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AUTONOMOUS VEHICLES

Liquid-amplified zipping actuators for micro-air
vehicles with transmission-free flapping

Tim Helps'?, Christian Romero"***, Majid Taghavi'?, Andrew T. Conn*?, Jonathan Rossiter'>*

Flapping micro-air vehicles (MAVs) can access a wide range of locations, including confined spaces such as the
inside of industrial plants and collapsed buildings, and offer high maneuverability and tolerance to disturbances.
However, current flapping MAVs require transmission systems between their actuators and wings, which intro-
duce energetic losses and additional mass, hindering performance. Here, we introduce a high-performance
electrostatic flapping actuation system, the liquid-amplified zipping actuator (LAZA), which induces wing move-
ment by direct application of liquid-amplified electrostatic forces at the wing root, eliminating the requirement of
any transmission system and their associated downsides. The LAZA allows for accurate control of flapping fre-
quency and amplitude, exhibits no variation in performance over more than 1 million actuation cycles, and delivers
peak and average specific powers of 200 and 124 watts per kilogram, respectively, exceeding mammalian and
insect flight muscle and on par with modern flapping MAV actuation systems. The inclusion of 50-millimeter-long
passively pitching wings in a dragonfly-sized LAZA flapping system allowed the rectification of net directional
thrust up to 5.73 millinewtons. This thrust was achieved while consuming only 243 milliwatts of electrical power,
implying a thrust-to-power ratio of 23.6 newtons per kilowatt, similar to state-of-the-art flapping MAVs, helicopter
rotors, and commercial drone motors. Last, a horizontally moving LAZA flapping system supported by a taut
nylon wire was able to accelerate from at-rest and travel at speeds up to 0.71 meters per second. The LAZA
enables lightweight, high-performance transmission-free flapping MAVs for long-term remote exploration and
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search-and-rescue missions.

INTRODUCTION

The vast majority of vehicles use wheels for locomotion, yet only
around half of Earth’s landmass is accessible to wheeled and tracked
systems (I). In contrast, devices that fly can reach almost all loca-
tions. Micro-air vehicles (MAVs) allow access to an even wider
range of locales, promising aerial exploration of confined spaces
such as the interiors of buildings (2, 3) and more effective search-
and-rescue functionality. Flapping MAVs, which operate using the
reciprocating motion of wings rather than the rotating propellers
typical in commercial drones, offer improved maneuverability,
gust tolerance, and disturbance rejection (4) and the potential for
quieter flight (5).

Flapping MAV's generate the reciprocating motion of their wings
by exerting time-varying forces at the wing root. Various combina-
tions of actuation technology and transmission system have been
demonstrated to achieve these cyclic forces. Most commonly, electric
motors are used, combined with transmission systems that convert
rotary to oscillatory motion such as string-based mechanisms (6),
four-bar mechanisms with sliders (7, 8), gear boxes (9), and com-
bined four-bar linkage and pulley-string systems (10). More unusual
combinations included servo motors and an “elaborate” gearbox
(11) and piezoelectric bending cantilevers with flexure-based trans-
missions (12). Recently, effective electrostatic systems have been
demonstrated, including a double-cone dielectric elastomer actua-
tor (DEA) system with a double rocker and slider crank mechanism
(13) and flapping MAV's driven by cylindrically rolled DEAs and
four-bar transmissions (14).
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A fundamental limitation on the performance of MAVs is their
total mass, which directly influences acceleration and maneuver-
ability. The actuator and transmission constitute a major contribu-
tor to system mass, comprising 27 to 49% of total system mass
(6-8, 10, 12); the flapping mechanism and structure alone can
account for up to 27.1% of total flapping MAV mass (8). Further-
more, the transmission system introduces frictional or viscous losses,
which reduce the overall effectiveness of the flapping system, and
transmission systems with cranks or levers can also introduce un-
wanted varying transmission ratios.

Here, we introduce an actuation system for flapping, the liquid-
amplified zipping actuator (LAZA), which enables transmission-free
flapping MAVs (Fig. 1A and Movie 1). To induce wing movement,
time-varying electrostatic forces are exerted directly at the wing root.
The actuation system to generate these forces comprises only simple
insulated electrodes that form part of the chassis and wing (Fig. 1B).
These electrodes can be extremely thin and lightweight, and there is
no requirement of any transmission system or flapping mechanism
whatsoever, completely eliminating the mass, inefficiency, and vary-
ing transmission ratio associated with these systems.

The LAZA takes advantage of the principle of liquid-amplified
electrostatic zipping (15) whereby electrostatic forces are concentrated
at a single, moving zipping point, thereby delivering strong and in-
cremental actuation. These devices have been shown to exhibit high
static (contraction exceeding 99%; specific energy, 6.88 | kg"l) and
dynamic performance (average contraction rate, 1161% s average
specific power, 51.45 W kg ™) (15). Here, we extend their perform-
ance for high-speed actuation, which enables fast resonant drive
of flapping MAVs. In the LAZA, the application of high voltage
between the insulated top or bottom chassis electrode and the wing
electrode induces an electrostatic attractive force, which is coupled
to Maxwell pressure, P o< €0e,E2, where g is the vacuum permittivity,
€, is the relative permittivity of the medium between the electrodes,
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Fig. 1. Transmission-free flapping MAVs. (A) Photo of an example transmission-free flapping MAV prototype. (B) Top, front, and zoomed front views of proposed
transmission-free flapping MAV design. (C) Actuation principle of the LAZA, which exerts time-varying electrostatic forces on the wing electrode to induce wing movement.
Movie 2 shows the principle in action. (D) Photograph of LAZA during testing, showing wing electrode oscillation at 23 Hz. The laser beam used to measure amplitude is
visible. (E) Time-varying voltage applied to the top and bottom electrode, and resultant movement of the central electrode. Maximum voltage Viax = 4 kV.

Movie 1. LAZAs for MAVs with transmission-free flapping.

and E is the electric field (16). If the medium between the electrodes
is air, its relative permittivity is about 1, and the electric field is lim-
ited by the dielectric strength Ep.x of air, about 3 MV m~!. This
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constrains the electrostatic force, making it too small to induce use-
ful movement. To overcome this issue, a small droplet (around 0.4 ml)
of liquid dielectric (silicone oil) is added, increasing the permittivity
and dielectric strength of the medium and considerably amplifying
electrostatic force: relative permittivity €, is increased from 1 to 2.7,
and dielectric strength Epy is increased from 3 to 20 MV m~.. This
increases Maxwell pressure P o< g4e.E” up to 120-fold compared
with a system lacking any liquid dielectric. Taghavi et al. (15) pro-
vide a full description of the factors influencing electrostatic force
for liquid-amplified electrostatic actuators
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Movie 2. LAZA principle. The application of high voltage induces electrostatic
attraction between electrodes, resulting in controllable flapping movement of the
wing electrode.

where F is the electrostatic force; €medium and €insulator are the per-
mittivity of the medium and insulator, respectively; A is the area of
the electrodes; V is the applied voltage; and finsylator and medium are
the insulator and medium thickness, respectively. If the insulator is
thin compared with the medium, the attractive force reduces to
Maxwell pressure. This model does not include the effect of adhe-
sive, cohesive, wetting, or capillary forces associated with the drop-
let of liquid dielectric; these are assumed to be negligible here, due
to the extremely low viscosity of the liquid dielectric used.

As has been shown, the droplet of liquid dielectric has a strong
influence upon the performance of systems that take advantage of
liquid-amplified electrostatic zipping, and loss of the droplet could
result in a considerable reduction in performance. Conveniently, the
droplet is retained in its location by dielectrophoretic forces, which
are also induced by the electric field and act to draw high-permittivity
materials toward areas of high electric field density (17, 18).

To induce oscillatory movement of the wing, we apply a time-
varying voltage profile to the chassis electrodes with respect to the
wing electrode (Fig. 1C and Movie 2). Any arbitrary voltage profile
can be applied; however, initial investigations showed that sinusoi-
dal variations in voltage maximized the flapping amplitude. The
sinusoidal voltage profiles are 180° out of phase with one another
such that, when the wing electrode is maximally attracted toward
one chassis electrode, it experiences no attractive force toward the
other. These combined forces induce smooth oscillatory movement
of the wing electrode (Fig. 1, D and E, and Movie 3). This contrasts
with traditional flapping MAVs that feature transmission systems,
where nonsmooth dynamics can be introduced by varying trans-
mission ratios and reflected inertia. The wing electrode’s motion is
almost entirely oscillatory, resembling a vibrating beam oscillating
in its first mode of vibration.

Once oscillatory wing movement has been attained, pitching
wings that allow the rectification of net directional thrust during
flapping can be included. This allows the LAZA to provide acceler-
ation and high-speed forward movement in a transmission-free
flapping MAV, with none of the mass and inefficiency associated
with the traditional actuator and transmission system. The LAZA
and the transmission-free flapping MAV concept enables a class of
simple, reliable, lightweight, high-performance MAV's suitable for
future aerial exploration applications.
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Movie 3. LAZA in action. A LAZA actuates a 70-um-thick wing electrode at a max-
imum voltage of 7 kV and a frequency of 23 Hz. A 1/16x slow-motion video of the
same LAZA system is subsequently shown, recorded at 240 FPS.

RESULTS

LAZA behavior

The LAZA comprises a pair of insulated chassis electrodes, a wing
electrode (which is moved by electrostatic forces), and a small droplet
ofliquid dielectric. In the absence of any liquid dielectric, flapping per-
formance was poor, and electric breakdown became increasingly likely
as applied voltage was increased (Fig. 2, A and B). Performance is
affected by material properties, system dimensions, and electrical pa-
rameters. Predictably, the viscosity of the liquid dielectric has a strong
influence on flapping amplitude, with more viscous liquids inducing
more viscous damping, reducing performance (Fig. 2B). In all subse-
quent experiments, the lowest viscosity liquid dielectric is used: 5 cSt
silicone oil (317667, Sigma-Aldrich). Hence, in the subsequent LAZA
systems described here, the fluidic effects of the droplet of liquid
dielectric—such as adhesion, wetting, capillary forces, and viscosity—
are assumed to be negligible and are incorporated into the general
effects contributing to energy loss in the oscillating wing electrode.

The wing electrode behaves as a flexural cantilever beam, exerting
a restoring force as it deviates from a horizontal position. It oscillates
like a vibrating beam during operation, directly providing the recipro-
cating movements of the wing with minimal mechanical impedance
and replacing the heavy, complex, inefficient transmission systems
that electric motor—driven flapping MAVs necessitate to convert the
motor’s rotary output to oscillatory motion. The wing electrode there-
fore acts as an elastic energy store, reducing the amount of mechanical
work that must be provided through electrostatic actuation. A similar
strategy is used by flapping-wing insects such as Drosophila, with en-
ergy stored in elastic elements within the thorax (19).

As a vibrating beam, the wing electrode has a resonant frequen-
cy; driving frequencies at or near the resonant frequency allow for
higher flapping amplitudes (Fig. 2C); driving frequencies below or
above the resonant frequency reduce alignment between electro-
static forcing and the wing electrode’s internal oscillatory dynamics,
reducing energy exchange and limiting flapping amplitude. Howev-
er, electrostatic forces are dominant over the resonant dynamics of
the wing, and the wing can be controlled to flap at a wide range of
frequencies to a high degree of accuracy (Fig. 2D). This behavior
is promising for future MAVs that will exhibit controlled flight:
Independent modulation of flapping frequency and amplitude (through
adjustment of driving frequency and maximum voltage) will allow
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Fig. 2. Characterization of the LAZA. (A) Effect of driving frequency upon swept angle for a LAZA system with no liquid dielectric and wing electrode thickness t =70 um.
Maximum voltages up to 4 kV are shown; at maximum voltages of 5 kV and above, electric breakdown became increasingly likely. (B) Effect of liquid dielectric viscosity

upon swept angle for a LAZA system with t = 100 um, maximum voltage Vimax = 6 kV,

and driving frequency fy = 33 Hz. Points are averages of three trials, and error bars

show 1 SD between trials. (C and D) Effect of driving frequency upon swept angle (C) and flapping frequency (D) for a LAZA system with t = 70 um. In (C) and (D), points
are averages from three identical prototypes and error bars show 1 SD between prototypes. (E) Long-term testing, showing no variation in performance over more
than 1 million cycles (t = 150 um, Vimax = 5 kV, fg = 50 Hz). Subplots show 100 ms of data before and after 1 million cycles. No liquid dielectric was added during the 6 hours
of the long-term test. (F) Asymmetric testing, showing how the relative amplitude between upstroke and downstroke can be controlled by favoring the top or bottom

electrode, respectively.

for control of flapping MAV position and attitude. This compares
favorably with existing electric motor—driven flapping MAVs, which
can only alter flapping frequency and cannot alter flapping ampli-
tude without additional control actuators that add further mass to
the system (servo motors are typically used).

Because of the high wingbeat frequency of flapping MAVs, it is
essential that the LAZA behaves consistently over the thousands of
flapping cycles associated with long-term missions. We observed no
variation in flapping amplitude over more than 1 million cycles
(6 hours of experimental time) at a flapping frequency of 50 Hz
(Fig. 2E). This compares favorably with the behavior of DEAs,
which have recently been proposed as actuators for flapping MAV's
(13, 14): DEAs can exhibit variations in actuation strain and electri-
cal resistance, and even total failure, after thousands of cycles (20).

Another unique design aspect of the LAZA in comparison with
current flapping MAV actuation systems is the presence of two in-
dependent actuators (electrodes) per wing. Increasing the maxi-
mum voltage of the top electrode relative to the bottom electrode
increases the amount of upstroke relative to downstroke, and vice
versa (Fig. 2F). This provides an additional control input for flap-
ping MAYV attitude control by adjusting the mean flapping angle,
which is a mechanism adopted by insects (2).

Wing electrode stiffness
Altering the stiffness of the wing electrode (by altering the beam
thickness of the steel strip) has various effects on the behavior of the
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LAZA. First, the resonant frequency is altered. The experimental
resonant frequency (the drive frequency at which flapping ampli-
tude was maximized) showed good agreement with the natural fre-
quency predicted by vibrating beam theory (Fig. 3A), and this was
used as the drive frequency when maximum amplitude was required.
Stiffer electrodes exhibited lower amplitude flapping because of
their increased flexural rigidity, and there was also a reduction in
amplitude with less stiff electrodes (Fig. 3B). This was because less
stiff wing electrodes had to be driven at lower voltages (Fig. 3C),
because higher voltages induced such high forces that the electrodes
fully zipped against the top or bottom chassis electrode, and adhe-
sive and cohesive forces associated with the liquid dielectric pre-
vented cyclic motion.

The performance characteristic of interest for flapping MAV
actuation systems is specific power (also called power-to-weight
ratio), which is the mechanical power applied to the flapping wing
by the actuation system, divided by the actuation system mass.
High values of specific power imply better performance, as the
actuation system mass is reduced, and actuation system mass
comprises a large fraction of total system mass. Later in this arti-
cle, passively pitching wings are added to the LAZA system so
that it can exert thrust; however, this makes calculation of spe-
cific power more challenging, as work is done on the surrounding
air by the wings to produce thrust. Hence, to accurately measure
the LAZA’s maximum output power, we measured specific power
without wings.
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Fig. 3. Effect of wing electrode beam thickness on LAZA performance. (A) Experimental and theoretical resonant frequency (the frequency at which flapping ampli-
tude is maximized). (B) Maximum (at resonance) swept angle. Insets are photographs of maximum amplitude flapping for wing electrodes of beam thickness t = 50 and
150 um. (C) Voltage associated with maximum flapping amplitude. Thicker, stiffer beams can tolerate higher voltages. (D) Calculation of peak and average mechanical
output power based on beam deflection, for a system with t = 150 um, maximum voltage Vimax = 7 kV, and driving frequency fq = 51 Hz. Peak and average powers of 466.4
and 287.9 mW, respectively, were achieved. (E) Maximum (at resonance) average output power and maximum average specific power (maximum average output power
normalized by LAZA mass), allowing for comparison with other flapping MAV actuation systems. The highest recorded peak and average specific power were 200.3 and
123.6 Wkg ™", respectively, based on a LAZA mass of 2.33 g. Also shown are typical specific power values for flapping insect and mammalian muscle. In (B) and (E), points

are averages from three identical prototypes and error bars show 1 SD between prototypes.

For comparison with biology, mammalian muscle exhibits a typ-
ical specific power of 50 W kg™ (21), and the specific power of
the muscles of flying insects has been estimated between 80 and
83 W kg ™' (22, 23). The specific power of artificial flapping MAV
actuation systems has been reported as 48.56 W kg " for electromagnetic
actuators for flapping-wing MAV's (24), 100 W kg™ for double-cone
DEA systems (13), 150 W kgf1 for piezoelectric actuation (12),
around 290 W kg™ for electrical motor systems [~1.05-W shaft
power given 3.65-g motor mass (6)], and 300 to 600 W kg ™" for cy-
lindrically rolled DEAs (14).

The LAZA output power was calculated using a mathematical
model of a vibrating beam (Fig. 3D and Materials and Methods).
The highest recorded peak and average power were 466.4 and
287.9 mW, respectively, achieved using a 150-um-thick wing electrode,
actuated at a maximum voltage of 7 kV and driving frequency of
51 Hz. For this system, the LAZA mass (comprising chassis elec-
trodes, insulation, liquid dielectric, and wing electrode) was 2.33 g,
implying peak and average specific powers of 200.3 and 123.6 W kg ',
respectively (Fig. 3E). This is considerably higher than the specific
power of mammalian and insect flight muscle, and on par with
modern flapping MAV actuation systems. In addition to this high
specific power, the LAZA provides flapping motion directly and
only needs the addition of wings to generate thrust, as opposed to
other actuation systems that require a transmission system con-
necting the actuator to the wings.
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Demonstration of thrust generation

The LAZA produces transmission-free reciprocating motion of the
wing electrode; however, the LAZA alone produces negligible thrust,
because the aerodynamic forces associated with movement of the
wing electrode are mostly equal and opposite during upstroke and
downstroke. In insect flight, wing pitching is necessary to rectify net
directional thrust during flapping (Fig. 4A). Similarly, LAZA-driven
MAVs must also include pitching wings (Fig. 4B).

Passive wing pitching was achieved by attaching the wing to a
carbon fiber rod, which was free to rotate within an aluminum tube
(Fig. 4C). To minimize the mass of the wing, it was made from thin
biaxially oriented polyethylene terephthalate (BoPET), strengthened
by three nickel silver spars that attached to the carbon fiber rod. The
aluminum tube was complete at its ends but had material removed
along its length to minimize mass (sections B-B and C-C). The
aluminum tube was attached to a three-dimensional (3D)-printed
wing adapter, which featured symmetrical protrusions that limited
the pitching angle (section B-B). The 3D-printed wing adapter was
then attached to the wing electrode, which provided the wing’s flap-
ping movement. Figure 4D shows an exploded and assembled
computer-aided design (CAD) drawing of the passively pitching
wing design. To accommodate the addition of passively pitching
wings, the length of the wing electrode lejectrode Was reduced from
50 to 15 mm. The shorter electrode compensated for the added
mass and allowed for higher flapping frequencies compared with
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Fig. 4. Passively pitching wings for LAZA thrust generation. (A) Images from slow-motion video of Photinus pyralis in vertical flight, showing wing pitching during
flapping (image credit: Adrian Smith, North Carolina Museum of Natural Sciences). (B) Overview of flapping and pitching in LAZA system. Wing length, ying, wing chord
length, ¢, and chassis electrode radius of curvature, r, are shown. (C) General design of the passively pitching wings presented in this work. Section cuts (A-A to D-D) are
indicated along the length of the wing and shown on the right. (D) Exploded and assembled computer-aided design (CAD) drawing of the passively pitching wing design,

with close-up of the symmetrical 3D-printed wing adapter protrusions.

the behavior when passively pitching wings were added to 50-mm
wing electrodes.

The dimensions of the wing, wing electrode, and chassis were
varied to maximize the thrust provided by LAZA flapping (Fig. 4B).
Increasing the wing length, Ling, and wing chord length, c, increases
the wing surface area and therefore can increase thrust. However,
this also increases the wing’s inertia, making the wing harder to flap
and reducing its resonant frequency. Increasing the radius of curva-
ture of the chassis electrodes, r, reduces the spacing between the
wing electrode and chassis electrodes, increasing electrostatic force
(according to Coulomb’s inverse-square law). However, this also
limits the maximum flapping angle of the wing. Increasing the max-
imum swept pitching angle of the wing, v, also influences the
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amount of thrust generated. The maximum thrust generated for a
subset of tested passively pitching LAZA systems is shown in fig.
S1A. The highest achieved thrust was 5.73 mN (/ying = 50 mm, ¢ =20 mm,
r=10mm, t = 50 pm, y = 110°, Vo = 8 kV, fq = 13 Hz). Flapping
amplitude was also maximized at this driving frequency. Altering
the chassis electrode curvature in either direction (r=8 mmorr=
12 mm) reduced thrust. The resultant LAZA system had a wingspan
of around 150 mm, similar in size to a large dragonfly. Figure 5A
and Movie 4 show a front view of the LAZA system that achieved
maximum thrust. The swept angle of the wings was around 80°.
During flapping, the wings passively pitched because of aero-
dynamic drag. The maximum pitching angle was limited to +55° by
the protrusions of the 3D-printed wing adapter (y = 110°), and a
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Fig. 5. LAZA thrust generation. (A) A composite front view image of the LAZA system that achieved maximum thrust (ling = 50 mm, ¢ =20 mm, r =10 mm, t = 50 um,
v = 110° Vinax = 8 kV, f = 13 Hz), comprising the average of 1 s of video filmed at 50 FPS. The swept angle of the wings is around 80°. (B) Estimated flapping angle and
pitching angle during a single flapping period. Insets are images showing how flapping angle and pitching angle are defined. The asymmetry in maximum pitching angle
(+42° versus —60°) is attributed to gravity acting on the passively pitching wing. (C) Side view frames from video filmed at 240 FPS over one flapping period.

pitching angle close to this was achieved through most of the up-
stroke (Fig. 5B). During downstroke, a pitching angle close to 50°
was achieved, and the amount of time for which this pitching angle
was maintained was lower than during upstroke. This asymmetry is
attributed to the weight of the pitching wing, which assists pitching
during upstroke and impedes it during downstroke. Figure 5C
shows frames from footage recorded at 240 frames per second (FPS)
over one flapping period. A video is provided as Movie 5.

For comparison with other flapping MAV actuation systems, the
thrust-to-power ratio of this LAZA system was calculated (Materials
and Methods). The average electrical power delivered to the LAZA
during this trial was 242.9 mW, resulting in a thrust-to-power ratio
of 23.59 N kW™ (2.41 g W™'). This thrust-to-power ratio was
achieved at an effective disk loading of 0.73 N m™. A plot compar-
ing thrust-to-power ratio with effective disk loading is included as
fig. S1B. This value approaches the thrust-to-power ratio achieved
by traditional direct-drive propellor systems such as helicopter
rotors (7.3 g W) (25) and quadrotor MAVs (10-20 g w (26).
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Comparing with artificial flapping MAV actuation systems, the
thrust-to-power ratio for a recent electric motor—driven flapping-wing
MAYV has been reported as 3.48 g W (34.14 N kW) (9), the
Harvard RoboBee has achieved 4.2 g W (41.20 N kW) (27, 28),
and a previous micro-scale parallel-plate electrostatic flapping-wing
actuator delivered 79.2 uN while consuming an estimated 1.52 mW
of electrical power, implying a thrust-to-power ratio of 52.1 N kW™
(29). Another performance metric for comparison is the thrust-to-
weight ratio. In this device, the mass of each LAZA was 1.37 g, and
the total wing mass was 2.37 g, implying a thrust-to-weight ratio of
0.114 (Materials and Methods), similar to that of the micro-scale
parallel-plate electrostatic flapping-wing actuator, which achieved a
thrust-to-weight ratio of 0.161 (79.2 uN, 50 mg) (29). Table 1 lists
key performance metrics for the LAZA.

Last, to evaluate the potential for LAZA-generated thrust to de-
liver flight, a horizontally moving LAZA system was constructed
(Fig. 6A). Electrical power was provided by lightweight enameled
copper wires, and the weight of the LAZA system was supported by
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Movie 4. Passively pitching LAZA flapping system, front view. Front view of a
passively pitching LAZA system with chassis electrode radius of curvature 10 mm,
wing electrode thickness 50 um, maximum swept pitching angle 110°, maximum
voltage 8 kV, and flapping frequency 13 Hz. The system generates an average
thrust of 5.73 mN.

Movie 5. Passively pitching LAZA flapping system, side view, slow motion.
Side view of a passively pitching LAZA system with chassis electrode radius of cur-
vature 10 mm, wing electrode thickness 50 um, maximum swept pitching angle
110°, maximum voltage 8 kV, and flapping frequency 13 Hz. The system generates
an average thrust of 5.73 mN. Recorded at 240 FPS and played at 30 FPS (1/8x
speed slow motion).

|
Table 1. Key performance metrics for the LAZA.

Performance metric Value

Maximum average specific power 123.6 Wkg™

Thrust-to-power ratio 2359 NkW' (241 gW ™)

Thrust-to-weight ratio 0.114

a taut horizontal nylon guidewire. The system was free to move in
the horizontal direction. Figure 6 (B and C) shows images from
slow-motion footage of the LAZA system accelerating from at-rest
(Movie 6A) and moving horizontally after accelerating over a distance
of around 2 m (Movie 6B). The maximum speed of the LAZA
system was 0.71 m/s (around 18 body lengths per second). Figure
S6C and Movie 6C show the path of the LAZA system’s wing tip as
it moves horizontally.

Helps et al., Sci. Robot. 7, eabi8189 (2022) 2 February 2022

Scaling analysis

The presented results demonstrate the function and describe the effect
of varying system parameters for a dragonfly-sized flapping MAV.
To provide insight and guide future work, a scaling analysis of LAZA-
driven flapping MAV:s is presented. Considering the dimensional
quantities of Eq. 1 and a MAV with characteristic length L, area A scales
with L2, and finsulator 20d medium scale with L. The maximum voltage that
may be applied is based on the breakdown strength of the medium
and scales with L. Applying dimensional analysis to Eq. 1 leads to

L*L?
(L+1)?

o<

2

This implies that electrostatic force scales according to F o< L2,
Notably, V contributes to F scaling with respect to L%, whereas finsulator
and tedium contribute to F scaling with respect to #; therefore, their
effects counteract one another, and the relevant scaling effect is that
of F with respect to area A (L?).

In practice, LAZAs feature a progressive zipping region such
that increasing the width of the wing electrode increases zipping
area, whereas increasing the length of the wing electrode has no ef-
fect on zipping area. The result of this practical limitation implies
that electrostatic force scales with L rather than L*.

System weight, which directly affects the amount of thrust re-
quired for self-supporting flight, scales with L. This implies that the
ratio of electrostatic force to system weight scales as follows

L L
mg 3

g L7 3)
where m is the mass and g is the gravitational acceleration. The current
150-mm wingspan LAZA flapping system achieved a thrust-to-weight
ratio of 0.114. The above analysis suggests that thrust-to-weight ratios
approaching 1 could be achieved by reducing the system scale by
around one-third, resulting in a 50-mm wingspan device capable of
self-supporting flight.

DISCUSSION

This article describes an actuation system for flapping MA Vs called
the LAZA. The LAZA leverages liquid-amplified electrostatic actu-
ation to directly apply time-varying forces on a central wing elec-
trode that forms part of the wing root, resulting in continuous
reciprocating wing motion. Thrust generation can be achieved by
the addition of a passively pitching wings.

The LAZA has several advantages compared with previous
flapping MAV actuation systems (comprising actuator and trans-
mission). Compared with conventional motor-transmission sys-
tems, the LAZA is lightweight and efficient, completely lacking any
transmission system and their associated added mass and energetic
inefficiency. Compared with more recently demonstrated DEA
systems, the LAZA provides high reliability, exhibiting no change in
performance over more than 1 million actuation cycles. In contrast,
DEAs can exhibit variations in actuation strain and electrical re-
sistance, and even total failure, after thousands of cycles (20).

The LAZA requires a tiny droplet of liquid dielectric to amplify
electrostatic force, and if removed, the performance of the device
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1060 ms

1360 ms

1728 ms

2096 ms

2396 ms

Fig. 6. Horizontally moving LAZA system. (A) Photograph of horizontally moving LAZA system. (B) Images from slow-motion footage of the LAZA system accelerating
from at rest. (C) Images from slow-motion footage of the LAZA system after accelerating over a distance of around 2 m, reaching a speed of 0.71 m/s (18 body lengths per
second). (B) and (C) were filmed at 250 FPS, and time beyond the first images is indicated in the bottom left. The dashed red line indicates the location of the nylon guide-
wire. (D) Composite image showing the path the LAZA system’s wing tip as it moves horizontally. Component images are provided as fig. S2. Video footage related to (B)

to (D) is provided as Movie 6.

Movie 6. Horizontally moving LAZA system. (A) Horizontally moving LAZA
system accelerating from rest, 1x speed. (B) LAZA system moving horizontally after
accelerating over a distance of 2 m, recorded at 250 FPS. Played three times at
1x speed and then once at 1/10x speed. (C) LAZA system moving horizontally with
a red light-emitting diode (LED) mounted on its wing tip. Played three times at
1x speed. A long-exposure (1 s) photograph showing the LED path is subse-
quently shown.

will be impaired. Although a sudden impact might forcibly remove
the liquid dielectric, it has been shown here that performance is not
altered over more than 1 million actuation cycles, implying that long-
term missions should be feasible for LAZA-driven flapping MAVs.
The LAZA exhibits peak and average specific power (a key perform-
ance metric for flapping MAV actuation systems) of 200.3 and
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123.6 W kg, respectively, considerably higher than that of biological
systems and on par with modern flapping MAV actuation systems.

We created a LAZA flapping system that converted actuation to
directional thrust by adding passively pitching wings to the LAZA. Var-
ious wing designs were evaluated, and a maximum thrust of 5.73 mN
was achieved. The electrical power delivered to the LAZA to achieve
this thrust was 242.9 mW, implying a thrust-to-power ratio of
23.59 N kW', approaching that of helicopter rotors and quadrotor
MAVs and similar to that of recent state-of-the-art flapping MAVs,
which feature transmission systems with their associated disadvantages.

A horizontally moving LAZA flapping system was tested, which
demonstrated acceleration from at-rest and horizontal movement
at speeds up to 0.71 m/s (around 18 body lengths per second). Here,
the weight of the system was supported by a nylon guidewire, anal-
ogous to the surface tension that supports the weight of surface
skimming insects, which have been proposed as an intermediate stage
in insect flight evolution (30). The horizontally moving LAZA system
may be considered at a similar stage; future LAZA systems could
integrate airfoils to provide lift and support the weight of the system
when traveling at speed. For future systems with onboard power
electronics, custom high-voltage amplifiers will be required to mini-
mize mass; subgram drive electronics have been demonstrated for
terrestrial robots driven by high-voltage electrostatic actuators (31).
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Further to those evaluated here, the LAZA exhibits several addi-
tional advantages compared with existing flapping MAV actuation
systems. Liquid-amplified electrostatic zipping systems can be made
using a wide range of materials: conducting and insulating tapes,
3D-printed polylactic acid, and even pencil and office paper (15). In
addition to a considerable reduction in cost compared with, for ex-
ample, high-performance motors, this also allows for wide flexibility
in materials for future design innovation. The LAZA is also extremely
simple to manufacture and repair; the presented design requires
only the application by hand of adhesive tapes to the flapping MAV
chassis. Furthermore, the LAZA itself is inherently silent; therefore,
ultraquiet flapping MAVs are possible through noise-reducing wing
design, as is exhibited by owls to promote silent flight (32). This would
enable, for example, voice tracking in search-and-rescue missions.
Last, the flexible actuator and lack of a fragile transmission system
reduce the potential for midflight collisions to damage the flapping
MAV, as has been demonstrated in MAVs driven by soft actuators
(14). The transmission-free flapping MAV concept and the advan-
tages of the LAZA over currently existing flapping MAV actuation sys-
tems provide a platform for the next generation of high-performance
flapping MAVs. The elimination of transmission-associated mass
and transmission-associated losses will lead to faster, more ma-
neuverable MAVs capable of longer duration exploration and in-
spection tasks, such as autonomous monitoring of wind turbines.

Another advantage of the LAZA concept that has been demon-
strated here is the ability to independently control flapping frequency,
flapping amplitude, and the relative amplitude of upstroke compared
with downstroke. This will enable precise attitude and position con-
trol (28, 33), which will be the subject of future investigations. The
pitch of the flapping MAV will be controlled by altering the relative
amplitude of upstroke and downstroke (fig. S3A), whereas roll will
be controlled by altering the relative amplitude of opposing wings
(fig. S3B). Yaw control requires modulation of the velocity of up-
stroke compared with downstroke, which has not been demonstrated
here, and will also be the topic of further study (fig. S3C). Nonethe-
less, control of pitch, roll, and thrust is already sufficient for precise
three-axis position control such that a LAZA-driven flapping MAV
may be controlled to reach any location within an environment.

A remaining challenge for a LAZA-driven flapping MAV is the
demonstration of self-supporting liftoff and flight. The LAZA thrust-
to-weight ratio demonstrated here was 0.114, whereas values ex-
ceeding 1 are required for vertical takeoff. Nonetheless, the current
LAZA-based flapping MAV was capable of horizontal acceleration
and could use the thrust provided to reduce fall speed and
make gliding flight more sustained. In its present embodiment, the
LAZA can also be readily exploited in a wide variety of land- and
water-based robotics applications, including artificial water skaters.
Increased performance and reduced mass are both required to im-
prove thrust to weight and allow for self-supporting flight. Scaling
analysis suggests that reducing the scale of a future LAZA-based
flapping MAV could increase the thrust-to-weight ratio, with a
50-mm wingspan device (compared with the current 150 mm) be-
ing capable of self-supporting flight.

In the future, the performance of the LAZA will be improved by
further design investigation, such as varying the materials forming
the electrodes, insulation, and liquid dielectric. Chassis electrodes
of negligible mass are easily achievable as nanometer-thick metal-
ized coatings (34). Improving the dielectric properties of the insula-
tion will directly enhance electrostatic force (15) and additionally
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allow for thinner, lower-mass insulators, such as ultrathin dielectric
coatings. Improving the dielectric properties of the liquid dielectric
will allow the application of higher voltages, strengthening electric
field and further improving electrostatic force, and ultralow viscosity
fluids will ensure maximum output mechanical power. These
improvements will reduce LAZA mass and also allow for similar
mechanical performance at lower applied voltages, required for the
minimization and mass reduction of power electronics, which is
essential if they are to be moved onboard. In addition, reduction of
the voltages required for operation will reduce safety considerations
associated with high voltage, allowing these devices to be used in
closer proximity to humans. That being said, the high-voltage
amplifiers used in this work had a maximum current limitation of
100 pA, considerably lower than the maximum continuous current
of 20 mA specified by the Underwriters Laboratories and Interna-
tional Electrotechnical Commission safety standards (35).

Our proof-of-principle LAZA system has a 3D-printed polymer
body, which will in the future be optimized for its mass-specific
strength and stiffness. Material databases such as Ashby selection
charts give us confidence that the mass of the LAZA can be reduced
by over one order of magnitude. Furthermore, the prototype wings
demonstrated here also have great potential for improvement in
terms of mass-specific thrust. Wing design was not the focus of this
work, and thus, there is the potential for considerable increases in
thrust and aerodynamic efficiency though co-optimization of the
chassis and wing (27)—for example, “clap and fling” strategies
that have been shown to improve performance in flapping MAVs
(2, 36, 37). The mass of the passively pitching wings can be reduced
using stronger, more lightweight materials, or alternative wing
designs such as flexure-based systems (12). In addition, increased
functionality could be pursued; the simplicity of the passively pitch-
ing wings could enable inverting wing cambers or beetle-inspired
wing folding for improved robot transportability. Another area for
investigation is parallelization: LAZA-driven flapping MAVs could
feature multiple LAZAs in parallel, coupled to a wing through a rod
or tension cord. This would increase the force applied to the wing
and potentially enable higher values of thrust. Last, the flapping
MAYV energy supply and control electronics will be moved onboard,
allowing for a fully untethered device, as has recently been achieved
through the use of photovoltaic cells in the Harvard RoboBee (33).
This will enable a class of low-cost, lightweight, high-performance
transmission-free flapping MAVs for long-term remote exploration
and search-and-rescue missions.

MATERIALS AND METHODS

Manufacture of LAZA systems

Structural components were 3D-printed using a commercial LCD
resin 3D printer (ANYCUBIC Photon, ANYCUBIC, China) and an
ultraviolet (UV)-curing resin (ELEGOO LCD UV 405 nm Rapid
3D Resin, White, ELEGOO, China) and assembled using stainless
steel nuts and bolts. Chassis electrodes comprised a single layer of
conductive copper foil tape (HB 720A, Hi-Bond Tapes, UK) and
were insulated using a single layer of polyvinyl chloride (PVC) tape
(AT7, Advance Tapes, UK). The wing electrode was a 70-mm-long,
25-mm-wide C100S carbon steel strip (C-steel 1.1274, h+s Prazisions-
Folien GmbH, Germany). Ten millimeters of the carbon steel strip
protruded from the back of the LAZA system, and 10 mm was
clamped between the top and bottom chassis electrode; therefore,
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the functional wing electrode length lgectrode Was 50 mm. Various
thicknesses of wing electrodes were used. Before each set of experi-
ments, a small quantity (around 0.4 ml) of 5 cSt silicone oil (317667,
Sigma-Aldrich, USA) was added by pipette, where the wing elec-
trode and chassis electrodes meet.

LAZA characterization

The LAZA was characterized using a custom-built high-voltage
testing setup at Bristol Robotics Laboratory. The setup comprised a
laboratory computer running MATLAB, which interfaced with a
multifunction I/O device (NI USB-6343, National Instruments,
USA). This device recorded voltage from sensors and controlled
high-voltage amplifiers (10HVA24-BP1, UltraVolt, USA), which
supplied high voltage to the LAZA electrodes. The wing electrode
was connected to ground, whereas voltages were applied to the top
and bottom chassis electrodes. The movement of the wing electrode
was recorded using a laser displacement meter (LK-G402, Keyence,
Japan). The laser beam was pointed directly downward and was
targeted 10 mm from the end of the wing electrode such that dis-
placement could be reliably recorded even during flapping (the wing
electrode tip moves both vertically and horizontally as the wing
electrode flexes, making measurement of wing electrode tip posi-
tion challenging). In later experiments, thrust was recorded using a
load cell (TAL221, HT Sensor Technology Co. Ltd., China) and
load cell amplifier (RW-ST01A, Brightwin Electronics, China). A
diagram of the experimental setup for LAZA characterization is
provided in the Supplementary Materials (fig. S4).

To ensure repeatability, 0.4 ml of silicone oil was added by pi-
pette to the LAZA before each set of experiments. A set of experi-
ments typically comprised flapping at multiple frequencies: 7 s of
flapping at each frequency, with 3 s of downtime between frequen-
cies. For example, for the experiment with the LAZA-driven flap-
ping MAYV that achieved maximum thrust, 11 frequencies from 10
to 20 Hz were tested for 7 s each, implying 0.4 ml of silicone oil for
more than 1000 actuation cycles. During long-term testing, 0.4 ml
of silicone oil was added before the experiment, and there was no
variation in performance over more than 1 million actuation cycles.

A maximum actuation voltage of 7 kV was applied; above this
voltage, the likelihood of electric breakdown increased. In experi-
ments where no liquid dielectric was present, this maximum actua-
tion voltage was further reduced to 4 kV.

Modeling movement and power of the wing electrode

A mathematical model was used to model the movement, energy,
and power of the wing electrode when at resonance. A full deriva-
tion is provided in the Supplementary Materials. In the model, the
position of the wing electrode is described by the following equation

w(x, t)=

%Blcos(wl t) (coshBix — cosBi1x — Crode(sinh By x — sinByx)) (4)

where w(x, t) is the position of the wing electrode and varies with
displacement along the electrode x and time ¢t. B; is the flapping
amplitude at the wing electrode tip, @, is the first resonant frequen-
cy of the wing electrode, and B; and Cpode are constants. B, is
defined by

2
4 _ pAD,
Bl - EI (5)
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where p is the density of the wing electrode, A is its cross-sectional
area, E is its Young’s modulus, and I is its second moment of area
for the direction of bending. Cpyoqe is defined by

C _ cosh(ByL) + cos(B{L)
mode = Ginh(BiL) + sin(B:L)

(6)

where L is the free length of the wing electrode. To calculate flap-
ping angle, the wing slope g—: was first calculated

ow _
g(xx t) -
%BIBI cos(mt) (sinh B x + sin B1x — Cpode(cosh Bix — cosPBrx)) (7)

Flapping angle, 6(t), the angle of the wing electrode at its tip (x =
L), was then calculated using

o(t) = tan_lg—v;(L, ) )

The swept angle reported in Figs. 2C and 3B is twice the maxi-
mum value of flapping angle. The kinetic energy in the wing elec-
trode, Ey, was calculated using

B = Lpafy (24) ax ©)

where

Px, )=
- %Bl o sin(w;t) (cosh B1x — cos B1x — Code(sinh Byx — sinByx)) (10)

This integration was performed numerically in Python, dividing
the wing electrode into 51 separate sections and a single time period
into 101 separate time steps. At each time step, kinetic energy was
calculated using the Python NumPy numpy.trapz function. Subse-
quently, power was also calculated numerically, taking the gradient
of kinetic energy using the Python NumPy numpy.gradient func-
tion. The results of these calculations for a LAZA system with ¢ =
150 pm, maximum voltage Vin.x = 7 kV, and driving frequency f; =
51 Hz are shown in Fig. 3D.

Calculating specific power

Specific power is defined as the power of the LAZA divided by the
LAZA mass. The LAZA comprised two insulated chassis electrodes,
a tiny droplet of liquid dielectric, and one wing electrode. Each
chassis electrode was a single layer of conductive copper foil tape
(HB 720A, Hi-Bond Tapes, UK), insulated with a single layer of
PVC tape (AT7, Advance Tapes, UK). The masses of the two chassis
electrodes and two sections of insulating tape were determined in
the laboratory using a precision balance (HCB 123, Adam Equip-
ment, UK) and were recorded as 0.22 g for the chassis electrodes
and 0.3 g for sections of insulating tape. The liquid dielectric was
around 0.4 ml of 5 cSt silicone oil (317667, Sigma-Aldrich, USA),
density 0.913 g ml™", implying a liquid dielectric mass of 0.37 g. The
wing electrode was a 50-mm-long, 25-mm-wide C100S carbon steel
strip (C-steel 1.1274, h+s Prizisions-Folien GmbH, Germany). Its
mass depended on its thickness; for the highest power system, a
150-um-thick wing electrode was used, implying a wing electrode volume
of 187.5 mm”’. The density of C100S carbon steel is 7700 kg m >,
implying a wing electrode mass of 1.44 g. This results in an overall
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LAZA mass of 2.33 g, converting peak and average powers of 466.4
and 287.9 mW to peak and average specific powers of 200.3 and
123.6 W kg™, respectively.

Passively pitching wing manufacture

The passively pitching wing was made from 23-um-thick BoPET
(785-0782, RS PRO, UK), strengthened by three 0.2-mm-diameter
nickel silver spars (75850, Antics Online, UK). The nickel silver
spars were “sewn” into the BoPET by inserting them through small
incisions, with these insertion points being reinforced with cyano-
acrylate glue (Loctite 406, Loctite, Germany). The nickel silver spars
were glued into 0.2-mm holes drilled into a 1-mm-diameter carbon
fiber rod (45871, Antics Online, UK). The carbon fiber rod was in-
serted into a 2-mm-diameter, 0.45-mm-wall-thickness aluminum
tube (75544, Antics Online, UK), which was complete at the ends
but had material removed along its length, allowing the carbon fiber
rod to rotate freely while minimizing the mass of the aluminum rod.
The aluminum rod was glued into a hole forming part of a 3D-printed
wing adapter, which attached to the wing electrode. The 3D-printed
wing adapter featured protrusions that constrained the maximum
pitching angle. To accommodate the addition of passively pitching
wings, the length of the carbon steel strip used for the wing electrode
was reduced from 70 to 30 mm. Five millimeters of the carbon steel
strip protruded from the back of the LAZA system, and 10 mm was
clamped between the top and bottom chassis electrode; therefore,
the functional wing electrode length ljecirode Was 15 mm.

Measurement of thrust generated by passively

pitching wings

Passively pitching wings were attached to the wing electrodes of a
symmetrical system featuring two LAZAs. The thrust of the system
was recorded using a load cell (TAL221, HT Sensor Technology Co.
Ltd., China) and load cell amplifier (RW-STO01A, Brightwin Elec-
tronics China). The force measured by the load cell included oscil-
latory forces induced by the upward and downward motion of the
wings. To calculate the thrust generated by the system, a moving
average of force data was calculated over a 1-s window (consider-
ably higher than the flapping period). The average force in the final
second of testing was compared with the average force over a sec-
ond during which the system was inactive: The difference between
these two values was recorded as thrust. During these experiments,
we were able to increase maximum voltage to 8 kV without break-
down to demonstrate the maximum thrust potential of the LAZA.

Estimation of flapping angle and pitching angle from video
footage of LAZA experiments

Machine vision was used to estimate flapping angle and pitching
angle from video footage of LAZA experiments. Individual frames
were exported from slow-motion video of the LAZA, filmed from
the side. Blue markers were manually added to each frame showing
the location of the wing leading and trailing edge. A Python func-
tion was then used to estimate marker location using the OpenCV
SimpleBlobDetector class, and marker locations were used to infer
flapping angle and pitching angle through trigonometry, based on
the geometry of the flapping system.

Calculation of LAZA thrust-to-power ratio
The electrical power delivered to the LAZA was calculated by taking
the product of applied voltage and flowing current for each electrode,
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which was recorded using the high-voltage amplifiers (10HVA24-
BP1, UltraVolt, USA). The powers delivered to each electrode
were summed to give the total electrical power delivered, which
was 242.9 mW for the trial that produced the best thrust. The
thrust produced was 5.73 mN, implying a thrust-to-power ratio of
2359 Nkw™.

Calculation of LAZA disk loading

As is common for bird and insect wings in momentum theory, ef-
fective disk area is calculated using wing length as disk radius (38).
Given the wing length of 50 mm, this implies an effective disk area
of 78.54 cm®. Thrust was used rather than weight to calculate
disk loading because LAZA systems are not yet capable of hover-
ing flight.

Calculation of LAZA thrust-to-weight ratio

Apart from the wing electrode, the LAZA masses in the specific
power calculation section remain unchanged (chassis electrodes:
0.22 g, insulating tape: 0.3 g, liquid dielectric: 0.37 g). The wing elec-
trode used for the passively pitching LAZA system was 50 um thick,
three times thinner, implying a wing electrode mass of 0.48 g, and
a total LAZA mass of 1.37 g. The passively pitching LAZA system
featured two LAZAs (2.74 g) and passively pitching wings weighing
2.37 g, implying a total mass of 5.11 g. Given the thrust produced of
5.73 mN, this results in a thrust-to-weight ratio of 0.114.

Horizontally moving LAZA system

A horizontally moving LAZA system was constructed to evaluate
the capability of LAZA-generated thrust to deliver flight. Electri-
cal power was provided to the LAZA system through lightweight
enameled copper wire (CUL100/0.10, Block, UK). The weight of
the LAZA system was supported by taut black nylon thread
(HSTHREO0023, Supercrafts, UK), which ran through eyelets on the
3D-printed LAZA chassis. The nylon guidewire was suspended
horizontally across the laboratory, with a slight incline to minimize
frictional forces, such that the LAZA could move with negligible
resistance in the direction of travel (sufficient friction remained to
bring the system to a halt in the absence of thrust). The motion of
the LAZA system was recorded using a high-speed camera (RX10
IV, Sony Corporation, Japan).

Estimating maximum speed of horizontally moving

LAZA system

Movie 6B was used to estimate the maximum speed of the LAZA
system. On the basis of the LAZA system’s length (40 mm), the dis-
tance traveled by the LAZA system was estimated to be around
327 mm. The number of frames between the LAZA system’s front-
most point entering the frame and leaving the frame was 115 frames.
The video was recorded at 250 FPS; therefore, the time taken was
0.46 s, implying a speed of 0.71 m/s or 17.8 body lengths per second.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scirobotics.abi8189
Materials and Methods

Figs.S1to S5
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