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Microrobotic Flight Enabled by Ultralight Ion Thrusters with High
Thrust-to-Weight Ratio and Low Fabrication Cost

Yang Gu'*, Xianfa Cai'*, Khadga Thakuri’, Wenyu Yang®, Yufeng Guo' and Wei Li"*

Abstract—Flying microrobots have garnered growing
research interest owing to their technological intricacies and
suitability for various applications leveraging miniaturized size.
Electrohydrodynamic (EHD) thrust offers advantages by
generating propulsion without moving parts, but real-world use
is limited by insufficient thrust generation, manufacturing
challenges, fragility, and cost. This work presents the design and
development of an optimized ion-propelled flying microrobot
that excels in low weight, high thrust-to-weight ratio, and cost
efficiency. Regarding design, multiphysics simulations guided
structural optimization to increase thrust while decreasing
weight. For materials, metal-coated polyethylene terephthalate
(PET) film was selected to leverage the combined merits of metal
conductivity and polymer flexibility, light weight, and low cost,
enabling further weight reduction, easy assembly, robustness,
and cost-effectiveness. Various experiments, including voltage-
current measurements, ionic wind speed, thrust quantification,
and airflow visualization, directed design refinements and
validated performance. Through structural optimization, the
maximum wind speed attained 2.25 m/s. Flight demonstrations
with payloads evidenced the microrobot can stably fly at an
inherent 16 mg weight while carrying an additional 72 mg load,
achieving a record 5.5 thrust-to-weight ratio. These results open
possibilities to incorporate microelectronics, enabling
autonomous flight functionality.

I. INTRODUCTION

Flying microrobots involve small-scale aerial vehicles
designed to operate in confined spaces, perform complex tasks,
and navigate challenging environments with high
maneuverability [1-3].  With advances in precision
manufacturing and intelligent control [4], flying microrobots
are receiving substantial attention and development across
fields like disaster rescue, surveillance, infrastructure
monitoring and planetary exploration [5]. Compared to large
and medium-sized aircraft, flying microrobots [6-9] enable
unique application scenarios, but present challenges including
miniaturizing propulsion systems, insufficient onboard power,
manufacturing and assembly complexity, and complex control
needs. Currently, there are mainly three types of flying
microrobots that can be categorized based on different
principles: micro-rotorcrafts [10-12], flapping wings robots
[13-15], and ion-propelled flying robots [16-18]. Micro-
rotorcrafts rely on electromagnetic motors, which have
substantial weight for their sizes; moreover, enough space
must be allocated to accommodate these components, posing
a potential obstacle to miniaturization. Flapping-wings
microrobots require the installation of bionic flapping-wings
as the micro-actuators, as well as embedded precise sensors
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and control system to enable insect-like flight [3,13-15]. The
wings must frequently flap at high speeds to generate lift,
imposing cyclic stress on components that may accumulate
damage over time.

Ion-propelled flying microrobots have a distinctive
advantage over other types of flying microrobots in that they
operate without the need for any moving parts. This eliminates
the constraints of space and payload requirements associated
with such components, enabling a streamlined design and
allowing for silent operation without any high-speed motion.
The propulsion of ion-propelled flying microrobots relies on
electrohydrodynamic (EHD) mechanisms generated by corona
discharge, as depicted in Fig. 1(a). By applying a potential
difference between the emitter and collector, the air molecules
near the emitter can be ionized, and the resultant ions, driven
by the electric field, impart momentum to the neutral air
molecules, creating a macroscopic ionic wind effect [18]. The
stable and controlled flight of these microrobots can be
achieved by simply adjusting the supply voltage to regulate the
strength of the ionic wind, ensuring reliable and directional
movement.
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Fig. 1. (a) Schematic diagram of the principle of ionic propulsion. (b)
Assembled ion-propelled flying microrobot, weighing 16 mg, beside a
butterfly.

The current challenge for micro ion-propelled flying robots
lies mainly in substantially improving manufacturing and
assembly efficiency, while strikingly increasing the thrust-to-
weight ratio [17]. The primary factor constraining the
performance of ion-propelled flying microrobots is their low
magnitude of effective thrust [20-22]. The main reason is
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insufficient optimization of the flying microrobot’s structure
and ineffective utilization of the ionic wind. When the
performance of corona discharge is not fully utilized, it
becomes difficult to further improve the thrust-to-weight ratio.
Currently, reported thrust-to-weight ratios of ion-propelled
flying microrobots range from 1 to 2.5 [16-18], which is
unfavorable for stable flight with higher payloads (i.e., sensors,
batteries, cameras, etc.). Additionally, state-of-the-art ion-
propelled flying microrobots are made either from
microfabricated silicon-on-insulator wafers using cleanroom
facilities [9] or from various metal films [16, 17] using
precision laser manufacturing. Therefore, present mass
production methods for ion-propelled flying microrobots may
require extensive manufacturing and assembly times, high
costs, and specialized high-end equipment.

In this paper, we report on the design, simulation,
fabrication, calibration and testing of an ultra-low weight,
record-high thrust-to-weight ratio, low-cost ion-propelled
flying microrobot (Fig. 1(b)). The microrobot is fabricated
from 50 pm thick aluminum-coated polyethylene terephthalate
(AI-PET) and 100 pum thick polyvinyl chloride (PVC) thin film
cut by a household DIY cutting machine. The materials and
manufacturing process enhance the robustness and flexibility
of the developed flying microrobot, while reducing
manufacturing time, cost, and assembly complexity.
Furthermore, finite element analysis (FEA) optimizes the
structural design for airflow performance, resulting in an
effective combination of light weight and high thrust. The FEA
results are experimentally verified, and the performance of the
designed ionic wind thrusters is analyzed through visualization.
The 16 mg flying microrobot achieves a maximum all-up
weight (AUW) capacity of 88 mg. The loaded flight
experiments demonstrate the microrobot can attain a record-
high 5.5 thrust-to-weight ratio, providing insights to optimize
performance and inform future ion-propelled microrobot
development.

II. STRUCTURE DESIGN

Ion-propelled flying microrobot harnesses the propulsive
force through the mechanism of EHD, which explores the
combination of electrostatics and laminar flow with the
charged ions. The EHD force can be expressed as [16]:

F:JpeEdV:%, (1)

where p. is the charge density, E is the electric field, V' is the
supply voltage, [ is the ion current, d is the distance between
electrodes, and y is the ion mobility in the air.

According to the Townsend discharge, the voltage-current
relationship can be experimentally derived as [23, 24]:

I=Ccr-v,), @
C=%, 3)

where V) is the corona inception voltage, and C and C' are
constants related to electrode geometry. Derived from (1), (2),
and (3), the EHD force is [25]:
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Thus, to maximize EHD force, the supply voltage /' can

approach the breakdown voltage Vs (i.e., V' = Vg). Per
Paschen’s law, Vg is [26]:

Bpd

In(Apd)— ln{ln(l + IH
e

where p is air pressure, y is the secondary-electron-emission
coefficient of the cathode, and 4, B are constants determined
experimentally (in air, 4=15, B=365). Additionally, the corona
onset potential between a wire and a plane is [8]:
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where m, is a coefficient determined by the surface properties
of the emitter (e.g., m,=1 for a smooth polished wire), gy is the
breakdown field strength (e.g., 30000 V/cm for the air), and R
is the wire radius. From (4), (5) and (6), the maximum EHD
force Fmax can be estimated. For distance d greater than 0.01
cm, Fnax exhibits monotonic increase with respect to d. Thus,
increasing d is an effective strategy to enhance the overall lift
generated by the ion-propelled flying microrobot. However,
the drawback of excessively increasing the distance d lies in
the requirement of a higher inception voltage and the adverse
effects on flight stability due to the elevated center of gravity
and elongation of the structure in the vertical direction. In this
study, the distance d was set to 10 mm to achieve a balance
between lift enhancement and maintaining flying stability.
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Fig. 2. Design diagrams of all components of the ion-propelled flying
microrobot.

Regarding structure design, we aim to optimize ion-
propelled flying microrobot performance through simulation
analysis and experimental guidance. The designed microrobot
consists of three emitters, a collector, and three connectors. Fig.
2 displays the component design diagrams, and Table I lists
their dimensions. Three emitter-collector pairs (made from 50
um Al-PET) arranged in an equilateral triangle configuration
provide six degrees-of-freedom (DOF) flight control when
independently controlled. The 30 mm long emitter has a
spaced row of tip arrays, with each 4 mm long tip having a 10
degree angle to facilitate stable ionic wind generation from
sharp-tip discharges at reduced potential differences. Three
electrically insulated connectors, cut from 100 pm thin
polyvinyl chloride (PVC) film, join the emitters and collector.
Each 8 mm wide collector sub-unit has a 10 mm distance
(d=h—k) between the tip and collector. The overall flying
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microrobot fits within a 20 mm radius circle. A 0.3 mm unified
line width for the collector is constrained by the manufacturing
accuracy limit.

TABLE 1. STRUCTURE PARAMETER

Parameter Value

Width of collector sub-unit w 8 mm

Length of collector sub-unit y 24 mm

Radius of circumscribed circle 20 mm

Length of emitter / 30 mm

Length of tip k& 4 mm

Ground clearance g 4 mm

Gap between emittor and collector / 14 mm

Distance between tip and collector d=h—k 10 mm
Angle of tips f 10°

The development flowchart for the ion-propelled flying
microrobot is shown in Fig. 3. A DIY cutting machine (Cricut
Maker III, USA) was used to cut the commercially available
AI-PET thin film and PVC insulating thin film. AI-PET thin
film offers several advantages over metal foil or silicon when
used in the construction of ion-propelled flying microrobots.
One notable advantage is the significantly lower density of this
material (1.38 g/cm®) compared to metal foils or silicon
(2.3~8.0 g/cm?). This difference in density plays a crucial role
as it reduces the overall mass of the microrobot itself, resulting
in a higher thrust-to-weight ratio. Consequently, there is an
increased capability to accommodate and carry onboard
electronics.
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Fig. 3. Development flowchart for the ion-propelled flying microrobot.

Another advantage lies in the properties of the parts made
from silicon and metals, which pose challenges in terms of
precision assembly due to either difficulty in restoration or
susceptibility to breakage after undergoing bending or
deformation. In contrast, PET has a much lower Young’s
modulus (2~4 GPa) compared to Al (68~79 GPa) or silicon
(130~190 GPa). This characteristic enables convenient
assembly and provides robustness against unexpected impacts,
enhancing the practicality of the flying microrobot. It allows
for flexibility without compromising structural integrity,
ensuring the longevity and reliability of the system. The
emitters and collector were assembled together and bonded at
their connecting positions using UV-curable epoxy. A high
voltage DC power supply (Dongwen DW-P503-4ACD2,
China) powered the assembled microrobot through 0.01 mm
diameter enameled wires attached with carbon conductive
adhesive. To enhance performance, different test assemblies
with varied designs were fabricated and experimentally
validated using diverse testing strategies. It is worth noting that
the proposed flying microrobot features ultralow cost (under
0.1 USD) and rapid assembly (less than 10 minutes).

III. SIMULATION ANALYSIS
A. Width Optimization

We utilized FEA to model and qualitatively analyze ion
generation and ion-air interactions under an applied electric
field in order to examine the resultant wind speed profile and
ionic thrust produced. By conducting steady-state simulations
of the collector stage with different distance d between the tip
and collector, the trend of wind changes is traceable while the
maximum wind speed Vmax and the average wind speed Vayg
can also be obtained. The models of the designed ion-propelled
flying microrobots were imported into COMSOL
Multiphysics, and the parameters used in simulation are shown
in Table II. The physical fields applied include electrostatics,
laminar flow, and transport of diluted species (TDS). The ion-
air interactions can be modeled and quantitatively calculated
in the simulation by incorporating a Coulombic force to
represent the volume force applied by ions on the air molecules
[22].

TABLE II. SIMULATION PARAMETER
Parameter Value
Diffusion coefficient 5.3 x 105 m?/s

Relative permittivity of air 1
Coefficient of ion mobility 1.8~2.2 x 104 m?V's
Charge number 1

Density of air
Heat capacity of air
Thermal conductivity of air

1.2 kg/m?
1.005 kJ/kg'K
25 x 103 W/m-K

The simulation outcome is predicated upon a controllable
electric field intensity [27, 28]. An applied potential difference
that generates stable ionic wind enables the steady-state solver
to determine the wind speed profile, maximum wind speed and
average wind speed. Cross-sectional simulations of the
emitter-collector pairs are performed to obtain corresponding
wind speeds for widths w ranging from 2 mm to 11 mm, as
shown in Fig. 4(a)-(e). Observations show an excessively
small collector width w obstructs ionic wind flow at the
collector bars, reducing overall wind speed below the collector,
aligning with reference [29]. On the other end of the spectrum,
when the width w is excessively large, generating a stable
airflow through corona discharge becomes more difficult,
since the distance between the emitter tip and the collector grid
increase, as shown in Fig. 4(e). Consequently, the width w
must be tuned in an optimal range to maximize the wind speed.
The simulation results indicate an 8 mm width w optimizes
ionic wind speed, achieving a maximum of 1.69 m/s and an
average of 1.14 m/s, as shown in Fig. 4(d). Given these results,
an 8 mm width w was selected for our design.

B. Grid Optimization

After optimizing collector width w, another consideration
is the introduction of grid structures within the collector to
facilitate more ion discharges, thereby increasing the ionic
wind speed [30-32]. As shown in Fig. 4(f)-(h), the wind speed
for different grid structures of the collector was investigated
through simulations. It was observed that incorporating two
additional grid bars nearer the edge of the emitter-collector
pair effectively enhanced wind speed or improved
convergence of the ionic airflow. The wind speed profile
including two additional grid bars positioned with a separation
of 5 mm exhibited a maximum speed of 2.18 m/s and an
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Fig. 4. (a) Simulation model. Wind velocity vector fields and profiles at y = =10 mm for a width w of (b) 2 mm, (¢) 5 mm, (d) 8 mm, and (e) 11 mm. Wind
velocity vector fields and profiles at y = —10 mm for the inclusion of two additional bars with a separation of: (f) 2 mm and (g) 5 mm, and (h) for the inclusion

of four additional bars with separations of both 2 mm and 5 mm.

average speed of 1.31 m/s (Fig. 4(g)). However, positioning
additional grid bars with a separation of 2 mm could cause
disruption and constriction of airflow (Fig. 4(f)). Increasing
the quantity of grid bars would also obstruct the produced ionic
wind, with most of the airflow becoming constrained around
the central region. In comparison to a collector lacking these
grid bars, incorporating these grid bars boosted the maximum
ionic wind speed by nearly 30%. Based on the identified
maximum ionic wind speed of 2.18 m/s and the maximum
average speed of 1.31 m/s across all the study scenarios, we
have selected the structure depicted in Fig. 4(g) for the design.

IV. EXPERIMENTAL VERIFICATION
A. Ion thruster testing

We validated the FEA simulation through experimental
testing of the emitter-collector pair, which consists of one
emitter and a sub-unit of the collector. By measuring current
and wind speed in operation, we can indirectly qualify the
magnitude of ionic wind generated by thruster. The collector
sub-units, with varying intervals ranging from 2~14 mm, were
categorized into five groups, each incrementing by 3 mm.
Current measurements with applied voltage were conducted
for these groups. The gap & between the emitter and the
collector sub-units was maintained at 10 mm. For each interval

group, three sets of data were recorded, and their average
values are shown in the Fig. 5(a). The current due to corona
discharge was only generated when the voltage between the
emitter and collector exceeded the inception voltage Vo. A
larger distance between the collector bars implied a longer
actual distance between the electrodes, thereby requiring a
higher inception voltage V5. The measurement of the ionic
wind speed was conducted in a closed box because the wind
speed can be easily influenced by environmental disturbance.
The airflow generated by the thrusters with different designs
was measured using an anemometer (Testo 4051, Germany), as
shown in Fig. 5(b). A precise stage was employed to adjust the
distance between the emitter and the collector with a 1 mm
increment, allowing us to establish the relationship between
current and wind speed. A maximum average wind speed of
1.65 m/s was achieved at 8000 V when the width w between
each collector bar was set to 8 mm.

When the ion thruster was fixed on a platform, the
assessment of the magnitude of the ionic wind generated can
be reflected by the reduction in the total weight due to the lift
generated by the thrust. By employing this approach, the
correlation between the weight loss and the voltage can be
quantified through the utilization of a precision balance
(XIULAB FA2204, China). The ion thruster was positioned
with adequate clearance to prevent the ionic wind from
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Fig. 5. (a) Current, (b) wind speed and (c) weight loss corresponding to the voltage as collector widths range from 2 mm to 14 mm. (d) Wind speed
corresponding to the voltage for different grid bar configurations. Insets: Photos of the experimental setups.
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impacting the platform. To minimize measurement errors from
electrostatic interference, the precision balance surface was
covered with a thin PVC film coated with antistatic paint. The
experiment was conducted in a confined environment to
exclude external airflows since the mass loss was minute and
the measurement was susceptible to instability from ambient
airflows. As can be seen from Fig. 5(c), the experiments
revealed the peak mass loss was achieved with a separation of
8 mm between the grid bars, amounting to 27 mg. The total
weight of the ion thruster was 5 mg, resulting in a thrust-to-
weight ratio of approximately 5.4.

In addition to finding the optimal width w, this work also
explored the experimental validation of the grid configuration
of the collector. By comparing the effects of five different
designs on ionic wind speed in the ion thruster experiment, it
was found that adding two grid bars, each positioned 1.5 mm
away from the frame, achieves the maximum wind speed of
approximately 2.25 m/s (Fig. 5(d)). This value agreed with the
simulation results mentioned earlier. Moreover, the wind
speed measurement also showed that the thrust with four grid
bars better focuses and intensifies the ionic airflow direction,
increasing wind velocity. However, excessive grid bars can
impede airflow and consequently decrease the thrust.

To visually demonstrate the EHD force, an experiment was
conducted to measure deflection of a wooden pendulum
caused by the ionic wind. As shown in Fig. 6(a), by mounting
the ion thruster at the bottom of a wooden rod and applying
voltage, the amplitude of the induced deflection can be
measured to determine the magnitude of the EHD force and
calculate the thrust-to-weight ratio generated by the thruster.
Tip density is used to refer to the ratio between the number of
emitter tips and the maximum number of tips that would exist
if the tips were fully distributed along the length of the emitter.
By comparing thrust deflections at various tip densities, Fig.
6(b) illustrates the maximum deflection of 90 mm achieved
with 100% tip density. With the 1 m rod length and 288.9 mg
weight, this translated to a thrust-to-weight ratio of 5.2. The
wind speeds decreased progressively for emitters with 50%
and 25% tip densities, aligning with ion generation principles.
Specifically, applied voltage caused ions to emit from the tips,
so a higher number of tips generates stronger ionic winds.
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Fig. 6. (a) Schematic illustration and (b) photos of thrust measurement via
deflection of a wooden pendulum using emitters with varied tip densities.
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Additionally, visual smoke studies qualitatively

demonstrated voltage effects on flow fields around the thruster.

With no applied voltage, low-velocity smoke streams from a
left-side smoke pipe remained near-horizontal when traversing
the thruster (Fig. 7(a)). In contrast, when subjected to voltage
(Fig. 7(b)), the smoke streams deflected downwards through
the thruster, reflecting the airflow direction generated by the
thruster (Movie S1). Clearly, the airflow was so intense that
hardly any smoke streams can pass through the thruster.

(a) DC voltage off (b)

. Smoke streams
: r 7
Smoke pipe q S
N\ s = 1 I ™ Jon thruster
A

DC voltage on

Fig. 7. Visualization of the airflow (a) in the absence and (b) in the presence
of corona discharge.

B.  Flight Demonstration with Payload

As demonstrated in Fig. 8, stable flight of the developed
ion-propelled flying microrobot was achieved while carrying
payloads substantially exceeding its own weight. The takeoff
and elevation of a flying microrobot were intricately governed
by the regulation of the applied voltage. Once applied voltage
surpassed the threshold voltage and continued to escalate,
thrusters initiated an ionic wind, gradually enabling it to take
off and hover. Furthermore, by increasing the applied voltage,
the microrobot’s flight altitude can effectively be elevated. The
symmetrically arranged enameled wire (0.01 mm in diameter)
for voltage supply decreased the tilting tendency of the flying
microrobot, ensuring a smooth vertical takeoff and enabling
precise elevation control within a specific range of altitudes.
In the flight experiment, the flying microrobot successfully
reached a notable maximum vertical flight height of
approximately 170 mm without any payload. At this peak
altitude, the flying microrobot exhibited stability and
maintained stable hovering. Furthermore, to showcase the
flying microrobot’s maximum AUW capacity, a flight
demonstration involved affixing five foam balls as the payload
to the lower side of the microrobot (Fig. 8, Movie S2). With
the microrobot weighing just 16 mg, vertical takeoff and
landing were successfully achieved even while carrying
payloads weighing up to 72 mg total (4.5 times the flying
microrobots’ weight). Thus, the thrust-to-weight ratio of the
tested microrobot reached up to 5.5. Relative to prior literature,
the ion-propelled flying microrobot engineered in this work
enhanced the thrust-to-weight ratio while achieving an
ultralow weight, as depicted in Fig. 9. The experimental
demonstration verified the microrobot’s capability not only to
support its own weight for sustained flight but also to lift and
transport payloads exceeding its own weight multiple times
over, unveiling potential for integrating additional various
electronics to enable autonomous operation in future iterations.

V. CONCLUSION

This research paper presents an exploration of the design,
simulation, testing, and flight of an ion-propelled flying
microrobot, shedding light on its potential characteristics and
applications. The microrobot, weighing a mere 16 mg,
demonstrates a promising thrust-to-weight ratio (>5), making
it one of the lightest and most capable flying microrobots in
its class. The cost-effective manufacturing process, with a
production cost of less than 0.1 USD, is an encouraging aspect
for scalability and mass production. Through the
implementation of an optimized structure design, informed by
FEA considering electrical field, fluid field, and particle
motion, insights into the optimal structural design of ion-
propelled flying microrobots have been obtained. Furthermore,
the utilization of an optimized structural material, the Al-
coated PET thin film, a metal-polymer combined material,
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Fig. 8. Flight state images of the ion-propelled flying microrobot carrying a payload. (a) and (g) display the initial and final states, respectively. (a)-(c) and
(e)-(g) display the ascending and descending states, respectively. (¢)-(e) display the hovering states.

'* lon-propelled craft
5|  This work v Flapping wings craft
@ Rotor craft

41 Y 1o

Thrust-to-weight ratio
w
T

2L
2] an ®[39]
3] v
140] 36l 371
[36]

V.
[35] More weight
10° 10! 10? 10° 104 10° 10°
Weight (mg)
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showcases the ability to reduce weight while enhancing
robustness. This material selection not only mitigates
fabrication and assembly difficulties but also minimizes
production time, facilitating mass production of the
microrobot. The experimental testing of the corona discharge-
induced EHD force, which serves as the optimized thruster for
the flying microrobot, has been conducted through two
different methods using an electric balance and a mechanical
pendulum. The deflection of the wooden rod in the pendulum
experiment directly reflects the thrust generated by the ionic
wind. Additionally, visual smoke studies qualitatively
demonstrate voltage effects on flow fields surrounding the
thruster. Comprehensive simulations and experimental studies
have resulted in the successful manufacture of a flying
microrobot weighing only 16 mg, with a payload capacity of
72 mg. The flight experiments affirm the microrobot’s ability
to not only support its own weight for sustained flight but also
lift payloads exceeding five times its own weight.

While the current design requires wired connections to
provide the necessary potential difference for stable flight
within a limited range and the presence of strong winds and
intense magnetic interference may give rise to uncontrollable
disturbances, it presents a promising avenue for future
applications. This design offers possibilities such as
suspending microelectronics, hovering, and vertical take-off
and landing, opening up avenues for the development of

autonomous ion-propelled flying microrobots. Rapid advance
in wireless power transmission or onboard power generation
technologies could overcome the limitations of wired
connections and enable extended range and untethered flight.
The fusion of these technological advancements, enabling
fully autonomous flying robots, harbors potential to drive
progress in multiple domains, such as aerial inspection,
surveillance, environmental monitoring, and more.
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