of the two individual stages, eff = effkin , effel. Compared to the classical

solid-liquid interfaces, the use of a liquid-air interface significantly reduces the en-

ergy loss of the system, thus enhancing the output power and efficiency.
Hydrodynamic Energy Conversion

Our theories predicted that the majority of energy loss originates from viscous fric-

tion near the pore, droplet surface energy, and air friction during the transporting of

droplets. An appropriate pore size, and thus of the generated droplet size, may help

to minimize the above energy losses, thereby increasing efficiency. Here, we chose a

50-mm diameter micropore, since we showed that the theoretically predicted effi-

ciency gradually becomes saturated at a value close to 90%.31

We first performed hydrodynamic experiments to derive the efficiency effkin in the

acceleration stage. Gradually increasing the pressure from 0.2 to 1.7 bar, we could

form a single stablemicrojet, with themeasured volume flow rate shown in Figure 1B.

The flow rate has a rapid increase at low applied pressure due to the need to over-

come the Laplace pressure, and subsequently linearly increases. We can calculate

the mean velocity of the water jet by measuring its radius under a microscope, as

shown in Figure 1A. We found an average jet radius a of 21 mm, with a contraction

ratio of the jet a/r = 0.84, where r is the pore radius. Thus, we can derive the average

velocity of the liquid jet nj by

Q = pa2,vj (Equation 1)

By the laws of mass and momentum conservation, it is possible to calculate the ve-

locity of the droplets (dots in Figure 1C) as32

vd = vj,

 
1� g

rwav
2
j

!
(Equation 2)

where g, rw are the surface tension and water mass density, respectively. Since the

output power can be expressed as ðQrwv
2
d =2Þ, we can then derive effkin by dividing

the output power by the input hydrodynamic power defined as applied pressure 3

volume flow rate:

effkin =
v2
drw

2p
(Equation 3)

The experimentally estimated efficiency in the acceleration stage from the hydrody-

namic experiments is shown as solid dots in Figure 1D, matching well with a
Cell Reports Physical Science 1, 100110, July 22, 2020 3
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theoretical prediction (solid line) taking physical parameters at room temperature.

More details of the theoretical predictions can be found in the section Experimental

Procedures. Our results demonstrate that the efficiency effkin rapidly increases with

pressure to �600 mbar and then gradually saturates at a value of �90% at pressures

around and above 1.5 bar. For the later single-jet experiments, we took 600 mbar as

the applied pressure, with an average effkin of 84%. Our hydrodynamic results indi-

cate that the effkin has limited potential for enhancement by further increasing the

applied pressure >600 mbar. The system efficiency begins to suffer as the high pres-

sure generates a high speed of the microdroplets, thus requiring a high target

voltage to convert the kinetic energy, which increases the risk of electrical leakage

and energy loss. The high energy conversion efficiency that can be obtained at rela-

tively low pressure in the acceleration stage is a promising feature of the method for

energy conversion, in view of its hydrodynamic properties.
Energy Harvesting in the Deceleration Stage

As we illustrated above, the water microjet contains ionic charges that are advected

from the EDL of the SiN membrane and electrostatic induction and delivers them af-

ter breakup to the microdroplets. We placed a hollow guard ring as an induction

gate (Figure 1A) with an inner diameter of 1.2 mm at 9 mm distance from the micro-

pore. This distance is called the working distance, which is adaptable to the jet

length. The guard ring opening was carefully aligned to ensure that the droplets

passed through. A stainless steel target at the bottom circuit was connected to a

resistor for power generation.

The resistors, including the metal wire connections, were immersed in a transformer

oil bath to avoid corona discharge in case of high generated target voltages, which

can cause severe electrical energy losses. A dual-channel picoammeter (Keithley

6482) was used for the simultaneous measurement of currents in the top circuit I1
from ground to the silver wire in the reservoir and in the bottom circuit I2 via the

metal target through the load resistor to ground.

Figure 2A shows a typical current response when we operate the gate voltage

(voltage applied to the hollow guard ring) at a stable water jet. As the gate voltage

was switched from 0 to �100 V at 17.5 s, the generated current I1 in the top circuit

immediately increased to 7 nA on average. However, the current I2 at the bottom cir-

cuit increased exponentially, caused by the capacitive charging process of the metal

target. We used the saturated current values I1 and I2 for further analysis.

We investigated the influence of the salt concentration on the charge induction, as it

may change jet electrical resistance and thus the induced charges on droplets. Ac-

cording to the equivalent circuit of the current generation (see Figure S1), the

charging current I1 is determined by the capacitance of induction and the electrical

resistance of the liquid jet as

I1 =
Vg

4pR3
d

3QCind
+

Lj
k,pa2

where Vg, Rd, Q, Cind, Lj, k, and a are gate voltage, radius of droplet, volume flow rate,

the capacitance of the electrostatic induction, jet length, liquid conductivity, and jet

radius, respectively. The first term stems from the capacitance of induction, while the

second term stems from the electrical resistance of the jet. We performed the induction

experiments with three salt concentrations (0.1 and 0.01 M KCl solutions and deionized

water)whilemaintaining a constant appliedpressure,with the results shownasFigure2B.
4 Cell Reports Physical Science 1, 100110, July 22, 2020



Figure 2. Energy Harvesting in the Deceleration Stage with a Single Micropore

(A) Time trace of the current I1 and I2 (see Figure 1A) when switching the gate (hollow guard ring, Figure 1A) voltage to �100 V.

(B) The effect of the KCl salt concentration for charge induction at an applied pressure of 600 mbar.

(C and D) Current (C) and energy conversion efficiency (D) as a function of the gate voltage. Two individual experiments were performed with slightly

different target distances (the distance from the target to the hollow guard ring, 2.4 cm in experiment 1 and 2.2 cm in experiment 2). Typical operation

conditions: load resistor, 1 TU; solution, 0.1 M KCl; applied pressure, 591 mbar; average flow rate, 14.13 mL/s.

(E and F) Current measurements with low value resistors for a reduced target voltage. Current (E) and efficiency (F) as a function of gate voltage with 100

GU (inverted triangles) and 50 GU (circles) resistors.

(G) The generated target voltage by using 1 TU, 100 GU, and 50 GU resistors as a function of the droplet charge density.
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The generated current I1 in all cases linearly responds to the gate voltage but with a

different slope. Our results demonstrate that the use of electrolyte solution significantly

increases the induction current compared to using deionized water, with a minor in-

crease from 10mM to 0.1M KCl.We attributed this to two factors, namely the induction

capacitance and the resistance of themicrojet. A high ionic strength increases the capac-

itanceCind, but reduces the second term of the jet resistance, so that both changes help

to increase the current induction. From the above equation, we can derive that the

capacitance term of current generation dominates at conductivities >0.01 S/m (Fig-

ure S2), and then has a limited potential for further enhancement at higher salt concen-

trations, as we found in the experiments. In the following experiments, we use 0.1M KCl

solution as the working liquid.

We first connected a 1-TU resistor at the bottom circuit, which is able to generate a high

target voltage at a small current. The currents at the top and bottom circuits were

measured when increasing the gate voltage, keeping the pressure constant at 0.6 bar.

The results are shown in Figure 2C. Both I1 and I2 linearly increase with the gate voltage

in a comparable manner. This demonstrates that nearly all of the microdroplets are

collected, as I1 represents the charges leaving the top reservoir and I2 represents the

collected charges. Here, we show results from two individual experiments with slightly

different target distances. More results can be found in Table S1.

As the gate voltage exceeded a critical value (�400 V for experiment 1 and �320 V

for experiment 2), I2 decreased with gate voltage, although a linear increase of I1 was
Cell Reports Physical Science 1, 100110, July 22, 2020 5
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still observed. This phenomenon is caused by the partial deflection of microdroplets.

When the droplet charge increased, the electrostatic repulsion between microdrop-

lets induced the droplet spray to assume a small conical angle, resulting in different

trajectory distances before landing on the target. The droplets at the outside of the

spray cone undergo a stronger air friction consuming more kinetic energy, and are

thus likely to be deflected, which represents a loss of electrical energy. We found

a maximum current I2 at the transition point shown in the I-V curves that was typically

at �25 nA, with a corresponding target potential Vtarget = I2 , Rload of �25 kV, where

Rload is the load resistance.

According to Ohm’s law, we could calculate the electrical output power (Figure S3)

as Pout = I22,Rload . Finally, taking the applied pressure (0.6 bar) and measured flow

rate (14.1 mL/s), we can derive the system conversion efficiency from mechanical

to electrical energy by the following definition, where all of the parameters were

experimentally measured:

eff =
Pout

p,Q
=
I22,Rload

p,Q
(Equation 4)

The experimental efficiency is shown in Figure 2D. Because the applied pressure was

maintained at a constant value, the generated power and efficiency have a similar

tendency as the gate voltage, increasing as a square function of the gate voltage

and decreasing as it reaches the droplet deflection regime. For each group of exper-

iments, there is an optimal gate voltage for the maximal efficiency at the transition

gate voltage to the deflection region. According to Equation 4, we could derive a

maximal efficiency of 78.0% with 25.5 kV generated on the metal target with an

�10% loss of droplets (see Figure S4).

High target voltages are likely to increase the risk of electrical leakage, leading to

energy losses, besides complicating the integration of the microjets due to the

need for transformer oil bath protection. Reduction of the target voltage enables

operation in the common atmosphere, which can simplify application of the devices.

Considering the conservation of energy 1=2mdvd
2 = qdVtarget , we can reduce the

target potential Vtarget by increasing the droplet charge density qd/md, all the while

maintaining output power and efficiency at the same level. With a low load resis-

tance connected, it enables a high current I1, representing a high charge-to-mass ra-

tio of droplets. We thus changed the load resistor to lower values by using 100 and

50 GU load resistors. Figures 2E and 2F demonstrate the current and efficiency

measured as a function of the gate voltage. Similar to the results from the 1 TU

resistor, the currents I1 and I2 linearly increase with the gate voltage in a comparable

manner in the collection regime. Figure 2E shows that the maximum currents I2 were

63 and 80 nA at 100 and 50 GU, respectively, more than double the maximal values

of I2 for the 1 TU resistor. The high current enables us to reduce the target voltages to

6 and 4 kV, with maximum efficiencies of 48% and 40% for 100 and 50GU (Figure 2F),

respectively, under the same applied pressure. The optimal gate voltage is seen to

increase for low load resistances. Meanwhile, the high generated current I1 impli-

cates a high droplet charge and hence a strong repulsion between droplets, result-

ing in a wider spray cone. As we mentioned above, this results in more droplets’

being deflected from the target, and thus a higher electrical energy loss. This aspect

is illustrated in Figure S4, where we defined a ratio k of current I2 to I1 to represent the

deflection of droplets. The typical optimal efficiency occurs at a ratio of 0.8–0.9,

where the large majority of droplets can be collected at the optimal gate voltage

for full conversion. The ratio at the optimal gate voltage for low resistances generally

has a lower value due to the larger spray cones.
6 Cell Reports Physical Science 1, 100110, July 22, 2020
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To compare the efficiency and target voltage when using different value resistors, we

show the results in Figure 2G, as a function of the charge density of the droplets

defined as I1/Q. The colors on the dots indicate the values of efficiency, with a color

bar shown as an inset figure. All of the results demonstrate that the target voltage

linearly increases with the charge density in the collection regime and then de-

creases when the deflection regime is reached. By changing the load resistance,

we are able to tune the ballistic energy conversion system from a low current-high

voltage system to a relatively high current, low voltage system, significantly reducing

the target voltage, although the efficiency when a low resistance is used is signifi-

cantly smaller than when using a 1-TU resistor. The major loss factor is caused by

the deflection of droplets at low resistance, due to the strong droplet repulsion

and the larger droplet spray cone.

In summary, we obtained a maximal conversion efficiency of 78% in a single jet, with

a generated voltage of 25.5 kV using a 1-TU resistor. The target voltage can be

significantly reduced to 4 kV by connecting a 50-GU resistor, with 40% conversion

efficiency and the ability to work in the common atmosphere. Further reducing the

target potential is still possible by using an even lower resistance and charging

the droplets close to the Rayleigh limit.33 Meanwhile, optimizing the droplet collec-

tor shape is critical to limit the loss of droplets and obtaining a high efficiency.
Multi-jet Membrane

We investigated the possibility of integrating 9 jets in a single unit for a conversion

system for future applications. We studied the energy conversion performance,

including power (density) and efficiency for three different designs, and found an

optimal design for the usage.We fabricated an array of 9 micropores with a diameter

of 50 mm by laser drilling through a 23-mm-thick polyimide (PI) membrane or by ion

track-etched technology in a polymer membrane,34,35 keeping the center distance

d of adjacent pores at 1.5 mm. More details regarding micropore fabrication can

be found in the Experimental Procedures. We kept the operational conditions and

flow control system as much as possible identical to the single-jet experiment, by us-

ing a solution KCl of 0.1 M and a working distance of 9 mm. Because of the small

induced current, the bottom resistor circuit was again immersed in an oil bath,

with a 100-GU resistor connected to the metal target for harvesting electricity.

The jets from 9 micropore array were simultaneously produced by regulating

applied pressure in the water tank, once the applied pressure was over a threshold

value. We applied a lower pressure (420 mbar) to avoid the deformation of PI foil

(Figures S6 and S7). It must be noted that the flow rate was measured by weighing

the water collected from the jets (see Experimental Procedures).

We produced three induction designs to determine an optimum for the integration

of a multi-jet system because induction is a critical factor for power generation and

efficiency. We simply replicated the design from the single-jet system, with each of

themicrojets covered by an insulating channel to avoid electrostatic induction by the

adjacent charged jets. Figure 3A schematically illustrates the use of a thin PI mem-

brane with 9 micropores (shown in purple), with a 9-mm-thick poly(methyl methacry-

late) (PMMA) plate (shown in light blue), with channels allowing the passage of the

microdroplets (see Supplemental Experimental Procedures). We taped a piece of

65-mm-thick copper foil at the bottom of the PMMA plate with 9 pinched holes

with a diameter of 1 mm for electrostatic induction. All three layers were well aligned

to the path of the microdroplets. As the separate PMMA channel has a structure

similar to a honeycomb, we called it the honeycomb induction (HI) system.
Cell Reports Physical Science 1, 100110, July 22, 2020 7



Figure 3. Power Generation from Microjet Array

(A) Schematic diagram of the honeycomb induction (HI) system. Each microjet corresponds to one insulated channel and one hollow ring.

(B) Currents as a function of gate voltage. Vertical view of the HI is inset.

(C) Dependence of the power and efficiency on the gate voltage for the structure shown in (A).

(D) Schematic of the chamber induction (CI) system. Each microjet corresponds to one particular hollow ring but no insulated channel.

(E) Measurement of the currents at different applied gate voltages with the structure shown in (D).

(F) The calculated output power and efficiency as a function of gate voltage.

(G) Schematics showing the structure of the shared induction (SI) system. All of the microjets share one hollow induction ring but no insulating channels.

(H) The I-V relationship for a d = 1.5 mm (blue) and a d = 0.2 mm (green) membrane based on the structure in (G).

(I) The calculated power density as a function of gate voltage.

ll
OPEN ACCESS Article
As in the single-jet system, I1 and I2 have equal values in the collection regime, lin-

early increasing with the gate voltage, using a constant applied pressure of 423mbar

and a 0.125-mL/s flow rate. We found an optimal value I2 of 129 nA at a gate voltage

of�800 V, as shown in Figure 3B. We calculated a maximum output electrical power

of 1.65 mW when using 9 jets, corresponding to an efficiency of 31.3%, as shown in

Figure 3C. Strong droplet deflection again reduced the efficiency of the system, as

can be seen by the ratio of current I2:I1 in Figures S8 and S9. The averaged induced

current rate is lower than the results in the single-jet experiment. We attributed this

decrease to the decrease of induction capacitance due to the smaller exposed areas

of the metal rings. We found that the pores slightly expanded under applied pres-

sure, as shown in Figure S7, resulting in a larger droplet size, thus decreasing the
8 Cell Reports Physical Science 1, 100110, July 22, 2020
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droplet generation frequency, which forms another possible factor reducing the cur-

rent generation.

We successfully demonstrated the current induction by the HI system; however, de-

flected droplets were likely to become accumulated in the PMMA channels, blocking

the jets for energy conversion. Thus, for a stable droplet generation, we took a

united PMMA chamber with the remaining 9 hollow metal rings for induction, as

shown in Figure 3D, which also allowed us to investigate the influence of electro-

static induction between the jets. As there is only a single PMMA chamber for the

jet induction, we called the structure chamber induction (CI), where we can still

ensure separate induction for each jet without applying shielding between jets.

With 419 mbar applied pressure and 2.3 cm target distance, we gradually increased

the gate voltage in the CI system to �400 V. Both current I1 and I2 showed a linear

increase with the voltage below �300 V, and we obtained a maximum current I2 at

138 nA, as shown in Figure 3E. The slope of the induced current in the CI system

with �0.51 nA/V is higher than it is for the HI system (�0.18 nA/V), with the optimal

gate voltage decreasing from�800 V in the HI system to�300 V in the CI system.We

attributed this to the capacitance increase of the charge induction in the CI system,

caused by the larger exposed metal area and thus capacitance of the induction

metal. Our calculation on the generated power and energy conversion efficiency

in the CI system (Figure 3F) shows that a maximum power of 1.9 mW can be gener-

ated at 0.42 bar by 9micropores, with an efficiency of 35%. Our results indicated that

the electrostatic interaction of jets was negligible, andmore detailed discussions are

shown in the section Power Density.

Although the united chamber under the micropore is helpful in avoiding water resid-

uals, it still represents a technical challenge to align the induction ring to themicrojet

for laboratory use, especially for multiple microjets. We therefore further simplified

the induction design by using only one single open chamber, ensuring that nearly all

of the microjets are aligned near themetal rings, with only one jet in the center. Eight

jets at the edge share one metal ring for charge induction in this system, which we

called the shared induction (SI) system.

Once the separate metal pores have been removed from the system, it is possible to

make a highly compact system by reducing the distance between the pores. For

instance, here, we manufactured a 9-pore membrane with d = 1.5 mm (experiment

1, target distance, 2.4 cm) and d = 0.2 mm (experiment 2, target distance, 2.6 cm),

the results of which were measured under the applied pressure of �420 mbar. We

obtained similar tendencies of the current in these SI systems shown in Figure 3H

with collection and deflection. However, it must be noted that the slope of increase

of I1 and I2 with the gate voltage is smaller in experiment 2 than in experiment 1. In

addition, a different transition voltage from collection to deflection regime was

found in these two individual experiments. A possible reason for these differences

is that jets in experiment 2 are denser and concentrated in the center, which is far

from the metal ring. This decreases the induction. The electrostatic induction could

then be improved by aligning all of the jets close to the edge of the metal rings.

Finally, we obtained a maximal current I2 of 108 nA at �400 V, with an efficiency of

21.6% and 1.2 mW power in experiment 1. The maximal current I2 was 116 nA at

�1,000 V, with an efficiency of 22.6% and 1.3 mW power in experiment 2 (Fig-

ure S10), slightly lower than the performance in the HI and CI systems. However,

we believe that the efficiency and output power in the SI system can still be improved
Cell Reports Physical Science 1, 100110, July 22, 2020 9



ll
OPEN ACCESS Article
by optimizing the distance from the jets to the edge of the induction metal. The use

of more robust membranes with negligible deformation under applied pressure

might increase the efficiencies. In addition, we calculated the power density from

the above two membranes by r = Pout/(2 , d)2, taking the effective area of (2 , d)2.

The optimal power density in experiment 2 is 8.4 kW/m2, >50-fold higher than we

have in experiment 1 because of the denser micropores. A further increase of the

pore density is possible until it reaches an upper limit posed by the electrostatic

interaction between jets, as we discussed above and discuss in more detail below.
Power Density

The condition allowing pore integration in the CI and SI systems is that the value of

capacitance between jets Cjets can be ignored compared to the system induction

capacitance Cind because Cjets can induce a clear difference in the droplet charge

density at the inner and outer circles of the array. Inhomogeneously charged drop-

lets would result in a low efficiency, as more droplets are likely to be deflected as

they respond differently to the target voltage. We thus investigated the influence

of the number of jets integrated in a unit and the distance between these jets in

more detail.

We use a square array of micropores as an example for discussion. The amount of

charge in one jet (q0) is the sum of the induced charge from the electrostatic gate

(qind) and the induced charge from the other jets (qj) , which can be expressed as

q0 = qind � qj, where the minus sign indicates the reduction of charges due to the in-

duction by the jets. As we demonstrated in previous experiments, an inhomoge-

neous charge density in the droplets can cause a severe reduction in the efficiency.

Besides, the qj for the center jet of the array has the maximum value, as it has a

maximum number of neighboring jets. Hence, we can derive the induced charge

from the other jets by using CI and SI systems as follows:

qj = Cjets,

�
i0 �qind � qj

Vjet
,Q

�
,Rjet (Equation 5)

For simplification, we assumed that the current for the jets at the edge of an array is

i0. The second term in the brackets is the net current for the jet at the center of the

array, where Vjet, Rjet are the volume and resistance of the jet, respectively. Assuming

that for the center jet the induced charge from the jets was less than 10% of the

charge induced by the gate, qind/qj > 10qind/qj > 5, we will have

Cjets <
Cind�

10, i0
Vg
� 9Q

Vjet
Cind

�
,Rjet

(Equation 6)

Taking the physical parameters from our experiments (Cind = 2.3 3 10�15 F,

ðQ =VjetÞ = 2 3 103 s�1, Rjet = 2 3 106 U and the slope of the induced current

ði0 =VgÞ is �5.6 3 10�11 A/V), we found that the efficiency of the integrated systems

is strongly dependent on the distance between the jets and the number of jets inte-

grated. The distance between the jets can be as small as 50 mm (diameter of the

micropore) for 9 jets (3 3 3 array) or 16 jets (4 3 4 array) integrated, as most of

the jets are exposed at the edge of the induction ring. This enables a theoretical

maximum power density of 84 kW/m2 for a unit under 0.4 bar applied pressure. How-

ever, for a 25-jet (53 5 array) unit, theminimum distance increases to 75 mm (see Fig-

ure S11). This results in a theoretical maximum power density of 43 kW/m2 at 0.4 bar

applied pressure. The power density dramatically reduces to 2.4 kW/m2 for a 49-jet

system (73 7 array). Thus, to obtain a homogeneous droplet charge density for high

efficiency as well as high power density, our estimation suggests an integrated unit
10 Cell Reports Physical Science 1, 100110, July 22, 2020
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with 9 jets. More details can be found in the Supplemental Experimental Procedures

and Figure S11.

In conclusion, we report nearly 80% efficiency of electrokinetic energy conversion by

using a single stream of microdroplets through a 50-mm diameter micropore,

compared to 48% in our previous work, significantly improving the energy conver-

sion efficiency.27 We reduced the target voltage to 4 kV while maintaining the effi-

ciency at 40%, which exceeds triple times of the efficiency compared to the previous

work.27 Moreover, we investigated the possibility of microjet integration with three

different induction designs, which is critical for the applications. We discussed the

optimum design of microjets and obtained 1.9 mW output power with an efficiency

of 35%. Finally, we discussed the possibility of highly integrated microjets; here, we

derived a power density of 8.4 kW/m2 in the SI system, which is a step forward toward

future applications.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Yanbo Xie (ybxie@nwpu.edu.cn).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

All of the data associated with the studies are represented in the manuscript and the

Supplemental Information. The raw data are available from the Lead Contact upon

reasonable request.
Single Micropore Fabrication and Setup

The single micropore can be fabricated by standard photolithography procedures

on a SiN-Si membrane as follows. A 500-nm thick SiN film was grown on a monocrys-

talline Si wafer by plasma-enhanced chemical vapor deposition. Then, we used

photolithography and reactive ion etching to machine a single 50-mm diameter

pore in the SiN membrane. Then, we immersed the wafer in a KOH bath at 70�C
for wet etching through the Si wafers, forming a 1 3 1-mm2 square window. Finally,

the Si wafer was sliced equally into 49 chips (9 39 mm, each chip). The chips were

hydrophobized by trichloro (1H,1H,2H,2H perfluorooctyl)silane (PFOCTS) in a gas

chamber to avoid the sticking of water.
Multi-pore Membrane Fabrication

The multi-pore membranes were fabricated by laser drilling on a PI polymer mem-

brane with a thickness of 23 mm (Figure S5). A solid-state ultraviolet pulse laser

(RFHLASER, Excellent 355, wavelength 354.7 nm, pulse width 16 ns) was used to

perform the fabrication of the micropore arrays with a pore interdistance of 1.5 mm.
Theoretical Calculation in Hydrodynamic Energy Conversion

In the acceleration stage, viscous energy losses occur when squeezing the water out

of the micropore, which is equivalent to partial dissipation of the applied pressure (a

loss denoted as pvis). The pressure must overcome the surface energy to form a jet

(denoted as psur). Consequently, the energy loss, frompressure to droplet kinetic en-

ergy, when pressing the liquid out can be expressed as follows:
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peff = p � pvis � psur (Equation 7)

where the viscous pressure loss is pvis =p

�
K
a

�
for laminar flow, and the K has the

value of 1.3 mm by numerical simulation.31 The Laplace pressure contributed to

the surface energy loss psur =
g
a. The remaining effective pressure peff was converted

to liquid jet kinetic energy as expressed by the Bernoulli equation

peff =
rwv

2
j

2
(Equation 8)

By combining Equations 1, 7, and 8, we can derive the theoretical volume flow rateQ

as a function of applied pressure (solid line in Figure 1B). This gives

Q = pa2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p
�
1� K

a

�� 2g
a

rw

s
(Equation 9)

Similarly, we can obtain the relationship between the droplet velocity and pressure

by substituting Equations 7 and 8 in Equation 2, shown in the solid line in Figure 1C.

This gives

vd =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
	
pða� KÞ � g



a,rw

s
,

 
1� g

2
�
pða� KÞ � g

�
!

(Equation 10)

The theoretical energy conversion efficiency in the acceleration stage can then be

derived as follows by the simultaneous Equations 3 and 10 (see the solid line in

Figure 1D):

effkin =

��
1�K

a

�
� g

p,a

� 
1� g

2
�
pða� KÞ � g

�
!2

(Equation 11)

Calculation of an Average Flow Rate in Multi-pore Experiments

With the increase in jet number, the total flow rate is also significantly increased,

which might exceed the full scale of the flow rate measurement platform. Thus,

knowing the density of the fluid (rf), which can be approximated to the density of wa-

ter for the present experiments, the average flow rate Q in this case was calculated

from the measured weight of fluid (M) (G&G; Electronic Scale, JJ124BC) that was

collected over a chosen period of time (t) as Q = M/(rf , t).

SUPPLEMENTAL INFORMATION

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

2020.100110.
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