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Insects perform feats of strength and endurance that belie their small stature. Insect-scale robots—
although subject to the same scaling laws—demonstrate reduced performance because existing
microactuator technologies are driven by low–energy density power sources and produce small forces
and/or displacements. The use of high–energy density chemical fuels to power small, soft actuators
represents a possible solution. We demonstrate a 325-milligram soft combustion microactuator that can
achieve displacements of 140%, operate at frequencies >100 hertz, and generate forces >9.5 newtons.
With these actuators, we powered an insect-scale quadrupedal robot, which demonstrated a variety
of gait patterns, directional control, and a payload capacity 22 times its body weight. These features
enabled locomotion through uneven terrain and over obstacles.

S
warms of centimeter-scale robots that
can crawl (1–3), jump (4–7), and fly (8, 9)
like insects have the potential to survey
and report on phenomena of interest and
even influence their local environment.

Applications span an array of fields, including
healthcare, exploration, communication, and
agriculture (10). For example, broad area sur-
veillance of local soil conditions could ensure
exact application of nitrogen, reducing the
impact of excessive fertilizer use. Other robots
could be deployed in hazardous or inaccessible
environments to scan for signs of life in a
search-and-rescuemission. To achieve the trans-
portation distances (hundreds of meters) and
speeds (tens of centimeters per second) required
to realize their potential at costs that are afford-
able for large quantities (hundreds) of robots,
substantial improvements to the size, weight,
power, and fabrication limitations of micro-
actuators are needed.
Because of the payload constraints, scaling

laws, and manufacturing restrictions relevant
to insect-scale robots, the state of the art in
microactuator technologies is dominated by be-
spoke devices (11–13). Popular electromechanical
options for actuation at this scale include piezo-
electric bimorphs and dielectric elastomer
actuators (DEAs). These microactuators oper-
ate at high frequencies (f = 10 to 1000 Hz) and
demonstrate respectable power densities
(Pmax ~ 600W kg−1) (2, 14). However, DEAs
and piezoelectric bimorphs lag behind their
biological counterparts in some key areas.
Individual actuations are low-force (F ≪ 1N)
and low-amplitude (dmpiezo≪ 10%, dmDEA < 25%),
and they must be operated near resonance
(ƒ ~ 100 to 1000 Hz) to achieve suitable per-

formance (2, 9, 15–17). These limitations result
in a lower averagework (energy) density. Still,
othermicroactuatorsused in robotics—including
electrostatic (e.g., comb drives and parallel
plates), thermal (e.g., phase change, shape-
memory alloys and polymers), and magnetic
actuators (e.g., magnetostrictive, external field)—
lack either the cycling speeds, force, and/or
displacement to perform meaningful work
(15, 18, 19).
Chemical fuels represent a possible solution

to these problems. The energy density of com-
bustibles such as methanol (G = 22.7 MJ kg−1)
or butane (G = 49.5 MJ kg−1) greatly exceeds
that of electrical sources [e.g., Li-ion micro-
batteries, G < 1.0 MJ kg−1 (20)]. Centimeter-
scale internal combustion engines (ICEs) have
previously been explored for use in micro-
aerial vehicles, portable devices, and small
spacecraft. They suffer, however, from several
issues, including leakage versus stiction, ther-
mal management, efficiency, material restric-
tions, weight, and fabrication complexity, that
make them incompatible with insect-scale
robots (21). Soft robots, often actuated through
volumetric expansion, have also been success-
fully driven by using combustible chemical
fuels (22–24), as have soft pumps (25, 26) and
even soft haptic displays (27).
Despite clear utility, the combustion of chem-

ical fuels has seldom been explored in robots
at or below the centimeter scale. Some recent
examples use only a single, noncyclic combus-
tion event for a one-time actuation (28, 29).
Other robots such as the Octobot (30) and
RoBeetle (3) are untethered, housing onboard
fuel reserves, but contain low-frequency and
low-force actuators. The large energetic poten-
tial of chemical fuels has yet to be fully ex-
ploited within this domain.
We present a lightweight (m = 325 mg),

power-dense (Pstroke = 277.2 kW kg−1), high-
frequency microactuator (Fig. 1) driven by the
combustion of chemical fuels and describe its

integration into an insect-scale robot. The
actuator can produce forces greater than 9
N—an order of magnitude larger than existing
microactuators of similar size, weight, and/or
material composition—in submillisecond im-
pulses. It operates at a range of desirable fre-
quencies and can exceed 100 Hz.

Actuator fabrication and operation

We used a CLIP (continuous liquid interface
production) 3D printer and a V-0 flame-
resistant resin (EPX-86 FR; Carbon, Inc.) to
fabricate the microactuators (Fig. 1A). This
combination of material and manufacturing
strategy gave us the ability to rapidly and cost-
effectively produce small, lightweight, high-
resolution combustion chamber bodies with
favorable thermal properties. We determined
the precise geometry of the roughly cylindrical
combustion chambers (volume V = 0.09 mL)
with early qualitative tests [supplementary
materials (SM) section S7] (27) through which
we evaluated flame propagation and venting
behavior, as well as actuator integrity. We
fitted these chambers with sparking electrodes,
a flame arrestor module, and a thin elastomer
(Dragon Skin 10, Smooth-On) membrane that
served as the actuating surface. The complete
manufacturing process for these devices can
be found in SM section M1.
Much like a conventional ICE, the operation

of the microactuator starts with the transfer
of fuel—a mixture of gaseous methane and
oxygen—into the combustion chamber (Fig. 1B).
This process is facilitated by off-board mass
flow controllers (MFCs) that continuously
deliver prescribed amounts of fuel into the
actuators through a thin length of tubing (fig.
S1). This fuel is ignited with a small spark gen-
erated by offboard high-voltage (Uspark ~ 800 to
1200 V, depending on manufacturing varia-
tions) electronics connected to the electrode
wires (fig. S2). The ensuing exothermic reac-
tion causes product gases to expand and the
elastomer membrane to inflate simultaneously
(Fig. 1C and movie S1). This rapid (inflation
time, tinflate ≤ 0.55 ms), piston-like actuation
of the membrane can be used to powerfully
drive end effectors, launch objects, or otherwise
perform work. The actuation process ends
when the product gases passively vent (defla-
tion time, tdeflate ~ tinflate) from the combus-
tion chamber, and the cycle is then repeated.
Passive flame quenching—defined here as the
dissipation of flame fronts without the use of
valves or activemechanisms—allows this pro-
cess to occur continuously and repeatedly at
high frequencies. We achieved passive quen-
ching in our system through a combination of
factors: (i) limiting flame propagation with a
sub-milliliter combustion chamber volume,
(ii) constructing the actuator from a material
with flame-quenching properties, (iii) appli-
cation of a dedicated onboard flame arrestor,
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and (iv) usage of fuel-lean reactant chemis-
tries. We further discuss the design deci-
sions that contributed to passive quenching
in SM section S1.

Actuator characterization

The performance of the actuator can be dy-
namically modulated by driving it at different
frequencies or at different fuel-oxidizer concen-
trations, denoted by f:

f ¼
nfuel
noxid

� �
actual

nfuel
noxid

� �
stoich

ð1Þ

CH4 + 2O2 → CO2 + 2H2O + heat (2)

where f is the historically defined fuel-air
equivalence ratio (31), and nfuel and noxid repre-
sent moles of methane and oxygen, respectively.
When f = 1, the system will react stoichi-
ometrically (Eq. 2). Ratios corresponding to
f < 1 are termed “fuel lean” because the reac-
tion concludes with a surplus of oxygen. We
operate our actuator at fuel-lean equivalence
ratios, typically between 0.2 < f < 0.6, because
this limits the production of unwanted by-
products (e.g., soot, NOx compounds); reduces
the risk of flashback, in which flames reverse
propagate up feed lines toward the fuel source;
and decreases the probability of damaging the
actuator. Figure 1D shows how increasing the
equivalence ratio toward stoichiometric levels
while maintaining actuation frequency and
gas flow rate corresponds with an increase in
membrane deformation. A greater fuel volume
leads to an increase in the heat of combustion,
which results in a greater expansion of product
gases and an increase in membrane inflation.
We characterized the performance of the

actuator by conducting membrane displace-
ment (Fig. 1E) and blocked-force testing (Fig.
1F) across a range of equivalence ratios and
frequencies (figs. S3 to S5). We captured dis-
placement data using a high-speed camera
and processed the video in ImageJ. The actua-
tion frequency was dynamically adjusted with
an Arduino microcontroller interfacing with
the high-voltage–generating electronics. Custom
LabVIEW code allowed for control of the fuel’s
equivalence ratio and flow rate by way of the
MFCs. The reported reduction in membrane
displacement with increasing frequency was a
consequenceof theexperimentsbeing conducted
at a constant fuel flow rate (Q = 2 ± 0.1 ml s−1,
composition dictated by f); for a set volumet-
ric flow rate, a higher rate of combustion cor-
responds to a smaller volume of fuel being
consumed in each combustion event. Adjust-
ing the flow rate allowed us to achieve any
combination of frequencies and displacements
within the ranges of 0 < f < 100 Hz and ~0.75 <

d < 7 mm. These ranges are not fundamental
limitations to our technique but represent
practical limitations of our initial experimen-
tal setup. The peak membrane displacement
that we report, d = 7 mm, corresponds to a
linear strain of the hyperelastic membrane of
y =180% and a total actuator elongation of

z = 140%, which is greater than contempo-
rary microactuators employing soft materials
(16) but far less than the ultimate strain (yult ~
1000%) of the silicone copolymer we used in
our membrane.
We measured the blocked force of these

actuators using ahigh-precision load cell (fig. S4;

Fig. 1. Operation and characterization of the combustion-driven microactuator. (A) Front (top) and
rear (bottom) view of the actuator and its component materials. (B) Diagram of the combustion actuation
process. (C) Time-lapse image of a single actuation cycle. t, time. (D) Images of the actuator at different
maximum displacements for a range of fuel-oxidizer (equivalence) ratios (f). Photos were taken at the
same actuation frequency f = 10 Hz. The dotted boxes indicate matching images in (C) and (D), which
both occurred at f = 0.45 and f = 10 Hz. Scale bars [(C) and (D)], 5 mm. (E) Actuator displacement and
(F) blocked force as a function of different frequencies for a series of equivalence ratios (n = 5 actuator
tests, error bars = 1 SD). The inset plot shows the force profile achieved when tested at f = 0.45 and
f = 50 Hz. Data are not available above f = 50 Hz for f = 0.24 and 0.28 or above f = 75 Hz for f = 0.32
because the volume of fuel in the actuator under these conditions is too small to sustain combustion.
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SM sectionM4) at constantQ for different f and
f values. Exemplary force profiles can be seen as
an inset in Fig. 1F and fig. S5. The peak force
that we detected during blocked-force test-
ing, Fmax = 9.5 N at f = 0.6 (fig. S5), is an
order of magnitude greater than that of
previously reported high-frequency micro-
actuators (SM section S2). Some of our testing
at f = 0.6 resulted in tearing and delamination
of the membrane; we consequently denote
the actuator’s performance at this equivalence

ratio as being an upper bound limited by our
present system’s durability. As shown in Fig.
1F, the actuator can continually produce forces
in excess of F = 5 N at a lower equivalence ratio
of f = 0.45 without accruing membrane dam-
age. Durability tests and subsequent SEM
analysis of the membranes confirmed that
the actuator can continuously operate for more
than 750,000 cycles (f = 0.30 and f = 25 Hz)
without any perceived drop in performance
(figs. S6 and S7 and SM section M5).

We calculated themicroactuator’s work and
power output (figs. S8 and S9 and SM section
S4) using the equations:

W ¼ 1

2
Fbd ð3Þ

Pstroke ¼ 1

2 tinflateð ÞFbd ð4Þ

Pcont ¼ 1

2
Fbdf ð5Þ

where d, Fb, tinflate, and f are the actuator’s
displacement, blocked force, inflation time,
and operating frequency, respectively. We cal-
culated a maximum work output of ~30 mJ
when the actuator is driven at f = 0.6 (18.2 mJ
at f = 0.45), which corresponds to a peak
energy density of 91.4 J kg−1. We further
characterized actuator power using twometrics:
stroke power, Pstroke, calculated only over the
time frame duringwhich actuation is occurring;
and continuous power, Pcont, calculated over
the entire operational period. Because of our
rapid, submillisecond actuation times, the tra-
ditionalPcontmetric inadvertently includes large
amounts of idle time in its calculation (e.g., an
actuator operating at f = 10Hzwould spend less
than 1% of its operating time actuating). Con-
versely, the Pstroke metric narrows our focus to
relevant, but brief, windows of time in the ac-
tuation cycle. Used together, both metrics give a
more complete picture of actuator performance.
From our experiments, we measured amaxi-

mum power of Pcont = 288.7 mW (f = 0.6, f =
20 Hz) and Pstroke = 90.1 W (f = 0.6; fig. S9).
The corresponding power densities arePcont =
888.3 W kg−1 and Pstroke = 277.2 kW kg−1,
respectively. The peak theoretical continuous
power isPcont-max=2.97W(Pcont-max=9.1 kWkg−1)
(SM section S4). We also estimated the maxi-
mum efficiency of our actuator at ~4% (figs. S8
and S9 and SM section S4); the magnitude of
this value is a normal consequence of com-
bustion in submilliliter volumes (32), but is also
affected by our open-venting configuration, the
lack of compression in our system, and our fuel-
lean equivalence ratios.

Modeling the actuator

To gain insight into the dominant physical
phenomena that govern combustion actuation,
we derived a simplified systemmodel that takes
into account the elasticity of the membrane,
the fuel flow within the cell, the energy released
by ignition of the fuel, and the effects of the
internal pressure and temperature within the
microactuator. Using this model, we were able
to predict values for the displacement of the
actuator membrane, the blocked force of the
actuator, the jumping height of the robot, and
theexhaust flowrate as functionsof theactuation

Fig. 2. Model of microactuator performance. (A) A schematic diagram of the model actuator used in our
analysis. Em, Young’s modulus of the elastomer membrane; tm, membrane thickness; vm, Poisson’s ratio of
membrane material; dm, membrane diameter; Tatm, atmospheric temperature; patm, atmospheric pressure;
qin, gas flow rate into actuator; qout, flux out of actuator; pin, internal actuator pressure; Vin, internal volume of
actuator; din and dout, diameters of the inlet and outlet ports, respectively; L, the length of the exhaust port;
HT, heat-transfer coefficient. (B) The change in the concentration of reactant and product gases during
actuation at f = 10 Hz as predicted by our model. (C) The internal pressure of our actuator during operation,
modeled as a function of time. A magnified inset is provided for clarity. (D) The experimentally derived
stroke-power and (E) continuous-power output of our actuator compared with our model predictions. A
magnified image of the lowest equivalence ratios in (D) is shown in fig. S12.
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frequency and fuel equivalence ratio. Themodel
consists of three coupled segments: (i) cham-
ber elasticity and deformation in response to an
increase in internal pressure, (ii) fluidic flow
balance, and (iii) energy balance of the heat of
combustion and its conversion into thermal
energy and pressure. The governing equations
for these segments are derived and summarized
in SM section S5. Relevant code for our models
can be found in our online repository (33).
Figure 2A shows a schematic diagram of our

model microactuator, complete with relevant
variables. Using our model, we were able to
predict the concentrations of major reactant
and product species (Fig. 2B; f = 0.45, f = 10Hz)
(a magnified image of this data during the
combustionwindow can be seen in fig. S10), as
well as the rapidly increasing internal pressure
of the actuator (Fig. 2C) when undergoing com-
bustion. The duration of these pressure spikes
(tmodel ~ 0.15 ms versus treaction ~ 0.12 ms and
tinflation ~ 0.33 ms) shows that our modeled
data agreewith our observed reaction kinetics.
Using this pressure data, we were able to
predict the blocked force of our actuators and
compare it with our experimentally acquired
force data (fig. S11). Our model also takes into
account the elastic properties of the rapidly
deformingmembrane and can predict the free
displacement of the membrane during com-
bustion (fig. S11). Performing calculations with
this modeled data, as described above for our
experimental data, allowed us to generate pre-
dictions for the work and power output of our
modeled actuator (Fig. 2, D and E, and fig.
S12). The trends and magnitude of our mod-
eled data accurately approximate our experi-
mental results.
We also characterized the thermal activity

of our actuator using a combination of experi-
mental measurements and modeled data to
calculate the external and internal wall tem-
peratures, aswell as the gas temperatures during
combustion (fig. S13, SM section S6). The
chamber temperature is an important consider-
ation for device durability; at frequencies ex-
ceeding 50 Hz (for all equivalence ratios), the
steady-state temperature of the actuator rises
to a level that can result in ignition andburning
of the chamber. We therefore recommend inter-
mittent operation at these frequencies, allowing
several seconds of cooling for every 1 to 2min of
actuation. Notably, the actuators can be oper-
ated with impunity at frequencies below 50 Hz
(as evidenced by our 8.5-hour, 750,000-cycle
durability test), and the frequency limitations
of the robot do not put it in danger of thermal
damage.

Powering an insect-scale robot

To demonstrate the effectiveness of our
microactuators in powering insect-scale devices,
we designed and fabricated a combustion-
drivenquadrupedal robot (Fig. 3A). Theassembly

Fig. 3. Jumping performance of the quadrupedal, insect-scale robot. (A) Photograph of the robot with
component parts labeled. A schematic of the interior of the combustion chamber is also provided. Scale
bar, 1 cm. (B) A transparent diagram of the robot, with the two independent combustion chambers
highlighted in red. (C) Time-lapse image of our robot performing a 56-cm vertical leap. (D) Acceleration
(black) and velocity (red) data of the robot body during takeoff at f = 0.6 (square data points) and
0.4 (circular data points). The associated images outlined in red depict a takeoff experiment at f = 0.60.
Scale bar, 1 cm. (E) A schematic diagram of our idealized model robot leg. The variable definitions are the
same as those in Fig. 2A, with the addition of mrob, mass of the robot body, and mleg, mass of the robot leg.
(F) Modeled robot jumping height as a function of equivalence ratio for a series of actuation frequencies.
Experimental data are depicted as solid circles (n = 5 robot tests; error bars, 1 SD), whereas a solid line
denotes the height predicted by our model.
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process and bill of materials was similar to
that of the individual microactuators and is out-
lined in SM section M6 and fig. S14. The robot
(L = 29 mm, m = 1.6 g) is composed of two
symmetric halves connected by a curved, rigid
linkage. The hollow interiors of these halves
are distinct, functioning as separate combustion
chambers that drive one front and one rear foot
each (Fig. 3B). Amethane and oxygenmixture is
delivered through thin tubing into the two
ellipsoidal drums at the center of the robot (the
same two-MFC testing configuration is used to
operate both the robot and the actuators; fig S1).
Ignition is achieved by using the same sparking
configuration as in the microactuator tests and
results in the expansion of the elastomer mem-
branes at either end of the chamber (Fig. 3, C
and D). The robot geometry draws on several
of themicroactuators’ design features, display-
ing similar internal volumes, vent hole configu-
rations, actuation and combustion chamber

dimensions, and membrane dimensions (SM
section S7). The four actuating feet of the robot
are functionally similar to themicro actuators,
but they are paired together and fed from a cen-
tral chamber.
Varying the different input parameters (spark-

ing frequency f, equivalence ratio f, fuel flow
rate Q, and combustion chamber selection)
creates different locomotion modes. For exam-
ple, actuating both chambers simultaneously at
large equivalence ratios (f > 0.35) resulted in a
large vertical leap (Fig. 3C andmovie S2), which
allowed the robot to clear obstacles or land on
top of elevated terrain (movie S3). While per-
forming jumping experiments, the robot was
able to achieve a maximum vertical height of
59 cm (n = 4, SD = 0.96 cm) and a horizontal
distance of 16 cm, which are 20 and 5.5 times
the robot’s body length (BL), respectively (SM
section M8). We used a high-speed camera to
study the dynamics of the robot at the moment

of takeoff (movie S4). Figure 3D shows the
acceleration and velocity of the robot’s body
when driven at two different equivalence ratios.
The takeoff time—when the feet begin to leave
the ground—corresponds to the moment when
the instantaneous acceleration transitions from
a positive to a negative value.
We estimated the jumping height of our

robot by modifying our blocked-force actuator
model (changing the dimensions of relevant
parameters) and applying it to our quadruped
architecture. Figure 3E shows an idealized
schematic diagram of our robot’s leg and foot,
which we used in modeling the jumping dy-
namics. Conservation of momentum and con-
servation of energy were used to derive the
maximum jumping height of the robot from
its internal pressure at different actuation fre-
quencies and equivalence ratios (SM section
S5). The results are shown in Fig. 3F. Deviation
of the experimental data from the model can
largely be explained by the model’s tendency
to underestimate blocked-force values at lower
equivalence ratios (f = 0.26 to 0.28) (fig. S11B).
When operated at lower equivalence ratios

(f < 0.35) and higher frequencies (1 Hz < f <
30 Hz), the robot is capable of performing
several distinct movement patterns, including
a crawling, vibration-like gait and forward
hopping sequences of different heights (Fig. 4,
A and B, and movie S5). The robot can dyna-
mically switch between thesemovement styles
bymodifying the fuel equivalence ratio and/or
the sparking frequency. We were able to pre-
program these movement patterns by hard-
coding the sparking sequence.
By inducing combustion in only one of the

robot’s two chambers at a time, we demon-
strated limited directional control. Figure 4C
shows counterclockwise and clockwise turns
that were generated by repeatedly actuating
just the right or left side of the robot, respec-
tively. This behavior is a consequence of the foot
orientation, with the front (fore) feet angled
inward toward the body’s centerline and the
rear (hind) feet angled away, resulting in an
approximately trapezoidal footprint. Actuat-
ing one side of the robot causes the corres-
ponding hindfoot and both forefeet (which
jump together owing to their proximity) to
leave theground.Theoppositehindfoot remains
mostly stationary and serves as the pivot point
around which the robot rotates. We were able
to demonstrate several rotation-based move-
ments, including a snake-like forward walk, a
rapid 360° rotation, and a reversal of direction
when the robot encountered an impassable
route (movie S6).
We characterized the performance of four

representative gaits that manifest through the
inputs shown in Fig. 4D. The highest equiva-
lence ratio used in our gait analysis testing
was f = 0.24; larger f values were reserved for
vertical leaping. When performing a hopping

Fig. 4. Characterization of the robot’s multigait functionality. (A) Timelapse image of the robot performing
a crawling gait and (B) a hopping gait. In (B), the tethers have been dimmed in all but the rightmost image
so as not to obscure the robot’s trajectory. (C) Timelapse image of the robot performing a counterclockwise
rotation, followed by a clockwise rotation. Scale bars [(A), (B), and (C)], 2 cm. (D) A graphical representation of
the velocities and cost of transport of different gait patterns performed by the robot.

RESEARCH | RESEARCH ARTICLE

Aubin et al., Science 381, 1212–1217 (2023) 15 September 2023 5 of 6

D
ow

nloaded from
 https://w

w
w

.science.org at T
echnion Israel Institute of T

echnology on June 02, 2024



gait at this f, our robot demonstrated a maxi-
mumvelocity of 16.9 cms−1, or 5.8BL s−1. For this
gait, the cost of transport—a standard metric for
the energy efficiency of moving bodies [defined
as (input power)/(mass × gravity × velocity)]—
was 128.8 (SM sections S8 and S9 and table
S3). While executing a crawling gait, the robot
demonstrated a maximum carrying capacity
of 36 g, which is more than 22 time the robot’s
body weight (movie S7). Additionally, we tested
our robot on a variety of surfaces, including
acrylic, high-friction sandpaper, rubber, and
sand (movie S8 and table S4).
We compared our robot’smaximumhorizon-

tal velocity during crawling and hopping, along
with its vertical leaping capabilities, with that
of other robots in the literature (figs. S15 and
S16). The robots that we used in these com-
parisons are summarized in tables S5 and S6.
Notably, our robot can both crawl at high
speeds and perform large vertical leaps. The
crawling robots in our literature comparison
lack the capacity to leap in any meaningful
way. Similarly, most of the jumping robots
shown in our comparison do not possess alter-
native locomotion capabilities. Our robot’s
multigait functionality is a direct result of the
high-force and high-frequency capabilities of
the embedded actuators.
Our actuators possess several advantages over

existing systems that are used to power insect-
scale devices: (i) the use of 3D printing as the
dominant fabrication strategy allows for ease
of scalability and integrationwith other systems;
(ii) a soft actuation surface allows for device
durability and a nondestructivemeans of inter-
facing with the environment; and (iii) the com-
bination of high actuation speeds, forces,
displacements, and frequencies leads to high
power densities. When incorporated into a
quadrupedal robot, the actuators enable mul-
timodal locomotion and obstacle avoidance.
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